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1. Cylinder Head Insert Study Phase 1 – ZTM Powder Selection 
 
1.1 Abstract 
A series of characterization tests were performed to establish the material properties of hot pressed 
zirconia-toughened mullite (ZTM) powder from Praxair Specialty Ceramics (PSC).  The purpose of this 
analysis was to evaluate the PSC powder as one of two candidate materials for use in the Department of 
Energy (DOE) funded insulating cylinder head insert program.  An initial calcining study was 
performed to determine the optimum temperature to remove unwanted volatile materials, and to ensure 
complete crystalline transformation before hot pressing.  Strength, hardness, toughness, grain size, 
percentage of tetragonal and monoclinic zirconia phases, environmental stability, and thermal shock 
properties were determined from hot pressed samples, and evaluated against a baseline ZTM material 
(MZ-15).  The conclusions from this study will assist in the powder selection for the cylinder head 
insert engine component. 
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1.2 List of Figures 
 
Figure 1.  Schematic showing the relationship of the zirconia tetragonal grain size to the transformation 
toughening mechanism. 
 
Figure 2.  Vickers indentation of PSC ZTM with indentation site (2a) and propagated crack length (2C) 
indicated. 
 
Figure 3.  Bulk density of ZTM with increasing tetragonal content of the 15-volume % zirconia  
 

Figure 4.  Bulk hot pressed PSC ZTM samples versus hot pressing temperature.  Density estimates are 
based on geometric measurements. 
 
Figure 5.  Grain size measurements for 1.5 hour hot press at (a) 1500°C, 1.20 µm; (b) 1525°C, 1.59 µm; 
(c) 1550°C, 2.01 µm; (d) 1575°C, 2.09 µm. 
 
Figure 6.  Grain size measurements for 3 hour hot press at (a) 1475°C, 1.29 µm; (b) 1500°C, 2.03 µm, 
(c) 1525°C, 1.83 µm; (d) 1550°C, 2.18 µm; (e) 1575°C, 2.53 µm; (f) 1600°C, 2.73 µm. 
 
Figure 7.  Strength and fracture toughness values for the PSC ZTM, 1.5-hour hot press dwell time and 
at different temperatures. 
 
Figure 8.  Strength and fracture toughness values for the PSC ZTM, 3-hour hot press at different 
temperatures.  The MZ-15 values are for comparison purposes. 
 
Figure 9.  Fracture surface of hot pressed PSC samples containing an alumina inclusion that was 
identified as the fracture origin from strength testing.  The strength of this sample was 350 MPa and (a) 
is at 100X while (b) is at 500X 
 
Figure 10.  Percent tetragonal zirconia and grain size versus hot pressing temperature for (a) 3-hour and 
(b) 1.5-hour.  The amount of transformable tetragonal zirconia is the difference in the percent tetragonal 
in the polished and machined specimens. 
 
Figure 11.  Strength results for PSC ZTM and MgO-ZrO2 heated in the simulated diesel exhaust 
environment at 650°C for 1000 hours. 
 
Figure 12.  Thermal shock results of PSC ZTM, MgO-ZrO2, and MZ-15 as the baseline.  The results 
show that the PSC powder acts similar to other types of ZTM when thermally shocked up to 400°C. 
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1.3 List of Tables 
 

Table 1.   Hot press test parameters for PSC and MZ-15 powder samples. 

Table 2.  Results of the calcining study performed in air on amorphous PSC powder. 
 
Table 3.  Comparison of PSC powders calcined at 900°C for 2 hours and 1300°C for 4 hours. 
 
Table 4.  Density versus hot press temperature for PSC ZTM. 
 
Table 5a.  Room temperature properties of 1.5-hour hot pressed PSC ZTM. 
 
Table 5b.  Room temperature properties of 3-hour hot pressed PSC ZTM and MZ-15. 
 
Table 6.  XRD results for phases estimated and associated grain sizes for PSC ZTM and MZ-15. 
 
Table 7.  Environmental stability test results for PSC ZTM and MgO-ZrO2. 
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1.4 Introduction 
Caterpillar has made definitive improvements in reducing diesel engine emissions while maintaining 
thermal efficiency.  New materials and corresponding manufacturing processes are likely candidates for 
diesel engine components as society and customers demand lower emission engines without sacrificing 
power and fuel efficiency.  Strategies for improving thermal efficiency directly compete with 
methodologies for reducing emissions, and so the technical challenge becomes an optimization of 
controlling parameters to achieve both goals.  Approaches being considered to increase overall thermal 
efficiency are to insulate certain diesel engine components in the combustion chamber, thereby 
increasing the brake mean effective pressure ratings (BMEP).  Achieving higher BMEP ratings by 
insulating the combustion chamber, in turn, requires advances in material technologies for engine 
components such as pistons, port liners, valves, and cylinder heads [1].   
 
The cylinder head insert component serves as the high temperature structural and insulating member of 
the cylinder head, capable of operating above the conventional cast iron temperature limits.  This 
program has focused on designing and fabricating a head insert that covers the entire combustion face 
and also contains the valve seat inserts.  Currently, a C10/C12 sized ceramic cylinder head insert is 
under development in a joint Caterpillar - DOE program.  The ceramic material chosen for this head 
insert development is a zirconia-toughened mullite (ZTM).  This material known as MZ-15 (mullite 
with 15-volume % unstabilized zirconia) [2] was chosen because of its low thermal conductivity (2-5 
W/mK), high strength (400-500 MPa), and chemical stability in a diesel exhaust atmosphere, as 
demonstrated in this Caterpillar – DOE research program.  Due to high cost and other factors associated 
with MZ-15, another ZTM powder having the equivalent composition as MZ-15, was chosen for this 
study from Praxair Specialty Ceramics (PSC).   
 
ZTM consists of small zirconia particles that act as a toughening agent, dispersed within a matrix of 
larger mullite grains.  The zirconia exists in the metastable tetragonal phase that can transform to a 
more stable monoclinic phase, resulting in a 6 % volume increase.  This event can occur when an 
external load reaches a threshold stress value at a microcrack in the tetragonal phase.  This martinsitic 
phase transformation requires additional external energy to activate that in turn, increases the strength 
and fracture toughness of mullite.   
 
In order to utilize the zirconia transformation toughening mechanism and maximize strength, the 
average zirconia grain size must be optimized to be transformable, see Figure 1 [3].  If the grain size is 
too small, approximately 0.1 to 0.5µm, the zirconia will never transform regardless of the stress state.  
If the grain size is too large, beyond a critical size (e.g. >2µm), the zirconia will transform 
spontaneously.  The optimal grain size is such that the tetragonal zirconia phase is stable, typically due 
to the addition of a stabilizing compound, until an externally applied stress causes transformation to the 
monoclinic phase.   
 
The optimal tetragonal zirconia grain size is dependent on the type of stabilizer used for the zirconia.  
Typically, magnesia or yttria is used to stabilize the zirconia, but these additives are known to increase 
the grain size where transformation will occur spontaneously.  However, in the PSC ZTM, the thermal 
expansion mismatch between mullite and zirconia is used to "stabilize" the zirconia tetragonal phase.  
This results in a smaller critical grain size than if magnesia or yttria are used.  Therefore, the initial 
program task is to optimize the zirconia grain size within the mullite to ensure that the toughening 
mechanism operates under external loads.  
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The zirconia grain size is primarily dependent on the starting zirconia particle size, the type of stabilizer 
used, the sintering time, and the sintering temperature.  The sintering time and temperature both impact 
grain growth; as temperature is increased, less time is needed to reach an equivalent grain size.  The 
starting zirconia size can be small enough such that the zirconia exists in the metastable tetragonal 
phase without any stabilizer.  The zirconia grain size can then be grown to the critical size during 
sintering.  However, this must be in conjunction with the mullite grain growth that influences the 
material’s strength behavior.   
 
The objective of this study is to evaluate the processing, microstructure, and mechanical property 
relationships for hot pressed PSC ZTM for possible use as a cylinder head insert for a diesel engine.  
The general sequence of tasks to meet this objective is as follows:  
 

1. Characterize the starting PSC ZTM powder; size, phase content, BET, etc. 
2. Determine the optimum calcining temperature to crystallize the PSC ZTM powder.  
3. Establish hot press sintering parameters and to achieve the optimum material properties. 
4. Determine the room temperature mechanical properties of PSC ZTM, and compare 

results to microstructure, zirconia phase content, and MZ-15 data. 
5. Assess the environmental stability of PSC ZTM exposed to a diesel exhaust atmosphere. 

 
Tetragonal Grain Size 

 
To Small   Critical / Optimal Size        To Large 

 
Non-          Transformable         Spontaneous 

       Transformable          with Applied Stress       Conversion to 
             Monoclinic  

 
 
Figure 1.  Schematic showing the relationship of the zirconia tetragonal grain size to the transformation 
toughening mechanism. 
 
1.5 Experimental Approach 

1.5.1 Materials Selection 
ZTM powder received from Praxair (lot #03-P2381AM) consisted of a composition of 25 weight 
percent unstabilized zirconia, 75 weight percent mullite (3Al2O3 2SiO2).  Before shipment, the powder 
was calcined at Praxair at 900°C for 2 hours to ensure an amorphous powder.  It was assumed that an 
amorphous powder would ease densification by allowing liquid phase sintering to occur within the 
sample.  The powder was analyzed using a surface area technique developed by Brunauer, Emmett, and 
Teller, commonly referred to as BET.  Additional powder analyses included particle size distribution 
(PSD), differential thermal analysis (DTA), thermal gravimetric analysis (TGA), and x-ray diffraction 
(XRD) before being hot pressed into disks and machined into modulus of rupture (MOR) bars for 
mechanical testing. 

1.5.1.1 Powder Analysis 
The Chemical Services division at the Caterpillar Technical Center initially characterized the PSC 
powder.  Surface area estimates (Micromeritics ASAP 2010 BET) were performed on an approximate 
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1-2 g sample of powder that was heated to 450°C before testing to remove any water and volatile 
organics within the powder.  DTA was used to determine the mullitization temperature by heating a 20 
mg powder sample at 20°C/min to 1600°C and measuring the temperature difference with a known 
standard material.  TGA (Dupont Instruments 951 Thermogravimetric Analyzer) analysis characterized 
the weight loss of the powder during heating of 20 mg of powder at 20°C/min to 1500°C.  Powder 
samples were heated to temperatures between 900 and 1500°C for approximately 2 hours to study 
phase transformation.  The resulting samples were analyzed using x-ray diffraction (Nicolet I2/Z x-ray 
Diffractometer), while the particle size distribution was made using a Horiba CAPA-700 light 
transmittance particle size analyzer. 

1.5.1.2 Calcining Study 
Samples of the first shipment of amorphous PSC powder from Praxair were hot pressed and analyzed.  
Unfortunately these first specimens fractured from internal residual stresses during pressing due to a 
volume change associated with mullitization.  In order to avoid the internal stresses and continue to 
evaluate the mechanical properties, a second calcination step was added to the hot press operation.  
This effort would determine the temperature range where the powder could be transformed to full 
crystallinity, with a minimum of zirconia monoclinic phase present.   
 
To determine the optimum calcining temperature, 20 g powder samples were heated in air at a 
10°C/min rate to a final temperature between 900 and 1500°C.  The samples were held at the final 
temperature for 2 hours and then cooled down and removed from the furnace.  The samples were then 
analyzed using XRD to determine the peak values of mullite, and tetragonal and monoclinic phases of 
zirconia.  Once the optimum calcining temperature was identified, a portion of the PSC powder was 
returned to Praxair to be recalcined at the selected temperature.  The calcined powder was again 
reexamined using the same methods as described herein. 

1.5.1.3 Hot Pressing 
Hot pressing was done for 1.5 and 3 hour dwell times at temperatures from 1475°C to 1600°C in a 
vacuum, as listed in Table 1. A clean 3- inch graphite die was lined with 0.005 inch thick grafoil, a 
bottom ram inserted, and two 3- inch grafoil disks placed on the bottom ram.  A 100 g sample of powder 
was then loaded and leveled using a spatula and slight die shaking.  Two additional grafoil 3-inch disks 
were placed on top of the powder prior to inserting the top ram into a 3- inch graphite die.  Care was 
taken to ensure that no grafoil flakes broke off during handling and that the starting dies were wiped 
free (with a damp cloth) of any graphite dust from prior specimen removal.  The loaded die was placed 
into the hot press with double layers of grafoil above and below the die.  The hot press thermal and 
mechanical load cycle procedure consisted of the following: 
 

1. Heat at 10°C/min rate to 1200°C. 
2. Hold at TBD temperature for 2 hours to calcine the powder. 
3. Apply 50 MPa pressure after calcination. 
4. Continue heating at 5°C/min to the maximum sintering temperature (TBD). 
5. Dwell at this temperature for 1.5 or 3 hours. 
6. Remove pressure after the dwell period. 
7. Cool at approximately 20°C/min until the furnace cools at this rate without power.   

 
The solid disks were removed after pressing was complete, and were geometrically measured and 
weighed to determine the density.  Each disc was subsequently machined off-site at Chand Kare 
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Technical Ceramics (Worchester, MA) into standard size ASTM type 1161 (3x4x45mm) MOR bars 
[4]. 

1.5.1.4 Grain Size Analysis 
Small pieces of polished MOR bars approximately 4 mm in length were thermally etched to highlight 
the grain boundaries.  Samples were placed into a furnace, preheated to 1300°C for 60 minutes and then 
immediately removed.  Because of difficulties in viewing some of the grain boundaries, a special 
thermal etch at 1200°C was used on samples 2-3, 2-4, and 2-5.  The small size of the sample pieces was 
necessary for optimum thermal etching, since the thermal etch of larger samples provided an inadequate 
grain boundary contrast.  The samples were analyzed using an atomic force microscope (AFM) 
(Nanoscope IIIa, Digital Instruments Inc., Version 4.32rl) to measure the surface topography.  The 
tapping mode of the AFM was used with a scan size of 20µm, a scan rate of 1.9Hz, 512 lines per scan, 
and a data scale of 80 ηm.  Special care was taken to ensure that the tip of the AFM remained clean to 
provide accurate scan results.  Once the images were generated, a highpass filter contained in the AFM 
software was used to maximize the grain boundary contrast, and each picture was printed.  The images 
were manually outlined on a transparent overlay, scanned, and an image analysis software program was 
used to digitally determine the average grain size length and distribution with no correction factor.  The 
distribution created was for all grains present on the surface of the sample, and therefore there was no 
distinction between the zirconia and mullite grains. 
 
Table 1.   Hot press test parameters for PSC and M Z-15 powder samples 

 
Test # HP Temp (°C) Dwell Time (hr) 

PSC 2-6 1475 3 
PSC 2-2 1500 3 
PSC 2-1 1525 3 
PSC 2-3 1550 3 
PSC 2-4 1575 3 
PSC 2-5 1600 3 
PSC 5-1 1500 1.5 
PSC 5-2 1525 1.5 
PSC 5-3 1550 1.5 
PSC 5-4 1575 1.5 
PSC 6-1 1500 3 
PSC 6-2 1525 3 
MZ-15 1525 3.3 

 

1.5.1.5 Strength Testing 
Hot pressed MOR bars were tested in a semi-articulating four point bending fixture (20-40 mm load 
spans), and the resulting strength and elastic modulus values, with standard deviation, were determined 
following the ASTM C1161 standard [4].  The Weibull modulus was determined as well, however, 
only 10-15 specimens were used, less than the required minimum quantity of 30 by the ASTM C1161 
standard.  Six MOR bars were selected from each sample (2-high strength, 2-medium strength, 2- low 
strength), and each fracture face was examined in an SEM at 100X and 500X to determine the fracture 
origins. 



 16

1.5.1.6 Hardness-Toughness 
MOR bars mounted and polished on one face and to a 1-µm diamond finish were indented using a 
Vickers indenter (Figure 2) with 5 indentations/load; 2 kg, 5 kg, and 10 kg.  The resulting surface 
indentation diagonal dimensions (2a) and total length of the cracks emanating from the corners of the 
indentation (2C) were measured using a calibrated eyepiece.  The measured lengths were used in 
established equations to estimate the hardness and toughness values [5].   

1.5.1.7 Solid Sample X-ray Diffraction 
X-ray diffraction (Nicolet I2/Z x-ray Diffractometer) was performed on both polished and machined 
PSC ZTM MOR test specimens to determine the amount of available "transformable" zirconia.  
Abrasive machining the test specimens is known to convert the available tetragonal phase into 
monoclinic phase at the surface [3, 6].  The converted monolithic phase can be removed without 
inducing additional phase changes to the specimen surface by polishing the specimen after machining.  
The actual phase content of the bulk material can then be estimated after removing the monolithic 
phase from polishing.  Comparing x-ray diffractions of the machined surface to the polished surface is 
the method used in this study to estimate the amount of tetragonal and monoclinic phases present in the 
ZTM test specimens.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Vickers indentation of PSC ZTM with indentation site (2a) and propagated crack 
length (2C) indicated. 
 
MOR bar samples were placed in the sample holder of the x-ray diffractometer, and the system was 
brought to an operating voltage and amperage of 50 kV and 40 mA.  The x-ray operational parameters 
were from 10 to 90 2θ, with a 0.05 step and time=5 seconds, resulting in 1601 steps.  The range from 
10 to 90 2θ was selected to check for other phases besides mullite and zirconia.  Once the x-ray data 
were collected, it was evaluated, and an overlay containing the standard JCPDS card # 17-923 
(tetragonal ZrO2) and 37-1484 (monoclinic ZrO2) were used to identify the major tetragonal peak and 
two major monoclinic peaks.  Other phases examined from the x-ray data were silica, alumina, and 
zircon.  The percentage of tetragonal and monoclinic ZrO2 phases present is calculated by applying the 
peak value formula of Garvie and Nicholson [6, 7].  Before using the formula, the background noise is 
first subtracted.  It should be noted that the defining equation substitutes the tetragona l phase peak for 
the cubic phase peak, and peak heights are substituted for integrated peak intensities.  Because of 
limitations in the XRD equipment to detect the phases contained in the 15-volume% zirconia in the 
ZTM, the peak height analysis was chosen to estimate phase content. 
 
 

2C 2a 
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1.5.1.8 Environmental Stability 
To determine if the diesel exhaust moisture would destabilize the zirconia phase [8], samples were 
placed into a simulated exhaust environment.  Hot pressed machined MOR bars were placed into a tube 
furnace connected to an environmental control unit that delivered a diesel exhaust atmosphere by 
mixing together the following gases: 8% CO2, 500 ppm CO, 1500 ppm NO, 50 ppm HC, 9% O2, 8% 
H2O vapor, and N2 gas.  The simulated gas environment flowed through the 4- inch tube furnace at a rate 
of 3 L/min, and vented at the exit.  A temperature of 650°C for 1000 hours was used to simulate the 
engine conditions on the 15 test specimens.  MOR samples of MgO-ZrO2 were tested along with the 
ZTM to determine if the diesel exhaust atmosphere would influence the strength of this material.  Once 
the environmental exposure test was complete, all bend bars were strength tested and compared to the 
strength a control sample set. 

1.5.1.9 Thermal Shock Resistance 
Thermal shock testing was performed by placing 5 MOR bars in an alumina dish, and then inserting the 
dish into a preheated furnace at test temperatures between 200 - 400°C.  After a 15 minutes soak time, 
the bend bars were assumed in equilibration with the furnace temperature.  The bend bars were then 
individually removed and immediately dropped into an ice bath.  The difference between the furnace 
temperature and the ice water defines the thermal shock temperature, ∆T.  The specimens were then 
tested to failure in a four-point flexure to assess any strength degradation from thermal shock.   
 
1.6 Results and Discussion 

1.6.1 Powder Characteristics 
Powder analysis showed that the original PSC powder received (calcined at 900°C and at 2 hours) had a 
BET surface area of 14.7 m2 /g, and an average grain size of 1-2 µm with agglomerates of 30-40 µm.  
DTA results indicated an exothermic peak at 970°C, indicating the beginning of mullitization of the 
PSC powder: this condition was also confirmed by XRD that identified a monophasic mullite at this 
temperature.  Finally, XRD of the samples showed that the powder was amorphous because of a large 
“hump” in the data, indicating that only a small amount of the zirconia phase was crystallized.  The 
amorphous PSC particle size and surface area were found to be similar to the baseline MZ-15 ZTM. 

1.6.1.1 Calcining Study 
The approach to sintering used in this study was to start with powder having a minimum of monoclinic 
phase content, then apply a combination of different sintering times and temperatures to grow the 
zirconia to the optimum grain size.  This approach was chosen since the optimum size was not known a 
priori.  Table 2 presents the calcining study results and lists the temperatures that correspond to the 
peaks for the mullite, and tetragonal and monoclinic zirconia phases.  The results indicate that a 
calcining temperature of 1300°C is the highest temperature for mullitization without introducing a 
monoclinic zirconia phase peak.  Higher temperatures were shown to increase the amount of the 
monoclinic phase.   
 
A portion of the original powder was returned to Praxair and recalcined at 1300°C for 4 hours.  The 
analysis (including BET, PSD, and XRD) indicated that the previously calcined powder at 900°C for 2 
hours resulted in a surface area of 14.7 m2/g, while the recalcined powder at 1300°C for 4 hours 
resulted in a surface area of 7.35 m2 /g, (see Table 3).  In addition, the recalcined powder from PSC had 
more monoclinic zirconia phase present than the recalcined powder at Caterpillar.   
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1.6.1.2 Hot Pressing Study 
The initial PSC powder was calcined at Praxair for 2 hours at 900°C before shipment to Caterpillar.  
However, internal stresses from a mullite volume expansion occurred during sintering that resulted in 
the fracture of the initial hot pressed test samples (see 2.1.2, Calcining Study).  Therefore the 
amorphous PSC powder was calcined a second time in the hot press before proceeding with the 
sintering step.  The results of the study determined that the powder should be calcined for 2 hours at 
1200°C before applying the mechanical load.  This eliminated the volume transformation of 
crystallization during densification, and resulted in a sample that could be fabricated for testing.  The 
powder that was sent back to PSC and calcined a second time at 1300°C for 4 hours was also hot 
pressed, and the mechanical properties of this powder were found equivalent to the powder calcined at 
1200°C for 2 hours. 
 
Table 2.  Results of the calcining study performed in air on amorphous PSC powder. 
 

Temperature (°C) Calcining Time (hr) Amorphous  Mullite t-ZrO2 m-ZrO2 
900 2 Primarily No Weak No 
1200 2 No 95 195 No 
1300 2 No 95 200 No 
1400 2 No 105 210 5 
1500 2 No 95 150 30 

 
Table 3.  Comparison of PSC powders calcined at 900°C for 2 hours and 1300°C for 4 hours  
 

Calcination PSD (µm) BET (m2/g) Mullite t-ZrO2 m-ZrO2 
900°C for 2 hours 1-2 14.7 amorphous 
1300°C for 4 hours 1.1 7.35 2400 2500 600 

 

1.6.2 Physical Properties 

1.6.2.1 Density 
The zirconia phase is known to influence the density of the ZTM test specimen.  Bulk density can vary 
from the pure tetragonal phase at 6.10 g/cm3 to the pure monoclinic phase at 5.56 g/cm3.  As illustrated 
in Figure 3, the available 15-volume % of zirconia within the ZTM can alter the density in the range 
from 3.53 g/cm3

 to 3.61 g/cm3.  The density values for the PSC as a function of temperature are listed in 
Table 4.   
 
As the hot pressing temperature increases, the zirconia undergoes a phase change from the metastable 
tetragonal phase to the more stable monoclinic phase.  This phenomenon is known to reduce the density 
of the zirconia and is illustrated in Figure 4.  It is important to note that the data presented in Figure 4 
does not extend beyond 1575°C, as shown in Table 4.  The study found no evidence of porosity during 
the fractographic analysis and presumes that trends observed in Figure 4 are principally a result of the 
zirconia phase change. 
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1.6.2.2 Grain Size Distribution 
Figure 5 and 6 illustrate the AFM analysis results for the grain size of PSC samples pressed at 1.5 and 3 
hour dwell times, respectively.  The grains are detected by a shift in the topography of the samples 
measured by the AFM.  The trend of increasing grain sizes as a function of hot pressing temperatures 
can easily be seen in both Figures 5-6.   
 

 
Figure 3.  Bulk density of ZTM with increasing tetragonal content of the 15-volume % zirconia 
 
 
Table 4.  Density versus hot press temperature for PSC ZTM. 
 

Test No. Temp (°C) Density (g/cm3) 
PSC 2-6 1471 3.587 
PSC 2-2 1500 3.600 
PSC 2-1 1525 3.582 
PSC 2-3 1550 3.588 
PSC 2-4 1575 3.577 
PSC 2-5 1600 3.552 
PSC 5-1 1500 3.598 
PSC 5-2 1525 3.594 
PSC 5-3 1550 3.583 
PSC 5-4 1575 3.564 

 
 
The influence of the hot press dwell time and grain size is less evident when comparing many of the 
micrographs presented in Figures 5 and 6.  Little difference is observed in the grain size at the 
intermediate temperatures, but at the lower and higher temperatures, an increase in the dwell time does 
appear to increase the grain size, see Figure 5 (d) and 6 (e), Figures 5(a) and 6(b).   
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Figure 4.  Bulk hot pressed PSC ZTM samples versus hot pressing temperature.  Density 
estimates are based on geometric measurements. 
 

 
(a) 

 

 
(b) 

 
 

(c) 

 

 

(d) 

 
Figure 5.  Grain size measurements for 1.5 hour hot press at (a) 1500°C, 1.20 µm; (b) 1525°C, 
1.59 µm; (c) 1550°C, 2.01 µm; (d) 1575°C, 2.09 µm. 
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(a) 

 

 
(b) 

 
 

(c) 

 

 

(d) 

 
 

(e) 

 

 
(f) 

 
 
Figure 6.  Grain size measurements for 3 hour hot press at (a) 1475°C, 1.29 µm; (b) 1500°C, 2.03 
µm, (c) 1525°C, 1.83 µm; (d) 1550°C, 2.18 µm; (e) 1575°C, 2.53 µm; (f) 1600°C, 2.73 µm. 
 
 
It should be noted in the photomicrographs that the small intragranular zirconia particles located in the 
large mullite grains were not considered in the grain size analysis.  These intragranular particles were 
not expected to play a role in the mechanical properties of the material because of their small size, and 
are considered a powder production defect.  Discussions with Praxair regarding this issue has resulted 
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in a change in the precursor materials used in powder production, that will eliminate the intragranular 
particles in the next generation of powder.  An analysis of the grain size distribution of the mullite and 
zirconia phases is planned in the next phase of this program. 

1.6.2.3 Strength, Toughness, versus Grain Size 
The strength and toughness of the PSC ZTM were compared to the grain size data for the 1.5 and 3-
hour hot pressed samples (see Tables 5a and 5b).  The same data are graphically illustrated in Figures 7  
 
Table 5a.  Room temperature properties of 1.5-hour hot pressed PSC ZTM 
 

Test # Temp 
(°C) 

Spec. 
No. 

Avg. Strength (MPa) 
/ Std Dev. 

Avg. Elast. Mod. 
(GPa) / Std. Dev. 

Weib. 
Mod 

Fract. Tough. 
(MPa m 1/2 / Std. Dev 

Avg. 
Size (µm) 

PSC5-1 1500 13 406 ± 44 201 ± 6 10.0 2.29 ± 0.2 1.21 
PSC5-2 1525 14 394 ± 57 214 ± 16 7.6 2.88 ± 0.37 1.59 
PSC5-3 1550 14 400 ± 46 188 ± 8 9.4 2.95 ± 0.39 2.01 
PSC5-4 1575 14 399 ± 54 190 ± 8 8.2 2.77 ± 0.32 2.09 

 
Table 5b.  Room temperature properties of 3-hour hot pressed PSC ZTM and MZ-15 
 

Test # Temp 
(°C) 

Spec. 
No. 

Avg. Strength (MPa) 
/ Std Dev. 

Avg. Elast. Mod. 
(GPa) / Std. Dev. 

Weib. 
Mod 

Fract. Tough. 
(MPa m 1/2 / Std. Dev 

Avg. 
Size (µm) 

PSC2-6 1474 14 394 ± 71 205 ± 6 5.9 2.34 ± 0.27 1.29 
PSC2-2 1500 15 395 ± 59 260 ± 52 6.4 2.86 ± 0.41 2.04 
PSC2-1 1525 14 416 ± 46 200 ± 21 9.5 3.06 ± 0.64 1.83 
PSC2-3 1550 15 425 ± 61 233 ± 35 7.6 3.88 ± 0.46 2.19 
PSC2-4 1575 14 390 ± 35 220 ± 52 12.1 3.01 ± 0.43 2.53 
PSC2-5 1600 14 351 ± 54 212 ± 54 6.9 3.11 ± 0.28 2.73 
MZ-15 1525 50 436 ± 68 196 ± 13 6.0 2.19 ± 0.19 1.81 

 
and 8.  The strength and fracture toughness properties shown in Figure 7 follow similar trends; as grain 
size increases, no significant change is observed for either the strength or the fracture toughness.  This 
claim is supported by the standard deviation of the data.  For the 3-hour hot pressed samples (Figure 8), 
strength and fracture toughness properties appear to peak at 1550°C.  The strength and fracture 
toughness then show a slight decline in value after 1550°C.  However, in reviewing the standard 
deviation of the data, there is no significant difference in the strength or fracture toughness values as 
the grain size increases due to temperature increases during the 3-hour dwell time.  Figures 7 and 8 
suggest that there is little correlation between grain sizes, sintering temperature, dwell time, and the 
strength and fracture toughness properties of PSC ZTM. 
 
For comparative purposes, the strength, toughness, and grain size test results of the MZ-15 are also 
plotted with the PSC ZTM data in Figure 8.  The MZ-15 shows a trend of higher strengths and fracture 
toughness values at grain sizes smaller than the PSC ZTM material.  However, this data is not 
statistically significant, as evidenced by the error bands representing the standard deviation of the data.   
 
The specimen strength values may be influenced by large alumina inclusions (~20µm) within the bulk 
material, as shown in Figure 9.  Fractographic analysis indicated that these inclusions were one of the 
strength-limiting failure modes observed in the test specimens.  This analysis suggests that if the 
fracture toughness was measured properly by the indentation method, that fracture toughness may be a 
better indicator of the PSC ZTM mechanical performance.  In doing so, the analysis further suggests 
that the optimum hot press parameters are at 1550°C for 3 hours. 
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Figure 7.  Strength and fracture toughness values for the PSC ZTM, 1.5-hour hot press dwell 
time and at different temperatures. 
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Figure 8.  Strength and fracture toughness values for the PSC ZTM, 3-hour hot press at different 
temperatures.  The MZ-15 values are for comparison purposes. 
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(a) 

 
 
 

 
(b) 

 
 
Figure 9.  Fracture surface of hot pressed PSC samples containing an alumina inclusion that was 
identified as the fracture origins from strength testing.  The strength of this sample was 350 MPa 
and (a) is at 100X while (b) is at 500X 
 
Two explanations have been formulated as to the origins of the alumina formations within the hot 
pressed specimens.  Because of the large inclusion size, the first explanation was that pieces of the 
alumina milling media used in powder preparations spalled off into the powder.  The second 
explanation is based on a stoichiometric analysis performed by Dr. Mark Shumsky, modifying a 
technique originating from Ban and Okada [9].  Dr Shumsky’s analysis shows that the PSC powder has 
62.53 mol percent alumina, compared to the stoichiometric range of approximately 59 to 63 percent 
alumina.  If the powder was completely homogeneous in phase, then no alumina should be formed.   
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However, it is reasonable to believe that the combustion synthesis may not produce a perfectly 
homogeneous material, and perhaps alumina "rich" regions could exist.  Discussions with Praxair 
regarding this issue have led to a change in the milling media used to make the powder.  Yttria-
stabilized milling media will be used instead of alumina to possibly eliminate the alumina inclusions.  
This is not expected to influence the stoichiometry of the powder; therefore, the cause of the alumina 
inclusions would possibly be identified. 
 

1.6.3 Alumina 

1.6.3.1 X-ray and Grain Size Comparison 
The grain size of the PSC is known to relate to the transformable tetragonal zirconia content, since 
there is a critical grain size for stress induced tetragonal to monoclinic transformation.  As the grain 
size increases, there is an expected decrease in the amount of tetragonal zirconia phase available.  The 
results of the tetragonal phase x-ray analysis and grain size are plotted together in Figure 10a and 10b, 
for the 3 and 1.5-hour long hot press runs, respectively.  Both graphs show that as the mullite and 
zirconia grain size increases, there is a decrease in the amount of tetragonal phase within the sample.  
There is also a decrease in the monoclinic phase content as grain size increases for both hot press runs.  
It is plausible to assume that the sample with the smallest zirconia grain size is likely to have the largest 
amount of tetragonal phase zirconia; although it is not known how much of this tetragonal phase may 
be available for use in transformation toughening. 
 
One technique to estimate the amount of transformable tetragonal phase is by measuring the tetragonal 
phase amount from the surface of a machined specimen and a machined-and-polished specimen, as 
previously discussed.  Table 6 lists the estimated percent of tetragonal phase from the surface of 
polished and machined specimens through the x-ray diffraction, as previously illustrated in Figures 10a, 
10b.  Note that sample 2-3 presented in Table 5b shows the highest toughness value (3.88 MPa m ½) for 
the 3-hour hot pressed series of PSC ZTM samples.  If transformation toughening is responsible for this 
toughness value, it should correlate to a high amount of transformable tetragonal phase zirconia.  
However, the amount of tetragonal phase in the polished surface is lower than the machined surface.  
The difficulty in identifying the XRD phase content along with the assumptions of the phase percentage 
equations, are likely reasons for the lack of correlations between the tetragonal phase content and the 
toughness value. 

1.6.3.2 Environmental Stability 
The results of the environmental stability tests are presented in Table 7 and Figure 11 for samples 
heated to 650°C for 1000 hours.  As the data indicate, there was a slight decrease in the ZTM specimen 
strength from the exposure to the simulated diesel environment.  The MgO-ZrO2 also shows a small 
decrease in strength after exposure to the same environment.  However, the strength degradation data is 
within the standard deviation error bars and therefore this decrease is not significant.  Thus the 
environmental stability of both materials based on this simulated diesel exhaust exposure is deemed 
exceptional.   

1.6.3.3 Thermal Shock Testing 
The results of the thermal shock testing are presented in Figure 12, and indicate that the flexure strength 
of the PSC ZTM reduces with increasing quench temperature.  This is a similar pattern observed for  
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Figure 10.  Percent tetragonal zirconia and grain size versus hot pressing temperature for (a) 3-
hour and (b) 1.5-hour.  The amount of transformable tetragonal zirconia is the different in the 
percent tetragonal in the polished and machined specimens. 
 
 
 

(a) 

(b) 
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Table 6.  XRD results for phases estimated and associated grain sizes for PSC ZTM and MZ-15. 
 

Test # % Tetragonal 
Polished Surface 

% Tetragonal  
Machined Surface 

% Tetragonal 
Transformable 

Average Grain 
Size 

PSC 2-6 83 68 15 1.29 
PSC 2-2 86 43 43 2.04 
PSC 2-1 67 65 2 1.83 
PSC 2-3 54 64 -10 2.19 
PSC 2-4 59 30 29 2.53 
PSC 2-5 27 19 8 2.73 
PSC 5-1 83 73 10 1.21 
PSC 5-2 72 66 6 1.59 
PSC 5-3 60 43 17 2.01 
PSC 5-4 64 43 21 2.09 
MZ-15 81 43 (crushed) 38 1.81 

 
 
Table 7.  Environmental stability test results for PSC ZTM and MgO-ZrO2 
 

Sample Strength (MPa) 
/ Std. Dev 

Elastic Modulus 
(GPa) / Std. Dev. 

Weibull 
Modulus 

Control PSC 
(no environmental testing) 

 
438 ± 31 

 
192 ± 1.5 

 
15.4 

PSC: 650°C – 1000 hrs 422 ± 49 195 ± 2.4 9.42 
Control MgO-ZrO2 

(no environmental testing 
 

632 ± 7 
 

172 ± 0.8 
 

25.7 
MgO-ZrO2 : 650°C – 1000 hrs 623 ± 30 177 ± 2.3 22.3 

 
 

Figure 11.  Strength results for PSC ZTM and MgO-ZrO2 heated in the simulated diesel exhaust 
environment at 650°C for 1000 hours. 
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Figure 12.  Thermal shock results of PSC ZTM, MgO-ZrO2, and MZ-15 as the baseline.  The 
results show that the PSC powder acts similar to other types of ZTM when thermally shocked up 
to 400°C. 
 
both the MZ-15 and MgO-ZrO2.  However, the PSC deviates slightly from the other materials response 
where a resistance to thermal shock appears between 300 and 350°C.  Upon reaching 400°C, the 
strength of the ZTM decreases considerably, in like fashion to the MZ-15 and MgO-ZrO2.  The quench 
test results indicate that the PSC ZTM should survive a single ∆T cycle of 300°C (0 - 300°C) without a 
significant strength reduction. 
 
1.7 Conclusions 
In general, the results of the study do not strongly indicate at this time if the PSC ZTM powder would 
be an excellent candidate for the cylinder head insert project.  Based on the limited data generated, 
calcining the powder at 1200°C prior to hot pressing at 1550°C might produce the best mechanical 
properties.  However, this conclusion is not strongly supported due to the relatively large standard 
deviation of the data.  Since correlations between material properties and processing parameters were 
not clearly established, different types of tests should be considered for examining the next modified lot 
of PSC ZTM powder.  For example, more than one method should be considered in assessing the phase 
content of the zirconia.  In addition, a significant number of test specimens should be allotted for each 
parameter. 
 
The study found the following: 
1. A 1300°C calcining temperature ensures complete mullitization of the PSC ZTM powder with 

minimal conversion from tetragonal to monoclinic zirconia.  However, in small powder quantities, 
1200°C is a sufficient calcining temperature. 

2. Room temperature mechanical properties of the PSC ZTM are similar to MZ-15 used in the original 
engine test. 

3. Optimum hot pressing conditions based on strength and toughness of PSC ZTM are likely 1550°C 
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for 3 hours, 25°C above that used for MZ-15. 
4. The PSC ZTM and the MgO-ZrO2 retained their strength after 1000 hours at 650°C in a simulated 

diesel environment. 
5. Alumina inclusions, introduced during powder processing, may have been the strength- limiting 

failure mode for the test specimens that also lowered the Weibull modulus.  It is believed that this 
failure mode is avoidable and therefore, the strength data in this study are not representative of the 
material’s performance. 

6. Microstructure and phase transformation trends appear to be dependent on the processing 
temperatures, and more than one technique should be used to assess the tetragonal and monoclinic 
phase content. 

7. The limited number of test conditions does not adequately provide a comprehensive view of the 
environmental stability of this material, and establish any correlations between grain size and 
mechanical properties. 

8. The thermal shock tests were only performed for one cycle, and it would be advantageous to 
perform numerous thermal cycling to ensure that this material can survive the cyclic heating within 
an engine. 

9. The results from Caterpillar’s calcining process are different from the PSC’s calcining process.  
This is likely from the two additional hours PSC calcined the powder as compared to the Caterpillar 
calcining process. 
 

1.8 Recommendations 
1. Review the development strategy of the PSC ZTM for the cylinder head insert application. 
2. Find links between processing parameters and mechanical properties in order to optimize the ZTM 

performance. 
3. Incorporate a sufficient number of test specimens for each test parameter to gain significant data 
4. Review the XRD results and procedure to ensure accurate determination of the tetragonal phase. 
5. Use a second method to assess the tetragonal to monoclinic phase content of the ZTM. 
6. Perform an analysis that identifies the individual zirconia and mullite grains, and consider process 

parameters that would optimization of the zirconia grain size to increase toughness. 
7. Perform environmental testing of PSC test specimens at higher temperatures to ensure the stability 

of the material in a diesel environment. 
8. Expand thermal shock and thermal cycle testing to better assess the material’s response to longer-

term cyclic conditions in like fashion to the engine thermal loads. 
9. Compare the material properties from this study with the next generation PSC ZTM powder 

containing fewer alumina inclusions. 
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2. Cylinder Head Insert Study Phase 2 – Material Properties 
 
2.1 Abstract 
Commercially available ceramics, MgOZrO2, CeO2ZrO2, and a Caterpillar in-house fabricated zirconia-
toughened mullite were examined in this study for use as a cylinder head insert in diesel engines.  The 
following mechanical characterizations were obtained from the selected materials as a function of 
temperature utilizing ASTM standards: fast fracture strength, fatigue resistance, corrosion resistance, 
thermal shock, and fracture toughness.  Fractographic analyses were performed on the flexure test 
specimens in order to identify the strength- limiting failure modes in each material. 
 
The study found that the average strength of the Caterpillar fabricated zirconia-toughened mullite was 
450 MPa and nearly invariable to increases in the temperature (20-850ºC), and possessed a high 
resistance to fatigue. The MgOZrO2 and CeO2ZrO2 materials were comparable in strength to the ZTM 
at 20ºC, but exhibited strength degradation as much as 65% as temperatures increased to 850ºC.  The 
MgOZrO2 and CeO2ZrO2 materials also possessed a lower resistance to fatigue than the ZTM.  The 
fracture toughness values significantly decreased as test temperatures increased from 20 to 850ºC for all 
the materials in this study.  In spite of these findings, all ceramic materials examined showed excellent 
wear properties and resistance to the corrosive diesel engine environments.  The study concluded that 
the ceramics examined did not meet all of the cylinder head insert structural design requirements.  
Therefore we do not recommend at this time their use for this application. 
 
While deficiencies in strength occurred at high temperatures (400-850°C), these materials should be 
considered for low temperature applications, such as in fuel injection systems, due to their superior 
corrosion and wear properties.  The material property database generated from this study can provide 
an excellent foundation for designing lower temperature ceramic engine components.  Improvements in 
the fast fracture strength and fracture toughness properties at elevated temperatures are required in 
order to meet the cylinder head insert design criteria. 
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2.2 List of Figures 
 
Figure 1.  Diesel engine schematic showing cylinder head insert in relation to other engine components. 
 
Figure 2.  ORNL’s Flexure Test Station used in this study located at the High Temperature Materials 
Laboratory in Oak Ridge, TN. 
 
Figure 3.  ASTM C-1161-B test specimen mounted in a typical α-SiC test fixture used to conduct four-
point flexure fast fracture and slow crack growth strength tests. 
 
Figure 4.  Machining orientations on flexure specimens examined in this study.  To illustrate the 
machining orientation, the specimens presented here are inverted from Figure 3. 
 
Figure 5.  Cross-sectional dimensions of the ASTM chevron V-notch fracture toughness specimen. 
 
Figure 6.  ASTM chevron V-notch specimen inside furnace prior to fracture toughness test. 
 
Figure 7.  (a) Characteristics of brittle ceramic failure and (b) actual ceramic fracture origin. 
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Figure 14. Fracture toughness as a function of temperature for ZTM, Mg-TTZ, and Ce-TZP (CoorsTek) 
using chevron V-notch specimens. 
 
Figure 15.  Strength as functions of stressing rate and exposure to oil-ash contaminates.   
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gases. 
 
Figure 17.  Failure region from longitudinally machined Mg-TTZ flexure test specimen. 
 
Figure 18. Failure region from transversely machined Mg-TTZ flexure test specimen.  
 
Figure 20.  Fracture surface of ZTM (Caterpillar) showing porous region at fracture origin. 
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Figure 21.  Composite image of Ce-TZP (CoorsTek) fracture surface (top image) and corresponding 
tensile surface (bottom image) illustrating a typical failure from machining damage. 
 

Figure 22: Indentation thermal shock measurements for ZTM and Mg-TTZ.  The resulting critical 
temperature, ∆Tc, for ZTM and Mg-TTZ were estimated at 350 and 300°C, respectively. 
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2.3 List of Tables 
 
Table 1.  Number of test specimens and temperature for fast fracture conditions.  The letters “L” 
(longitudinal) and “T” (transverse) refer to the machining orientation on the test specimen.   
 
Table 2.  Number of test specimens and temperature for slow crack growth conditions.  The letter “L” 
(longitudinal) refers to the machining orientation on the test specimens.   
 
Table 3.  Number of chevron V-notch test specimens and test conditions used for fracture toughness 
tests.  All fracture toughness specimens are longitudinally machined. 
 
Table 4.  Concentrations of gas compounds and elements used in simulated diesel exhaust gas corrosion 
tests. 
 
Table 5.  Number of flexure test specimens and corresponding test conditions after exposure to 
corrosive environments.  The letter “L” (longitudinal) refers to the machining orientation on the test 
specimens. 
 
Table 6.  Summary of fractographic analysis for zirconia-based ceramics examined in this study. The 
letters “L” (longitudinal) and “T” (transverse) refer to the machining orientation on the test specimens. 

Table 7. Calculated phase content of three surface conditions of CoorsTek Mg-TTZ. 
 
Table 8. Estimated phase content of partially stabilized zirconia ceramic materials.  The terms “light” 
and “dark” refer to a color shift in the material after exposure at 850°C. 
 
Table 9.  Summary of temperature and percent crack propagation from thermal shock 
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2.4  Introduction 
Elevating the diesel engine combustion temperatures and pressures is known to improve the engine’s 
thermal and fuel efficiencies.  However, in doing so, it is likely that increased combustion temperature 
and pressures may reduce the service lifetimes of critical engine components, such as the engine 
cylinder head.  Advanced ceramic materials known for exceptional thermal properties, have the ability 
to retain the heat of combustion and thus improve the thermal efficiency, and are the focus of this 
study.   
 
Diesel engine thermal efficiencies greater than 50% were demonstrated through a program known as 
LE55 (Low Emission, 55% thermal efficient) at Caterpillar using both a single cylinder and multi-
cylinder engines.  To achieve this thermal efficiency, higher combustion temperatures and pressures 
were introduced along with certain engine components made from materials that retained better thermal 
energy of combustion.  Designing insulating structural ceramic materials as diesel engine components 
offers advantages such as greater control in maintaining the optimal operating temperature, and a better 
means to manage the unused thermal energy.  The benefit of improving engine efficiency is realized in 
lower fuel costs, the greatest expenditure that the consumer pays to operate on-highway diesel powered 
trucks during a typical service lifetime.   
 
Partially stabilized zirconia, single-phase zirconia, and zirconia-toughened ceramics are well 
documented in the literature for having low thermal conductivity, high fracture toughness, and excellent 
corrosion and wear resistance in adverse environments [1-4].  Available databases containing material 
properties of advanced ceramic materials were deficient and not applicable to internal combustion 
engine applications.  A major task of the study was to obtain several material properties relative to the 
diesel engine environment in order to assess advanced ceramics for the engine application.   
 
 
 

  

Figure 1.  Diesel engine schematic showing cylinder head insert in relation to other engine 
components. 
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Commercially available ceramics, MgOZrO2, CeO2ZrO2, and a Caterpillar in-house fabricated zirconia-
toughened mullite were selected for this study for use as a cylinder head insert, a component that is 
illustrated in Figure 1.  The head insert thermally insulates as well as provides structural support to the 
engine cylinder head.  In addition, a head insert could more easily be engineered into production when 
compared to replacing an existing engine component made from ceramic materials.   
 
2.5 Objectives 
 

1. Examine several zirconia-based ceramic materials for use as a cylinder head insert meeting the 
following design criteria: 

a. Flexural strength   400-650 MPa 
b. Thermal conductivity   2-5 W / m K 
c. Thermal expansion   4-6 E-6 / C 
d. Stable in moist, diesel engine exhaust 
e. High thermal shock resistance 
f. High fracture strength   12 MPa m 1/2  

2. Determine the feasibility of zirconia-based ceramics for cylinder head insert application. 
3. Quantify improvements in performance, durability, and reliability in order to justify any 

increase in component cost.   
4. Deliver prototype development and production implementation plans if successful.   
 

2.6 Experimental Approach 

2.6.1 Materials Selection 
Mullite (Al6Si2O13) toughened with zirconia (ZrO2) was chosen as one of the materials for this program 
due to its low thermal conductivity (2-4 W/m K), and high strength at elevated temperatures (400-600 
MPa), as reported in the literature [1-4].  These mechanical properties met the design criteria initially 
for the ceramic diesel engine cylinder head insert.  Prior to conducting specimen strength tests, 
Advanced Materials Technology (AMT) staff members had developed an understanding of how in-
house processing influenced the microstructure, and mechanical properties of zirconia toughened 
mullite, designated as ZTM.   
 
Partially stabilized zirconia, and single-phase zirconia ceramics were not initially considered for the 
study due to their reported strength loss in moist, high temperature environments [4-6].  However, the 
AMT staff chose to include these ceramics in the study in order to compare the performance of ZTM 
with commercially available ceramics, and to assess the temperature(s) when significant strength loss 
occurs. 
 
Commercially available partially stabilized zirconia with magnesium (MgOZrO2), designated as Mg-
TTZ, and two single-phase Cerium stabilized zirconia (CeO2ZrO2), designated as Ce-TZP, and were 
selected from leading ceramic manufacturers.  CoorsTek in Golden, CO manufactured the Mg-TTZ and 
one of the Ce-TZP while the other Ce-TZP was manufactured by Ferro Corp. in Shreve, OH.  

2.6.2 Test Specimens, Procedures and Facilities 
The Caterpillar in-house fabricated ZTM and the as-received commercial ceramic materials were 
machined at Chand Kare Technical Ceramics (Worchester, MA) using the conventionally practiced 
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machining procedures, as found in the ASTM C-1161 standard [7].  The flexure test specimens have a 
rectangular cross-section with the nominal dimensions of 3 X 4 X 50 mm.  The final grinding was 
completed using a 320-diamond grit wheel, and the edges of the bars were chamfered to reduce the 
likelihood of corner- induced failures.   
 
After machining, the geometry of the specimens was measured using a micrometer and vernier calipers, 
and then weighed on a Mettler 360-gram capacity scale (Model AJ100, Mettler Instrument Corp., 
Highstown, NJ).  A portion of machined flexure bars was set aside for fracture toughness tests.   
 
Specimen tests were conducted at the High Temperature Materials Laboratory (HTML) located at the 
Oak Ridge National Laboratory (ORNL) through a user proposal program [8].  The facility used in this 
study for obtaining strength data was known as the Flexure Test System, an in-house test apparatus 
designed by the ORNL technical staff.  Figure 2 shows one of the Flexure Test Systems located at the 
HTML.  Each system included a CM furnace (Rapid Temp Furnace, Model 870121, Bloomfield, NJ) 
permitting testing up to 1600°C and the ability to test up to three specimens simultaneously.  Keithley 
closed loop control and data acquisition software (Soft500, Cleveland, OH) was used to control and 
monitor the temperature and stress rates.  The mechanical stresses were generated using a 
pneumatically driven air cylinder that interfaced with an incompressible hydraulic fluid to eliminate 
load fluctuations.  Semiarticulating four-point flexure fixtures held the test specimens that were placed 
inside the CM furnace between two opposed and concentrically aligned α-SiC rods.  The top rod 
applied the load from the air cylinder while the bottom rod was attached to a load cell.  Displacement 
was measured using a linear variable displacement transducer (LVDT).   
 

 

 
Figure 2.  ORNL’s Flexure Test Station used in this study located at the High Temperature 
Materials Laboratory in Oak Ridge, TN. 
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2.6.3 Inert Strength Tests 
Inert or fast fracture strength measurements are made by the rapid application of a load, that minimizes 
the likelihood of any possible time-dependent strength-decreasing phenomena, such as slow crack 
growth or stress corrosion cracking.  The inert strength load rate was set at 30 MPa/s based on the 
ASTM C-1161 standard, and the four-point flexure fixtures were made from α-SiC and used α-SiC 
load bearing pins.  The inner and outer load spans of the four-point fixture were 20 and 40 mm, 
respectively, as illustrated in Figure 3.  The inert strength of four-point flexure specimens was 
measured at 20, 200, 400, 600, and 850ºC.  A summary of the inert strength tests conducted in this 
study is presented in Table 1. 
 
The failure stress (σf) in MPa derived from classical beam theory for the flexure specimens tested in 
this study is  
 
 

 σ f =
3P(l2 − l1)

2bh 2
,          (1) 

 
 
where P is the failure load in Newtons, l2 and l1 are the outer and inner load spans in mm, respectively, 
b is the width in mm, and h is the height in mm.  Equation 1 assumes that the origin of failure on the 
test specimens coincides at the surface where the maximum tensile stress occurs.   
 
 
 
Table 1.  Number of test specimens and temperature for fast fracture conditions.  The letters “L” 
(longitudinal) and “T” (transverse) refer to the machining orientation on the test specimen.   
 

Temp 
(°C) 

ZTM 
Cat-L 

Mg-TTZ 
T 

Mg-TTZ 
L 

Ce-TZP 
Ferro-L 

Ce-TZP 
CoorsTek-L 

20 10 - - - 10 7 10 
200 10 10 10 6 7 
400 10 10 10 6 7 
600 10 10 10 6 7 
850 10 10 10 6 7 
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Figure 3.  ASTM C-1161-B test specimen mounted in a typical α -SiC test fixture used to conduct 
four-point flexure  fast fracture and slow crack growth strength tests. 
 
In order to examine strength as a function of machining orientation, the tensile side of the CoorsTek 
Mg-TTZ specimens was machined in either one of two directions.  A majority of the flexure bars were 
machined longitudinal or parallel to the maximum tensile axis in bending while the remainder was 
machined transverse to the maximum tensile axis.  Longitudinally machined specimens tend to produce 
the maximum strength limit of the material in flexure, while transversely machined specimens tend to 
yield the material’s lower strength limit in flexure [9-10].  Figure 4 illustrates the machining orientation 
of the ASTM flexure test specimens used in this study. 
 
 
 

  

        transverse         longitudinal 
 
 
Figure 4.  Machining orientations on flexure specimens examined in this study.  To illustrate the 
machining orientation, the specimens presented here are inverted from Figure 3. 
 

2.6.4 Fatigue Resistance Tests  
The susceptibility of a ceramic material to slow crack growth behavior is a measure of the material’s 
resistance to failure from fatigue.  Slow crack growth behavior for ceramic materials can often be 
determined using constant stress rate flexure tests, as specified in the ASTM C-1368 standard [11].  
The basis of the test method is to examine any strength degradation when the applied stress rates are 
reduced in a given environment.  Combining results from these tests with the previously completed 
inert strength results provides a means to assess slow crack growth behavior of ceramic materials.   

flexure test 
specimen 
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The slow crack growth rate of ceramics and glasses can be approximated by the empirical power- law 
relationship as presented in the ASTM C-1368 standard: 
 
 

 

da
dt

= A
K I

KIC

 

  
 

  

N

          (2) 

 
 
where da/dt is the slow crack growth rate in m/s, A and N are slow crack growth curve fit parameters, 
KI is the Mode I stress intensity factor in MPavm, and KIC is the fracture toughness under Mode I 
loading in MPavm.   
 
For a uniformly applied stress, the stress intensity factor can be expressed as: 
 
 

 KI = Yσ a            (3) 
 
 
where σ is the remote applied stress in MPa, Y is geometry factor related to flaw shape and orientation 
with respect to direction of applied loading, and a is the crack length in m.   
The flexure strengths for the slow crack growth tests were calculated using equation 1.  Manipulating 
equations 2 and 3 results in a relationship between the inert strength (σ i ) and fracture strength (σ f ) for 
slow crack growth: 
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2
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As discussed previously, the inert or fast fracture strength (σ i ) is the fracture strength measured in an 
inert environment where no subcritical crack growth or any other strength degradation effect occurs 
prior to fracture.  For a constant stress-rate, σ(t)  = σ&  and when integrated, equation 4 becomes: 
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Taking the logarithm of both sides of equation 5 yields: 
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.
 

 
 
The slow crack growth parameters D and N can be determined by a linear regression analysis when σ f  
is graphed as a function of σ&  on log- log plots.  If a material is susceptible to slow crack growth then 
the strength will significantly decrease when the stressing rate decreases. The severity of slow crack 
growth is represented by the N value; smaller N values indicate that the material is more susceptible 
towards the slow crack growth phenomena.   
 
Test specimens in this study were subjected to 0.3 and 0.003 MPa/s stressing rates in order to examine 
their susceptibility to the slow crack growth phenomena.  Tests were conducted at 20 and 850ºC in 
order to observe the influence of increased temperature with the slow crack growth.  There were 
approximately 7-10 specimens of each material tested at the different load rates and temperatures.  
Table 2 summarizes the number of slow crack growth test specimens for each material in this study. 
 
 
 
Table 2.  Number of test specimens and temperature for slow crack growth conditions.  The letter 
“L” (longitudinal) refers  to the machining orientation on the test specimens.   
 

Temp / Stressing Rate ZTM 
Cat-L 

Mg-TTZ 
L 

Ce-TZP 
Ferro-L 

Ce-TZP 
CoorsTek-L 

20°C / 0.30 MPa/s 10 10 7 10 
20°C / 0.003 MPa/s 11 10 7 10 

850°C / 0.30 MPa/s 10 10 8 10 
850°C / 0.003 MPa/s 9 10 9 8 

 

2.6.5 Fracture Toughness Tests 
Fracture toughness is a measure of a material’s resistance to crack propagation and is often expressed in 
regard to the stress intensity factor, K.  The ASTM C-1421 standard was used to determine the fracture 
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toughness of selected materials [12].  Chand Kare Technical Ceramics prepared chevron V-notch 
specimens from already machined ASTM C-1161 flexure specimens.  At the center of the flexure bar, a 
V-notch was made using a 320-grit diamond saw.  The dimensions of the chevron V-notch specimens 
used in calculating fracture toughness are presented in Figure 5.   
 
To examine the influence that temperature may have on fracture toughness, the tests were conducted at 
20, 200, 400, 600, and 850°C.  Table 3 summarizes the number of fracture toughness specimens for 
each material and the corresponding test temperature.   
 
An MTS electromechanical test machine (Model 808, Eden Prairie, MN,) was used to perform the 
three-point fracture toughness tests. The bottom half of a α-SiC four-point flexure fixture (see Figure 3) 
was used for the tests and the specimens were placed on α-SiC load bearing pins that were 40 mm 
apart.  The load was applied to the specimen using a α-SiC rod that had a chisel point end machined 
into its end, as shown in Figure 6.   
 
The MTS was connected to a PC computer that performed data acquisition using TestStar II, a MTS 
dedicated software program.  The crosshead displacement rate for the fracture toughness tests was 5 µm 
/ minute.  At each test temperature, the compliance of the machine’s load train assembly was recorded.  
The compliance data, a measure of the elastic nature of the load train and fixturing, was subtracted from 
the load displacement test before calculating the fracture toughness KIC.  Elevated temperature tests 
commenced when the thermal expansion of the load rod stabilized indicating that the load train and test 
specimen were in thermal equilibrium.  After completing the fracture toughness tests, measurements of 
a0, a11, and a12 (see Figure 5) were made using an optical comparator (Model V-12, Nikon, Melville, 
NY).   
 
 

a11

3 mm

a0

a12

4 mm

a1 = (a11+a12) /  2  

 
Figure 5.  Cross-sectional dimensions of the ASTM chevron V-notch fracture toughness 
specimen. 
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Table 3.  Number of chevron V-notch test specimens and test conditions used for fracture 
toughness tests.  All fracture toughness specimens were longitudinally machined. 
 

Load rate (um / minute) 
Temperature (ºC) 

ZTM  
Cat 

Mg-TTZ 
CoorsTek 

Ce-TZP 
Ferro 

Ce-TZP 
CoorsTek 

5 µm/m  20ºC 10 10 10 - - - 
5 µm/m 200ºC - - - 7 7 - - - 
5 µm/m 400ºC - - - 8 7 - - - 
5 µm/m 600ºC - - - 8 7 - - - 
5 µm/m 850ºC 9 7 5 - - - 

 
 

 

Figure 6.  ASTM chevron V-notch specimen inside furnace prior to fracture toughness test. 
 
 
The load used to calculate the fracture toughness is the maximum load achieved followed by stable 
crack extension.  The following equation from the ASTM fracture toughness standard was used to 
calculate the fracture toughness values.   
 

 K IC = Y * PmaxL10−6

BW 3 / 2

 

  
 

  
,         (7) 

 
where Pmax is the maximum load in Newtons, L is the load span in mm, B is the width in mm and W is 
the height in mm of the specimen.  The stress intensity factor coefficient from the ASTM 1421, Y*, was 
formulated using Bluhm’s slice model and is 
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Y * = −13.119(a0 / W ) + 4.6377(a0 /W )+ 14.646(a0 /W )

+6.6883(a1 /W ) − 6.9604(a1 /W ) + 3.64679(a1 / W )
+17.768(a1 /W )(a0 /W ),

     (8) 

 
where a0 is the initial crack length in mm and a1 is the average of the two lengths in mm from the front 
of the specimen to the end of the V-notch (see Figure 5).  The ASTM standard states that equation 7 has 
a maximum error of one percent when 0.382 < a0 < 0.420 and 0.950 < a1 < 1.00.  Equations 7 and 8 
were programmed in a LabView software (National Instruments, version 5.1, Austin, TX) routine that 
calculated the fracture toughness using the generated load-displacement and compliance data.   

2.6.6 Corrosion Tests  
Two tests were chosen to assess the corrosion resistance of the ceramic materials for diesel engine 
application.  In the first test specimens were immersed in engine oil that is then heated, burned, and 
reduced to an ash deposit.  After three depositions of the oil-ash, the specimens are then placed in a 
laboratory furnace at 850ºC for 1000 hours.  The method applies a concentrate of the engine oil’s 
corrosive media onto the test specimen. Detailed information regarding this test method can be found 
elsewhere [13].   
 
For the second corrosion test specimens were exposed to simulated diesel exhaust gases at 850ºC and 
for 1000 hours.  Test specimens were arranged in a narrow crucible and then placed inside a Lindberg 
Blue M tube furnace (Model STF 55666, Asheville NC).  Specific concentrations of the gases flow 
through the tube furnace and expose the test specimens.  The flow rate of the gases range from 1.3 to 45 
ml/minute and the concentration of gases used for the test are listed in Table 4.  Specimens are tested in 
four-point flexure to measure their retained strength after exposure to one of the corrosion tests.  Table 
5 presents the number of test specimens used for the oil-ash and corrosive gas exposure tests. 

2.6.7 Fractographic Analysis  
The purpose of fractographic analysis is to characterize the strength limiting failure modes by identity, 
location, and size.  The ASTM has developed a standard (ASTM C-1322) practice for the 
characterization of fracture origins in ceramic materials [14].  Application of the failure identification 
process to the strength data is referred to as censoring the strength data, and is used as input into the life 
prediction calculations of ceramic-made engine components.  Assuming only one failure mode is active 
for the flexure bar strengths are known as uncensored data. 
 
Table 4.  Concentrations of gas compounds and elements used in simulated diesel exhaust gas 
corrosion tests. 

Compound / Element Concentration 
                NO 1000 ppm 
                CO 500 ppm 
Hydrocarbon (propene) 50 ppm 
                CO2 8 % 
                H2O 8 % 
                O2 9 % 
                N2 Balance 
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Table 5.  Number of flexure test specimens and corresponding test conditions after exposure to 
corrosive environments.  The letter “L” (longitudinal) refers  to the machining orientation on the 
test specimens. 
 

Temp / Stressing Rate Mg-TTZ-L Ce-TZP-Ferro-L ZTM-Cat-L 
Oil-ash corrosion 
850°C / 30 MPa/s 8 - - - 5 
850°C / 0.003 MPa/s 7 - - - - - - 
Gas corrosion 
850°C / 30 MPa/s 10 10 10 

 
 
As stated in the ASTM standard, there are two types of strength- limiting failure modes found in 
ceramic materials.  The first type which is inherent to the material is known as intrinsic, and is a result 
of the material and process operations used in making the ceramic.  These flaws, such as agglomerates, 
inclusions, or voids are typically distributed throughout the volume of the material.  After cutting or 
machining, it is possible that intrinsic flaws could be located on the surface.   
 
The second type of strength- limiting failure found in ceramic materials is known as extrinsic.  These 
failure modes are a result of post-fabrication activities, such as handling damage and machining and 
grinding operations, and are only located on or just below the surface of the material.   
 
Figure 7 (a) illustrates schematically the features of brittle failure and (b) shows an example from a 
failed Si3N4 flexure bar [15].  A description of 7 (a) is as follows.  Surrounding the failure origin is the 
mirror, a region that is relatively smooth in appearance.  The transition from the mirror to a much 
rougher hackle region is a relatively small area known as the mist.  The hackle lines beyond the mist 
region point back toward the fracture origin.  When failure is initiated, the accelerating crack travels 
radially outward in usually a single plane that creates the smooth mirror region.  The mist region 
represents when the crack encounters one of the following events; reaches a critical speed, intersects an 
inclusion or is acted upon by a change in the stress field.  In doing so, the crack deviates from the  

fracture origin

mist

hackle

mirror

surface

  

   (a)       (b) 
Figure 7.  (a) Characteristics of brittle ceramic failure and (b) actual ceramic fracture origin. 
 

fracture mirror 



 47

 
original fracture plane creating “river patterns” [16].  The hackle region represents further amplification 
of the events that began in the mist region.   
 
All flexure test specimens in this study were examined on more than one occasion with an Olympus 
optical stereo microscope (Model SZH-RE2, Lake Success, NY) that had a 7X to 70X magnification 
range.  Several digital images were made using a Polaroid digital microscope camera (Model DMC 1, 
Cambridge, MA) that was connected to a PC computer.  The location, type of failure, and a sketch of 
the failure origin were recorded for every test specimen on an in-house developed fractographic 
document.   

2.6.8 Thermal Shock Tests 
Diesel engine components are subjected to high thermal gradients such as during start-up or shut-down 
procedures.  Advanced ceramics are susceptible to failure from high thermal gradients due to this rapid 
change in temperature.  To be utilized as a cylinder head insert component, ceramic materials must 
demonstrate a high resistance to fracture from thermal cyclic loads.   
 
The indentation-quench method was chosen to assess the thermal shock resistance of ceramic materials 
in this study.  This method measures the growth of predetermined cracks from a rapid change in 
temperature, and is explained in detail elsewhere [17].   
 
Flexure specimens were cut into smaller bars approximately 3 x 4 x 25mm using a diamond edge saw.  
The surfaces of flexure specimens were first polished to a 1µm finish and then indented with a known 
load by a Vickers indentation test machine.  Several indents are made on each test specimen that are 
positioned along the centerline and equally spaced.  The cracks made from the indents are then 
measured and recorded using an optical microscope.  For the ZTM a 3 kg load was applied while for 
the Mg-TTZ a 20 kg load was applied.  Tests were not conducted on the Ce-TZP materials in this study. 
 
The samples are then heated in a furnace to specified temperatures and, after thermal equilibrium is 
reached, quenched in room temperature water.  The same indentation cracks are measured again and 
compared with the original measurements for evidence of crack growth.  This procedure is repeated for 
a series of increasing temperatures to determine the critical thermal shock temperature, Tc, where 
unstable crack growth occurs.   
 
The difference in the critical and ambient temperatures, designated as ∆Tc, is the thermal gradient that 
induces failure and a measure of the thermal shock resistance of the ceramic material.  The greater the 
temperature difference the greater the material’s resistance to thermal gradients and thus thermal shock 
failure.   
 
The indentation load placed on the specimen influences the critical temperature that identifies thermal 
shock. [17].  A greater indentation load may produce a larger flaw size that will result in unstable crack 
growth at a lower Tc.  The crack generated from an indentation load should correlate to the material’s 
intrinsic and extrinsic flaw sizes in order to realistically assess a material’s thermal shock performance.  
This notion was incorporated when indenting and performing the thermal shock tests. 
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2.7 Results 

2.7.1 Microstructures 
The microstructures of ceramic materials are functionally related to their mechanical properties, such as 
strength and fracture toughness [10, 18].  Presented in Figure 8 are photomicrographs of the 
microstructures of ceramic materials examined in this study.  As Figure 8 illustrates, there is a wide 
variance in grain sizes from the four materials studied.  The Mg-TTZ has a grain structure on the order 
of 50-100 µm, while both Ce-TZP’s have a grain structure on the order of 2-5 µm.  The Ferro Ce-TZP 
appears to have a slightly smaller grain structure than the CoorsTek Ce-TZP.  The ZTM has the finest 
grain structure on the order of 0.2-1.0 µm.  Ceramics that have relatively fine grain structures typically 
show higher strengths and lower fracture toughness values than ceramics that have larger grain 
structures [10]. 

2.7.2 Fast Fracture 
The two-parameter Weibull distribution is most often used to model the strength and variance of 
ceramic materials and this distribution was chosen for this study [14, 15, 19-21].  Calculations of 
censored and uncensored strength data were accomplished using the computer code CERAMIC, 
developed by Honeywell (formerly AlliedSignal Engines, Inc., Phoenix, AZ) [21].  This computer code 
follows the ASTM C-1239 standard and uses the maximum likelihood algorithm to estimate the 
Weibull modulus and characteristic strength parameters [22].  The Weibull characteristic strength 
parameter represents an “average” strength of the flexure bars while Weibull modulus is a measure of 
the variance in the strength data.  Confidence limits for the strength data were estimated using 
likelihood ratio statistics, and details of this method are described elsewhere [23].   
 
Presented in Figure 9 are the inert characteristic strength values for the ZTM and the Mg-TTZ ceramic 
materials tested at 30 MPa/s (fast fracture) and at 20, 200, 400, 600, and 850ºC.  The boxed region at 
the top of each column represents the 95% confidence bounds for each data set.   
 
The ZTM characteristic strength was approximately 550 MPa when tested at 20 and 200ºC, and was 
equivalent within the 95% confidence level, as illustrated in Figure 9.  The characteristic strengths of 
ZTM in the 200-850ºC range are also equivalent to each other at a 95% confidence level (475 MPa), 
but are not statistically equivalent to the strength values obtained at 20ºC.  Therefore there is a 
significant decrease in the ZTM characteristic strength between 20 and 400ºC.   
 
The Mg-TTZ characteristic strengths decrease as the temperature increases, and at 20, 200, and 400ºC 
the strengths are not equivalent at a 95% confidence level.  The characteristic strengths of the Mg-TTZ 
are equivalent at 600 and 850ºC (approximately 280 MPa) but lower in value than the values observed 
at 20, 200, and 400ºC.  Comparing the 95% confidence boundaries for each data set in Figure 9, the 
Mg-TTZ shows a smaller variance in the strength data than the ZTM strength data.   
 
In Figure 10 the fast fracture characteristic strengths for the CoorsTek and Ferro Ce-TZP ceramic 
materials are presented as a function of temperature.  Both materials show a strength decrease as the 
temperatures are increased, in like fashion to the trend observed with the Mg-TTZ material.  For the 
CoorsTek Ce-TZP material, the strength significantly decreases between 20 and 200ºC and also 
between 200 and 400ºC, for an overall decrease of approximately 67%.  The strengths of the CoorsTek 
Ce-TZP at 400, 600, and 850ºC are approximately 250 MPa and statistically equivalent at a 95% 
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(a) Ce-TZP Ferro    (b) Ce-TZP CoorsTek 

            

(c) ZTM Caterpillar    (d) Mg-TTZ CoorsTek 
 

Figure 8.  Photomicrographs illustrating the microstructure of the materials examined in this 
study:  (a) Ce-TZP Ferro, (b) Ce-TZP CoorsTek, (c), ZTM Caterpillar and (d) and Mg-TTZ. 
 
 
confidence level.  The Ferro Ce-TZP shows a 60% statistical decrease in strength in the temperature 
range from 20 to 600ºC, while the strengths are statistically equivalent (170 MPa) between 600 and 
850ºC.  The variance in strength data in Figure 10 appears larger for the CoorsTek Ce-TZP than for the 
Ferro Ce-TZP.  The CoorsTek Ce-TZP showed the greatest strength of all the materials in this study 
when tested at 20 and 200ºC.   
 
To gain understanding of the influence that grinding orientation and temperature have on specimen 
strength, transverse and longitudinal machined Mg-TTZ specimens were tested at 200, 400, 600, and 
850ºC.  In Figure 11 the Mg-TTZ strength as a function of grinding orientation and temperature are 
presented.  The strength of the transversely machined Mg-TTZ specimens at 200, 400, and 600ºC is 
approximately 450 MPa and statistically equivalent at a 95% confidence level.  The strength of the 
transversely machined Mg-TTZ specimens at 850ºC is approximately 250 MPa and this strength is 
significantly lower than the strengths measured at other test temperatures.  For the longitudinally 
machined Mg-TTZ specimens, there is a significant loss of strength between 200 and 400ºC and also 
between 400 and 600ºC.  However for the longitudinally machined Mg-TTZ specimens, the strengths at 
600 and 850ºC are statistically equivalent and are approximately 280 MPa.   
 
 

10  µ m 10  µ m 

1  µ m 50  µ m 
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Figure 9.  Fast fracture strength as a function of temperature for ZTM and Mg-TTZ materials. 
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Figure 10.  Fast fracture strength as a function of temperature for CoorsTek and Ferro Ce-TZP. 
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At 200, 400, and 600ºC, the transversely machined specimens show greater fracture strength than the 
longitudinally machined specimens, an observation that is unique compared to many other ceramic 
strength studies [9, 10, 19].  Greater strengths for the transversely machined specimens may be due in 
part to an anisotropic grain structure, formed during material processing.  The variance at a 95% 
confidence level for the transversely machined strength data is greater than the longitudinally machined 
strength data, particularly at 400 and 600ºC.  

2.7.3 Fatigue Resistance 
Figure 12 presents the 20ºC slow crack growth results for the ceramic materials examined in this study.  
At a 95% confidence level, the ZTM strength remains approximately 425 MPa and shows no 
significant strength degradation as the loading rate decreased from 30 to 0.30 MPa/s, and then from 
0.30 to 0.003 MPa/s.  The Mg-TTZ and both of the Ce-TZP materials showed a decrease in strength as 
the stressing rate decreased.  The Mg-TTZ shows a significant decrease in strength between 30 and 
0.30 MPa/s while the strengths are statistically equivalent at a 95% confidence level between 0.30 and 
0.003 MPa/s (425 MPa).  The same strength degradation trend is observed with the CoorsTek Ce-TZP 
material; a significant decrease in strength between 30 and 0.3 MPa/s but equivalent strengths of 
approximately 600 MPa between 0.30 and 0.003 MPa/s.  For the Ferro Ce-TZP material, a significant 
decrease in strength is observed at all three stressing rates; 30, 0.30, and 0.003 MPa/s.  Although these 
strength decreases as a function of stressing rate are significant, they are also relatively small due to the 
narrow confidence limits observed in the Ferro Ce-TZP strength data.   
 
Figure 13 illustrates the slow crack test results for the four ceramic materials tested at 850ºC.  The ZTM 
shows an overall greater strength than the other three ceramic materials at 850ºC, and maintains that 
strength as the stressing rate decreases.  The Mg-TTZ shows an increase in strength as the stressing rate 
decreases, and at a 95% confidence level, this increase is statistically significant between 30 and 0.003 
MPa/s stressing rates.  The CoorsTek and Ferro Ce-TZP materials show a significant decrease in 
strength when the stressing rate decreases from 30 to 0.30 MPa/s.  However, when the stressing rate 
decreases from 0.30 to 0.003 MPa/s, the CoorsTek and Ferro Ce-TZP materials maintain strengths of 
approximately 250 and 180 MPa, respectively.  The Mg-TTZ and the Ferro Ce-TZP show the least 
variance in strength data when tested at the three stressing rates and at 850ºC.  Comparing Figures 12 
and 13 indicate that an overall decrease in strength occurs with all materials when testing between 20 
and 850ºC.   

2.7.4 Fracture Toughness 
The fracture toughness as a function of temperature using chevron V-notch specimens is presented in 
Figure 14.  Located at the top of each column are bars representing the standard deviation of the data.  
The graph does not contain fracture toughness data from the Ferro Ce-TZP material since there was not 
enough material for all planned tests.  In addition, the fracture toughness values for the ZTM were not 
measured at 200, 400, and 600ºC due to a lack of test specimens available for the study. 
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Figure 11. Flexure strength as functions of machining orientation and temperature for Mg-TTZ. 
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Figure 12. Strength as a function of stressing rate when tested at 20ºC.  
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Figure 14 shows that fracture toughness decreases as the temperature increases for all materials 
examined in the study.  A significant decrease of approximately 40% in fracture toughness was 
observed with the ZTM when tested at 20 and 850ºC.  The fracture toughness of Mg-TTZ decreased by 
more than one standard deviation at each test temperature.  The Mg-TTZ fracture toughness was 
calculated at 9.1 MPa m ½ when tested at 20ºC and at 3.3 MPa m ½ when tested at 850ºC, a decrease of 
approximately 64%.  The fracture toughness observed from the CoorsTek Ce-TZP followed the same 
trend as observed with the Mg-TTZ; a decrease in fracture toughness of approximately 78% when 
tested at 850ºC when compared to 20ºC.  However, the fracture toughness for the Ce-TZP was a more 
gradual decrease as temperatures were increased, and this decrease was typically smaller than a 
standard deviation. 

2.7.5 Corrosion Tests  
Combining a corrosion exposure test with slow crack growth tests assesses a material’s time dependent 
failure behavior from corrosion.  Figure 15 compares the characteristic strengths of the ZTM and the 
Mg-TTZ as functions of oil-ash exposure and stressing rate.  As illustrated in the previous figures, the 
top of each column has a region marking the 95% confidence limits for the strength value as estimated 
by likelihood ratio statistics.   
 
The strength of the ZTM (first two columns, 30 MPa/s) shows a slight increase after exposure to the 
oil-ash corrosion test, but this increase is not significant at a 95% confidence level.  In contrast to the 
ZTM, the CoorsTek Mg-TTZ shows a significant increase in strength from exposure to the oil-ash test 
at 30 MPa/s.  When tested at 0.0030 MPa/s, the inert strength of ZTM (400 MPa) is equivalent at a 95% 
confidence level to the strength measured after exposure to the oil-ash corrosion.  The same trend is 
observed for the Mg-TTZ material; no strength degradation occurs due to exposure to the oil-ash 
corrosion when tested at 0.003 MPa/s.   
 
The fast fracture strengths measured after exposure to simulated diesel exhaust gases are presented in 
Figure 16.  At a 95% confidence level, the ZTM shows a significant decrease in strength of 
approximately 20% after exposure to the corrosive gases when tested at 20ºC.  The Mg-TTZ shows a 
significant increase in strength of approximately 16% for the same confidence level when tested at 
850ºC.  The inert strength of Ferro Ce-TZP when tested at 850ºC is approximately 200 MPa and 
equivalent at a 95% confidence level to the strength measured after exposure to the corrosive gases.  
The variance in the strength data is lowest for the Ferro Ce-TZP.   
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Figure 13. Strength as a function of stressing rate when tested at 850ºC.  
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Figure 14. Fracture toughness as a function of temperature for ZTM, Mg-TTZ, and Ce-TZP 
(CoorsTek) using chevron V-notch specimens.  
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Figure 15.  Strength as functions of stressing rate and exposure to oil-ash contaminates.   
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Figure 16.  Strength as functions of test temperature and exposure to simulated corrosive diesel 
exhaust gases 
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2.7.6 Fractographic Analyses 
Fractographic analyses were made on the flexure specimens and the results are summarized in Table 6.  
The dominant mode of failure for the Mg-TTZ was a result of the large grain microstructure while the 
dominant mode of failure for the three other materials was due to damage from the machining process.  
The Mg-TTZ fracture surfaces appear to be intergranular fracture, as evidenced by the lack of brittle 
failure features illustrated in Figures 7a and b.  The remaining ceramic materials failure surfaces are 
likely transgranular failure since these failures exhibit the classic features of brittle failure.  Examples 
of these observed failures from the fractographic analyses are presented in Figures 17-21.   
 
The longitudinal and transverse machining orientation on the Mg-TTZ specimens did not influence the 
dominant mode of failure.  Some agglomerate failure modes were observed with the Ce-TZP materials 
while the ZTM exhibited some failures from porous regions.   
 
Partially stabilized and single-phase zirconia materials are known to maintain strength and fracture 
toughness by stress induced transformation toughening.  Additional fracture energy is used at the crack 
tip to propagate a crack due to the transformation of the tetragonal to monoclinic phase that occurs from 
an externally applied stress.  The percentage of tetragonal phase can be an indication of fracture 
toughness where the greater the tetragonal phase present, the greater the fracture toughness value.   
 
Diffraction using x-rays is a tool for assessing the quality of the stabilized zirconia, and was chosen as 
the method of identifying phase compositions.  Samples were prepared for x-ray analysis on a Bruker 
AXS (Model D8 Advance, Karlsruhe, West Germany) in order to identify the different crystalline 
phases present in the Mg-TTZ and Ce-TZP zirconia stabilized materials.   
 
Using X-ray spectra (CuKa radiation, λ=1.54 Å), the polished, ground, and fractured surface finishes of 
the Mg-TTZ were examined.  These combinations of surface conditions were examined since the 
transformation from tetragonal to monoclinic is known to occur from machining processes.  The 
polished surface had a 1µm finish while the ground surface had an approximately 25 µm finish from a 
320-grit diamond wheel machining process.  The fraction of monoclinic phase present was calculated 
using the method of Porter and Heuer, where the integrated intensities were taken to be proportional to 
the area of the given peak [24].  The calculated phase fractions for the three surface conditions of Mg-
TTZ are presented in Table 7.  The data in Table 7 indicates that the percentage of tetragonal phase 
decreases as the surface finishes decreases from a 1µm roughness to a 25 µm roughness, and then to a 
fractured surface. 
 
X-ray spectra were obtained for the partially stabilized zirconia and for the two single-phase zirconias 
in this study, and the results are summarized in Table 8.  The fraction of monoclinic phase present was 
calculated using a method developed by Toraya [25], which is similar to a technique developed by 
Porter and Heuer.  Table 8 shows that the percentage of tetragonal phase depends whether the 
zirconia’s were partially stabilized or consisted of a single-phase composition.  The Mg-TTZ contains 
both cubic and monoclinic phases after processing where the stabilizing agent, Mg, makes the cubic 
phase possible.  The material is then aged at elevated temperatures where the tetragonal phase 
precipitates within the cubic grains.  Grain growth also occurs during this aging process that explains 
the observed large grain microstructure.  The Ce-TZP’s are processed in a manner that results in 
maintaining nearly all tetragonal phase in the material.  For the Ce-TZP, the percent of tetragonal phase 
is approximately 92% while for the Mg-TTZ, the tetragonal phase ranges from 2-9%.   
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Table 6.  Summary of fractographic analysis for zirconia-based ceramics examined in this study. 
The letters “L” (longitudinal) and “T” (transverse) refer to the machining orientation on the test 
specimens. 
 

Temperature / 
Material 

Machining 
Damage 

Agglomerate Pore Large 
Grain 

Unknown 

200ºC 
ZTM Cat -L 8 - - - - - - - - - 2 
Mg-TTZ -T - - - - - - - - - 8 2 
Mg-TTZ -L - - - - - - - - - 8 2 

Ce-TZP CoorsTek-L 6 - - - - - - - - - 1 
Ce-TZP Ferro -L 5 - - - - - - - - - 1 

400ºC 
ZTM Ca t-L 6 - - - 1 - - - 3 
Mg-TTZ T - - - - - - - - - 9 1 
Mg-TTZ L - - - - - - - - - 8 2 

Ce-TZP CoorsTek -L 5 1 - - - - - - 1 
Ce-TZP Ferro -L 6 - - - - - - - - - - - - 

600ºC 
ZTM Cat -L 6 - - - 4 - - - - - - 
Mg-TTZ T - - - - - - - - - 9 1 
Mg-TTZ L - - - - - - - - - 10 - - - 

Ce-TZP CoorsTek -L 6 - - - - - - - - - 1 
Ce-TZP Ferro -L 4 1 - - - - - - 1 

850ºC 
ZTM Cat -L 9 - - - 1 - - - - - - 
Mg-TTZ T - - - - - - - - - 10 - - - 
Mg-TTZ L - - - - - - - - - 8 2 

Ce-TZP CoorsTek -L 3 4 - - - - - - - - - 
Ce-TZP Ferro -L 5 1 - - - - - - - - - 

 

A color change from a light to a darker tone was observed for the Ferro Ce-TZP after exposure to 
850°C temperature. Therefore, this material was examined by x-ray spectra for evidence of regional 
tetragonal phase shift.  As presented in Table 8, the tone change did not appear to alter the tetragonal 
phase content.  The Mg-TTZ that was machined transverse and longitudinal relative to the maximum 
tensile axis was also examined with x-ray diffraction.  As shown in Table 8, the tetragonal phase 
contents for these two machining orientations are similar in value and assumed equivalent.  This 
finding suggests that the higher strengths observed in the transversely machined specimens do not 
necessarily correlate to a greater presence of the tetragonal phase composition.   
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Figure 17.  Failure region from longitudinally machined Mg-TTZ flexure test specimen. 
 

 

 

Figure 18. Failure region from transversely machined Mg-TTZ flexure test specimen.  
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Figure 20.  Fracture surface of ZTM (Caterpillar) showing porous region at fracture origin 
 

 

Figure 21.  Composite image of Ce-TZP (CoorsTek) fracture surface (top image) and 
corresponding tensile surface (bottom image) illustrating a typical failure from machining 
damage. 
 
 
 
 
 
 
 

fracture 
mirror 

fracture 
origin 
(pore) 

fracture 
mirror 

fracture 
origin 
(machining 
damage) 



 60

Table 7. Calculated phase content of three surface conditions of CoorsTek Mg-TTZ. 
 

Surface State Cubic phase      
(%) 

Tetragonal phase (%) Monoclinic phase (%) 

Polished 63.8 29.2 6.9 
Ground 63.8 9.8 26.4 

Fractured 63.8 1.7 34.5 
 
 
Table 8. Estimated phase content of partially stabilized zirconia ceramic materials.  The terms 
“light” and “dark” refer to a color shift in the material after exposure at 850°C. 
 

Material  
and vendor 

Temperature 
tested (°C) 

Grinding  
direction 

Cubic  
phase (%) 

Tetragonal  
phase (%) 

Monoclinic  
phase (%) 

Ce-TZP (CoorsTek)  20 longitudinal 0 95.1 4.9 
Ce-TZP (Ferro) light 850 longitudinal 0 91.4 8.6 
Ce-TZP (Ferro) dark 850 longitudinal 0 92.7 7.3 
Mg-TTZ (CoorsTek)  20 longitudinal 63.8 9.8 26.4 
Mg-TTZ (CoorsTek) 200 transverse 63.8 5.8 30.4 
Mg-TTZ (CoorsTek) 200 longitudinal 63.8 2.5 33.7 

 

2.7.7 Thermal Shock 
The ZTM and Mg-TTZ were thermally shocked to determine the critical temperature gradient that 
brings about unstable crack growth.  Figure 22 shows the percent crack growth (% Elongation) as a 
function of temperature for the ZTM and Mg-TTZ materials.  The resulting critical temperature 
gradient for both ZTM and Mg-TTZ are 350°C and 300°C, respectively.  Table 9 summarizes the 
thermal shock data presented in Figure 22. 
 
2.8 Discussion 
The material property database generated from this study was conducted following ASTM standards 
and procedures.  Using this approach, meaningful comparisons can be made with material property 
databases that exist at National Laboratories, etc.  The research provided sufficient information for 
examining these zirconia-based ceramics for a diesel engine cylinder head insert application.  In 
addition, the scope of the material database is extensive and can be applied to other engine components 
that are not the primary focus of this program.   
 
The number of test specimens for each test condition ranged from 6 to 11, and evidence of this small 
sample size is observed in a wide variance in some of the strength data.  Having a greater number of 
test specimens would likely reduce the variance observed with the ZTM and the CoorsTek Ce-TZP 
materials, but it is believed that it would not significantly alter the trends observed in this study.  The 
exception might be the Mg-TTZ slow crack growth results at 850°C (Figure 13), which had an increase 
of approximately a 14% in strength that was statistically significant by a few percentage points.   
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Table 9.  Summary of temperature and percent crack propagation from thermal shock 
 

Temperature 
(ºC) 

Mg-TTZ  
% Elongation 

ZTM  
% Elongation 

           20 0 0 
100 2.5 2.7 
200 2.6 2.8 
250 3.0 10.2 
300 90 22 
350 N/a 90 
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Figure 22: Indentation thermal shock measurements for ZTM and Mg-TTZ.  The resulting 
critical temperature, ∆Tc, for ZTM and Mg-TTZ were estimated at 350 and 300°C, respectively. 
 
Materials and processing consistency is one requirement for implementing ceramic components into 
diesel engine production.  A small variance in the strength data is an indication that a level of maturity 
has been achieved regarding material processing and procedures.  The Ferro Ce-TZP demonstrated this 
requirement by showing the lowest strength variance in nearly all test conditions, as evidenced in 
Figures 10, 12, 13.  This was observed despite the smaller than average number of samples used for the 
Ferro Ce-TZP material property tests.  However, the Ferro Ce-TZP did not maintain adequate strength 
at elevated temperatures, a design requirement for the cylinder head insert component. 
 
In general, the failure strength of the materials tested exhibited a greater dependence on temperature 
and less dependence on stressing rates.  For fast fracture tests, the majority of strength degradation for 
these materials occurred between 20 and 400ºC, while the strength would typically stabilize at 
temperatures greater than 400ºC.  Comparing fast fracture strengths at the extreme test temperatures (20 
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and 850ºC), the ZTM had approximately a 27% strength decrease, the Mg-TTZ had a strength decrease 
of approximately 37%, and both of the Ce-TZP materials had approximately 64% strength decrease.  
Maintaining strength over the operating temperature range of the diesel engine is a prerequisite for the 
ceramic cylinder head insert component.  The ZTM was the only ceramic material examined in this 
study that met this design requirement; nevertheless the ZTM did not meet the fracture toughness 
requirement for the cylinder head insert component. 
 
Understanding a material’s failure strength relative to machining processes is required in order to 
manufacture durable and reliable ceramic components.  The machining orientation of the Mg-TTZ 
material showed higher strengths for the transverse direction than for the longitudinal direction, even 
when temperatures were increased.  This unexpected finding has also been observed with partially 
stabilized zirconia ceramics at other test laboratories [26].  The strength increase for the transversely 
machined specimens did not strongly correlate to an increase in the tetragonal phase of zirconia, and 
further investigations in this area are warranted.  At this time, we do not have a theory regarding this 
machining-strength observation. 
 
The ceramics examined in this study showed a high resistance to fatigue at 20 and 850ºC.  At 20ºC, the 
ZTM was the least susceptible to slow crack growth while the Mg-TTZ and both of the Ce-TZP 
materials show some susceptibility to the phenomenon (Figure 12).  The strength degradation from 
slower stressing rates for the Mg-TTZ and both of the Ce-TZP materials were greatest between the 30 
and 0.30 MPa/s.  Although at different values, the strengths for each material remained statistically 
equivalent at a 95% confidence level between 0.30 and 0.003 MPa/s.  These dynamic fatigue test 
results suggest that engine components made from these materials would have reasonable lifetimes 
under cyclic loading conditions when operated at 20ºC since they are resistant to slow crack growth, the 
primary failure mechanism of fatigue loading. 
 
At 850ºC the ZTM, Mg-TTZ, and the Ferro Ce-TZP did not show a strength loss due to a change in the 
stressing rate (Figure 13).  The CoorsTek Ce-TZP showed a significant decrease in strength between 30 
and 0.3 MPa/s and when tested at 850ºC.  In contrast to the Ce-TZP, the Mg-TTZ showed a significant 
increase in strength as the stressing rate decreased, which is not fully understood and possibly an 
artifact of a small sample size.  Overall, the Mg-TTZ and both of the Ce-TZP materials showed very 
little susceptibility to slow crack growth at 850ºC.  The ZTM demonstrated the least susceptibility to 
slow crack growth at 20 and 850ºC.  The dynamic fatigue test results at 850ºC suggest that engine 
components made from these ceramics would have longer lifetimes under cyclic loads and at elevated 
temperatures since they exhibit much more resistance to slow crack growth. 
 
The fractographic analyses concluded that the dominant mode of failure for three of the four materials 
was from machining damage.  This reaffirms the importance of machining processes for ceramic 
materials, and emerging technologies to reduce machining damage such as heat treating ceramics with 
an infrared plasma arc lamp to heal damaged machined surfaces should be investigated [27].  Surface 
damage from the machining of ceramics has been studied extensively and is not fully understood, and it 
represents a major technical barrier that must be overcome for ceramics to be successfully implemented 
in structural applications. 
 
Identifying the failure modes is required for ceramic materials since it offers essential information to 
improve component designs.  The inherently large grain structure of the Mg-TTZ, as illustrated in 
Figure 8, provided some difficulty when performing the fractographic analysis.  The tortuosity of the 
fracture surfaces made identifying the mirror, origin and other brittle fracture characteristics difficult 
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for the Mg-TTZ as illustrated in Figures 17-18.  The strength- limiting flaw size for the Mg-TTZ was 
determined by fracture mechanics, and was found to be on the same order of magnitude as the Mg-TTZ 
grain size (50-100 µm).  Based on this finding, it was concluded that since failure appeared as 
intergranular that it likely initiated at the weakest grain boundary.  No discernible difference in the 
failure mode was observed between the transversely and longitudinally machined Mg-TTZ specimens.  
There was no evidence to suggest that the dominant mode of failures for any of the materials in this 
study were influenced by changes in the temperature or stressing rate.  Additional examination is 
warranted to fully understand the Mg-TTZ large grain failure mechanism since it is plausible that this 
failure mode may be related to or as a result of machining damage. 
 
The materials examined in this study did not meet the fracture toughness design criteria of 12 MPa m ½ 
for the cylinder head insert component.  The fracture toughness results showed that the ZTM, Mg-TTZ, 
and the CoorsTek Ce-TZP materials showed a significant loss of toughness as temperatures increased 
from 20 to 850ºC.  As shown in Figure 14, the fracture toughness decreases monotonically, with the 
greatest loss of fracture toughness occurring at 850ºC.  Although not tested, due to the strength and 
fatigue resistance similarities of Ferro Ce-TZP to the CoorsTek Ce-TZP, it is believed that the Ferro 
Ce-TZP would follow a similar trend to the materials examined in this study.  The largest improvement 
for ceramic materials examined in this study should be with improving the fracture toughness in order 
to meet design criteria for engine application.  Future research programs should examine methods to 
obtain higher fracture toughness values at elevated temperatures.   
 
Maintaining strength over a range of temperatures is also a material requirement for the cylinder head 
insert component.  The Mg-TTZ, and both manufacturers of the Ce-TZP failed to meet this requirement 
at 850ºC, while the ZTM showed little strength degradation as the temperature increased to 850ºC.  
Meeting the strength design criterion is essential for the cylinder head insert, and since these materials 
did not meet the essential requirements, the remaining design criteria were not investigated.   
 
For ceramic materials it is important to understand what mechanism(s) provide resistance to fracture, 
such as stress induced transformation toughening.  The percentage of tetragonal phase of the partially 
stabilized zirconia depends upon the stabilizing agent used.  For the Mg-TTZ, significantly less 
tetragonal phase content was observed by x-ray analysis likely due to the precipitation-toughening 
process to form the tetragonal phase.  The single-phase zirconias (Ce-TZP) were shown to have a much 
higher tetragonal phase content when compared to the Mg-TTZ material, (Table 8).  A high tetragonal 
phase content in the Ce-TZP did not correlate to higher fracture toughness values.   The Mg-TTZ with a 
relatively large grain structure and a smaller percentage of tetragonal phase was observed to have the 
highest fracture toughness at all temperatures tested.  
 
The most notable property of the ceramic materials in this study was their inertness to corrosive diesel 
engine environments.  The ZTM and Mg-TTZ showed no strength degradation when exposed to the oil-
ash test corrosion media when tested at 20ºC at two different stressing rates (see Figure 15).  The Mg-
TTZ showed a slight but significant increase in strength after exposure to either the oil-ash or simulated 
diesel exhaust gas exposure.  The ZTM was the only ceramic tested that showed a significant decrease 
in strength after exposure to the simulated diesel exhaust gases, while the strength of the Ferro Ce-TZP 
was invariant after exposure to the gas corrosion test.  Based on the two tests conducted, the ceramic 
materials in this study have shown excellent resistance to corrosive diesel engine environments.   
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The ZTM showed a critical gradient temperature for thermal shock resistance of approximately 350°C 
while the Mg-TTZ showed a resistance of 300°C.  However, more data is warranted to examine slow 
crack growth from thermal cycling at temperatures just below the critical temperature.  Presented in 
Figure 22, the Mg-TTZ shows evidence of stable crack growth between 200 and 300°C, and this may 
become a limiting factor in design if exposed in this temperature range for extended time periods.   
 
Of all the materials examined, the ZTM showed the best performance for the diesel engine cylinder 
head insert application, but improvements in the fracture toughness and strength at elevated 
temperatures are needed.  The ceramic materials in this study did not meet two of the design criteria 
that are essential requirements for the cylinder head insert component.  The durability and reliability of 
these materials if used as a cylinder head insert is therefore questionable.  The gains made in strength 
and thermal efficiency using these ceramic materials for cylinder head inserts will likely not exceed the 
costs associated with reduced reliability and the manufacture of a ceramic head insert.  It is 
recommended that the ceramic materials examined in this study not be implemented as cylinder head 
inserts at this time.   
 
The ceramic materials did not meet the design requirements of the cylinder insert component, 
particularly with regard to fracture toughness and strength at elevated temperatures.  The Cat ZTM met 
more of the design criteria than the other materials examined, especially maintaining strength at 
elevated temperatures, but was deficient in fracture toughness properties.  Also, the material properties 
obtained in this study demonstrate that the ceramic materials examined performed very well in adverse 
and corrosive environments up to 200°C, and with a high degree of fatigue resistance.  These materials 
should be considered for lower temperature structural applications, such as fuel injector components.  
The data generated in this program can provide a solid foundation for designing low temperature engine 
components in which corrosion, fatigue, and wear properties are critical. 
 
2.9 Conclusions 

1. The flexural strength of the materials examined in this study significantly decreased as test 
temperatures increased.  The percent of strength degradation between 20 and 850°C is as 
follows: 

a. Cat ZTM    27%  95% Significant 
b. CoorsTek Mg-TTZ   37%  95% Significant 
c. CoorsTek Ce-TZP   63%  95% Significant 
d. Ferro Ce-TZP    65%  95% Significant 

2. The fatigue resistance was assessed using the slow crack growth test method.  The percent 
decrease (+increase) in flexural strength as stressing rates decreased is as follows: 
20°C  

a. Cat ZTM    25%  95% Significant 
b. CoorsTek Mg-TTZ   22%  Not significant at 95% 
c. CoorsTek Ce-TZP   26%  95% Significant 
d. Ferro Ce-TZP   16%  95% Significant 

850°C 
a. Cat ZTM    4%  Not significant at 95% 
b. CoorsTek Mg-TTZ   +14%  95% Significant 
c. CoorsTek Ce-TZP   21%  Not significant at 95% 
d. Ferro Ce-TZP   14%  Not significant at 95% 
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3. The fracture toughness determined using chevron V-notch specimens significantly decreased as 
test temperatures increased.  The percent decrease in fracture toughness is as follows: 

a. Cat ZTM    40%  95% Significant 
b. CoorsTek Mg-TTZ   64%  95% Significant 
c. CoorsTek Ce-TZP   78%  95% Significant 

4. Transversely machined Mg-TTZ specimens showed as much as a 17% increase in flexural 
strength over the longitudinally machined specimens. 

5. Machining damage was found as the dominant mode of failure for the Cat ZTM, CoorsTek Ce-
TZP, and the Ferro Ce-TZP.  The CoorsTek Mg-TTZ dominant mode of failure was from 
inherently large grains. 

6. The thermal shock resistance was measured using the indentation-quench method.  The critical 
temperature before thermal shock occurs is as follows: 

a. Cat ZTM    350°C 
b. CoorsTek Mg-TTZ   300°C 

7. The corrosion resistance was measured using the oil-ash and simulated diesel engine exhaust 
gas tests.  The percent of flexure strength degradation (+increase) after exposure is as follows: 
Oil-ash test at 30 MPa/s, 850°C  

a. Cat ZTM    +15%   Not significant at 95% 
b. CoorsTek Mg-TTZ   +10%  95% Significant 

Oil-ash test at 0.0030 MPa/s, 850°C 
a. Cat ZTM    5%   Not significant at 95% 
b. CoorsTek Mg-TTZ   0%   Not significant at 95% 

Gas test at 30 MPa/s, 20°C  
a. Cat ZTM    20%  95% Significant 

Gas test at 30 MPa/s, 850°C  
a. CoorsTek Mg-TTZ   +19%   95% Significant 
b. Ferro Ce-TZP   +6%  Not significant at 95% 
 

2.10 Recommendations 
 
1. The ceramic materials examined in this study should not be implemented as cylinder head 

inserts at this time.   
2. Improvements to maintain the fracture toughness and strength values at elevated temperatures 

are essential for these ceramic materials to survive as a structural combustion component in a 
diesel engine.   

3. Ceramic mechanical characterizations should include 20-30 test specimens for each test 
condition in order to better define property trends and reduce variance in data. 

4. Fracture toughness tests should be included as part of the design criteria for ceramic materials in 
structural engine applications. 

5. Evidence of stable crack growth was observed with the ZTM below the critical thermal shock 
temperature.  Since this thermal crack growth could lead to fatigue failure, future indentation-
quench tests should be made by thermally cycling at temperatures just below the critical 
temperature.   
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3. Cylinder Head Insert Study Phase 3 – High-Temperature Alloys 
 
3.1 Abstract 
 
The use of industrial diesel engines extends into a variety of applications including power generation, 
off-highway equipment, and on-highway vehicles.  In response to the continued drive for decreased 
vehicle emissions and increased efficiencies within the United States and throughout the world, diesel 
combustion conditions continue to become increasingly more severe.  The potential for increased 
stresses and temperatures in the hot section of the diesel engine combined with highly corrosive 
combustion products and residues has driven the need for expanded materials capability for hot section 
engine components.  Corrosion and strength requirements necessitate the examination of more 
advanced high temperature alloys.  Alloy developments and the understanding of processing, structure, 
and properties of superalloy materials have been driven, in large part, by the gas turbine community 
over the past 50 years.  Characterization of these high temperature materials has, consequently, 
concentrated heavily upon application conditions similar to that encountered in the turbine engine 
environment.  Significantly less work has been performed on hot corrosion degradation of these 
materials in a diesel engine environment.  This report examines both the current high temperature alloy 
capability and examines the capability of advanced nickel-based alloys and methods to improve 
production costs. 
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3.2 List of Figures 
 
Figure 1: Typical microstructure of (a) 23-8N and (b) Eatonite 6 hardfacing. 
 
Figure 2: Typical microstructures of wrought nickel-based alloys (a) Nimonic 80A, (b) Nimonic 90, (c) 
Pyromet 31, (d) IN 751, (e) Pyromet 625, (f) Waspalloy, (g) Udimet 500, (h) Udimet 720, (i) Udimet 
720Li, (j) Aerex 350, and (k) cold worked Aerex 350. 
 
Figure 3: Typical microstructures of cast nickel-based alloys (a) IN 713, (b) IN 738, (c) IN 792, and (d) 
IN 718. 
 
Figure 4: Typical microstructure of wrought cobalt-based alloys (a) L-605, (b) MP-159-1 and (c) MP-
159-2. 
 
Figure 5: Typical microstructure of the cast cobalt-based alloy MarM-509. 
 
Figure 6: Typical microstructure of ceramic-metal composites (a) IN625-Al2O3, (b) N80A-Al2O3 and, 
(c) TiC-40% Ni3Al. 
 
Figure 7: Typical microstructures of the (a) Udimet 720 alloy, and (b) Udimet 720Li alloy. 
 
Figure 8: Schematic of the oil ash corrosion testing method. 
 
Figure 9: CAT 5319 oil ash corrosion test results for (a) current engine component alloys, metallic, 
intermetallic, and ceramic materials, (b) additional Special Metals experimental alloys compared to 
current component alloys, (c) a summary of metallic corrosion results sorted by severity of attack, and 
(d) composite corrosion results. 
 
Figure 10: Chevron HDAX-40 oil ash corrosion test results for selected materials compared to CAT 
5319 oil corrosion test results. Note: Eatonite 6 HDAX-40 data is from LEC corrosion test results [19]. 
 
Figure 11: Corrosion test results for selected materials after corrosion in concentrated salt for 80 hours 
at 870°C. Note * data from Ari-Gur, et al. [5] are included for comparison. 
 
Figure 12: Typical room temperature hardnesses of selected materials. 

 

Figure 13: Ambient temperature hardnesses of selected materials. 
 

Figure 14: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for Eatonite 6 
hardfacing. 
 

Figure 15: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for Timken 
experimental alloys (a) 88a, (b) 90c, and (c) 91b. 
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Figure 16: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for Special 
metals experimental alloys (a) 4020, (b) 9265, (c) 9266, and (d) 9271.  
 
Figure 17: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for  wrought 
nickel-based alloys (a) Nimonic 80A, (b) Nimonic 90, (c) Pyromet 31, (d) IN 751, (e) Pyromet 625, (f) 
Waspalloy, (g) Udimet 500, (h) Udimet 720, (i) Udimet 720Li, and (j) Aerex 350. 
 
Figure 18: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for  cast nickel-
based alloys (a) IN 713, (b) IN 738, (c) IN 792, and (d) IN 718. 
 
Figure 19: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hour for  wrought 
cobalt-based alloys (a) L-605, (b) MP-159-1 and (c) MP-159-2. 
 
Figure 20: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for cast cobalt-
based alloy MarM-509. 
 
Figure 21: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for the low 
expansion nickel- iron-based alloy IN 783. 
 
Figure 22: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for ceramic-
metal composites (a) IN625-Al2O3, (b) N80A-Al2O3, and (c) TiC-40% Ni3Al. 
 
Figure 23: Typical corrosion morphology after concentrated salt corrosion tests at 870°C for 80 hours 
for (a) Nimonic 80A, (b) Nimonic 90, (c) IN 713, (d) IN 792, (e) IN 783, (f) Aerex 350, (g) Udimet 
720Li, (h) MarM-509, (i) 4722, and (j) WMS. 
 
Figure 24: The effect of chromium content on the corrosion resistance of selected wrought nickel-based 
alloys. 
 
Figure 25: Oxidation of experimental Timken alloys as compared to 23-8N stainless steel. 
 
Figure 26: Oxidation of cast and wrought nickel-based alloys as compared to conventional nickel-based 
engine component alloys. 
 
Figure 27: Oxidation of cast and wrought cobalt based alloys as compared to conventional engine 
component alloys. 
 
Figure 28: Yield strength as a function of temperature for several high temperature alloys [19, 34-36]. 
 
Figure 29: Tensile test specimen design. Note: all dimensions are in inches. 
 
Figure 30: Strength as a function of temperature for (a) 23-8N, (b) Nimonic 80A, (c) Nimonic 90. 
 
Figure 31: Typical fracture morphology at ambient temperature for Nimonic 90. 
Figure 32: Typical fracture morphology at 700°C for Nimonic 90 
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Figure 33: Tensile yield and ultimate strength as a function of temperature for Alloy 720 in the standard 
aerospace double aged condition and in the single aged condition. 
 
Figure 34: Typical fracture character for solution treated and double aged Alloy 720 at (a) room 
temperature, (b) 500°C, (c) 600°C, (d) 700°C, and (e) 800°C. 
 
Figure 35: Ambient and elevated temperature tensile properties for modified production processed 
Alloy 720 as a function of temperature [Data provided by J. Russell, Allvac Corp., 2001] 
 
Figure 36: Tensile yield and ultimate strength as the solution and single age treated condition [36] 
 
Figure 37: Typical fracture character for solution treated and single aged Aerex 350 at (a) room 
temperature, (b) 500°C, (c) 600°C, (d) 700°C, and (e) 800°C. 
 
Figure 38: Fatigue test specimen drawings for (a) rotating beam fatigue tests (courtesy of Fatigue 
Dynamics, Inc.), and (b) axial fatigue tests (courtesy of Martest, Inc.). Note dimensions in inches. 
 
Figure 39: Rotating beam fatigue strength (stress amplitude) of several high temperature alloys. 
 
Figure 40: Axial fatigue test at 750°C and rotating beam fatigue tests at 760°C for aerospace processed 
Alloy 720 material in the solution treated and single aged condition. Note alternating stress is 
equivalent to one half of the total stress range at R=-1. 
 
Figure 41: Typical SEM micrographs after fatigue testing of Alloy 720 at (a) initiation, (b) propagation, 
and (c) final tensile failure locations. 
 
Figure 42: SEM micrographs showing faliure initiation at an alumina particle at the specimen surface 
for an Alloy 720 specimen tested at 620 MPa alternating stress which failed at 1,059,850 cycles. 
 
Figure 43: Axial (750°C) and rotating beam (760°C) fatigue strengths (stress amplitude) for Aerex 350 
solution treated and single aged material processed by two melt methods. 
 
Figure 44: Typical SEM micrographs of the VIM+ESR Aerex 350 alloy after fatigue testing at 750°C at 
an R-ratio of –1 showing (a) initiation, (b) propagation, and (c) final overload fracture. 
 
Figure 45: Typical SEM micrographs of the VIM+ESR+VAR Aerex 350 alloy after fatigue testing at 
750°C at an R-ratio of –1 showing (a) initiation, (b) propagation, and (c) final overload fracture. 
 
Figure 46: Goodman and Gerber type fatigue estimates for several high temperature alloys including (a) 
23-8N, (b) Nimonic 80A, (c) Nimonic 90, and (d) Alloy 720 (aerospace, solution treated and single 
aged) at 750°C to 760°C. Note alternating stress is equivalent to stress amplitude. 
Figure 47: Vickers hardeness indentation size as compared to the Nimonic 80A grain structure for (a) 1 
kgf, (b) 5 kgf, and (c) 20 kgf loads levels. 
 
Figure 48: Vickers hardness at ambient temperature for Nimonic 80A as a function of indentation load. 
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Figure 49: Vickers (HV1kgf) hot hardness values of several superalloy materials and literature data [31, 
40-41]. (Note Eatonite 6, Pyromet 31V and IN751 data were converted from Rockwell C hardness 
[42]). 
 
Figure 50: Ambient temperature hardness of cold worked Aerex 350 as a function of holding time at 
800°C as compared to wrought Aerex 350.  
 
Figure 51: Schematic of the contact and sliding wear testing setup where P is the applied load, n is the 
number of cycles, and α is the inclination angle. 
 
Figure 52: Optical micrographs after ambient temperature Hertzian contact damage for 1,000,000 
cycles under 1000N load using a 6mm diameter silicon nitride ball for (a) IN 783, (b) IN 738, (c) IN 
792, (d) Udimet 720, (e) Aerex 350w, and (f) Aerex 350 cw. 
 
Figure 53: Ambient temperature Hertzian contact damage of a variety of metallic materials at 1,000,000 
cycles and 1000N load. 
 
Figure 54: Optical interferometer scans for after wear testing at ambient temperature, 30° inclination 
and 150N applied load for 100,000 cycles for (a) Nimonic 80A, (b) Nimonic 90, (c) Pyromet 31, (d) IN 
751, (e) IN 783, and (f) Aerex 350cw. 
 
Figure 55: Optical interferometer scans after wear testing at 600°C, 30° inclination and 150N applied 
load for 100,000 cycles for (a) Nimonic 80A, (b) Nimonic 90, (c) Aerex 350w, (d) Aerex 350cw. 
 
Figure 56: Optical interferometer scans for selected J3 balls after wear testing at 30° inclination and 
150N applied load for 100,000 cycles against (a) Nimonic 80A at ambient temperature, (b) Nimonic 
80A at 600°C, (c) Nimonic 90 at 600C, (d) Aerex 350w at 600°C, (e) Aerex 350cw at 600°C and (f) 
Udimet 720 at 600°C. 
 
Figure 57: Results of sliding wear tests against a J3 ball performed at ambient temperatures and at 
600°C for a variety of current high temperature engine alloys and other aerospace alloys. Measures 
include (a) total wear volume, (b) wear scar dimensions, and (c) maximum wear scar depth as 
determined from the plate materials. Note: NA means not analyzed. 
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3.3 List of Tables 
 
Table 1: Conventional engine component materials evaluated in this study. 
 
Table 2: Advanced materials evaluated in this study. 
 
Table 3: Energy dispersive spectroscopy (EDS) analysis of two engine oils. 
 
Table 4: Energy dispersive spectroscopy (EDS) analysis of two engine oil ashes. 
 
Table 5: Concentrated salt composition used in crucible-type corrosion tests [5]. 
 
Table 6: Estimated 107 fatigue limits at 750°C to 760°C for selected alloys. 
 
Table 7: Average Vickers (HV 1kgf) hot hardness data generated in this study. 
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3.4 Introduction 
 
The corrosion resistance of high temperature alloys including superalloys of the iron-, nickel-, and 
cobalt-based systems has been studied extensively for conditions that are similar to that seen in the gas 
turbine engine. It is typically thought that the presence of Na2SO4, and NaCl are critical ingredients in 
the hot corrosion process [1]. Under certain circumstances V2O5 may also be present as a corrosive 
agent [2]. Laboratory evaluation of the hot corrosion resis tance of alloys is often performed via 
crucible-type tests using concentrated salts, electrochemical tests, accelerated oxidation tests, or by 
burner rig tests using contaminated fuel [1]. Although there is disagreement as to the reactions 
associated with corrosive degradation [3], much of the work performed has concentrated on the use of 
Na2SO4, NaCl, and V2O5 compounds. Differences in the combustion environment result in the potential 
for the formation of other chemical compounds that may contribute to the corrosive degradation 
process. Several authors have investigated corrosion in diesel and automotive engine environments [4-
7]. A more complete understanding is, however, still needed, particularly for other advanced high 
temperature alloys which are currently not used in the diesel engine, but may provide additional 
capability benefit if introduced in to this application. 
 
To more completely understand corrosion of superalloys in the diesel engine environment, this study 
examines corrosion of a wide range of alloys in simulated engine conditions. A significant contributor 
to the corrosion process involves the breakdown of engine lubricant oil that has entered the combustion 
chamber [8]. Engine oil additives such as magnesium and calcium sulfonate compounds and zinc 
dithiophosphate are used as detergents and wear inhibitors. Calcium and magnesium carbonates are 
also added to adjust the total base number and thus neutralize acidic species that form during engine 
operation. As a result, several sulfate and phosphate compounds can form and may interact with the 
base metal upon which these compounds have deposited. Furthermore, component temperatures are 
typically at or below 800°C indicating that lower temperature hot corrosion processes are likely to be 
occurring. 
 
Mechanical testing was also performed in order to understand the capability limits of the selected high 
temperature materials and to identify candidate advanced metallic materials.  These materials were 
assessed based on their microstructure, tensile, fatigue, and wear properties. Conventional diesel and 
gas engine component alloys were considered and property data was generated to help in component 
modeling efforts. Initial identification of candidate advanced metallic alloys was performed based on 
published strength data and corrosion testing performed using engine oil ash and concentrated salt.  
High temperature superalloys used in the diesel and gas engine component applications were developed 
more than 30 years ago.  Since those alloys (Nimonic 80A and Nimonic 90) were developed, 
significant advances in the high temperature strength of superalloys has been achieved through alloy 
development [9].  Newer high strength alloys are, however, typically contains significantly higher alloy 
element contents, is more difficult to process, and use more costly raw materials. In order to aid in the 
transition of these high strength superalloys into the diesel and gas engine application, it is important to 
consider process modifications that will result in significant decreases in alloy production cost. It is also 
critical that component making operations be examined to ensure that actual engine components may 
be manufactured using current production processes, or slight modifications thereof. This report 
examines both the current high temperature alloy capability and examines the capability of advanced 
nickel-based alloys and methods to improve production costs.  
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3.5 Experimental Procedures 

3.5.1 Identification of Materials for Study 
Work performed in this study concentrates on evaluation of conditions, which are relevant to the diesel 
engine cylinder head insert applications. Materials selected for analysis included current high 
temperature engine component alloys as well as material under consideration for cylinder head insert 
applications. 
 
In addition to published strength data, alloys for evaluation were selected from a variety of alloy classes 
in order to determine pertinent chemistry ranges, microstructures, and phase distributions that are 
beneficial to limiting corrosive attack under diesel engine conditions. Conventional engine component 
alloys considered are indicated in Table 1, and advanced alloys are indicated in Table 2. These include 
hardfacings, stainless steels, cast and wrought Co-based alloys, high strength γ strengthened cast Ni-
based alloys, a cast γ strengthened Ni-based alloy, high strength wrought Ni-based alloys, high 
chromium wrought Ni-based alloys, and a low expansion Fe-Ni alloy. Chemical analysis or nominal 
alloy composition is indicated for each material in Appendix 1. Exact chemical compositions were not 
available for the Timken experimental steels, but composition ranges were estimated. Additional 
information on the material form, and source can be found in Appendix 2. 
 
Corrosion testing was performed using engine oil ash and concentrated salts as described later in this 
report. After corrosion testing the list of materials was downsized to include only those materials that 
performed well in the corrosion tests.  Subsequently, mechanical testing at ambient and elevated 
temperatures was conducted for the materials left in the reduced list. 
 
It is also critical that component making operations be examined to ensure that actual engine 
components may be manufactured using current production processes, or slight modifications thereof. 
This report examines both the current high temperature alloy capability and examines the capability of 
two advanced nickel-based alloys and methods to improve production costs. Microstructural effects of 
variations in solution and heat treatment of selected alloys is presented.  Several prototype components 
have been produced and these efforts will also be summarized. 

3.5.2 Microstructure 
An understanding of the corrosion and oxidation mechanisms, as well as mechanical properties cannot 
be complete without first understanding the basic microstructure, phase morphology, and phase 
distribution in each material’s heat-treated form. Microstructural examination of the materials 
considered in this study was performed through optical and scanning electron microscopy (SEM) 
characterization of samples, which had been metallurgically prepared either through mechanical and/or 
electrolytic techniques and examined in either the as-polished or etched condition. Analysis of each 
alloy type will be presented individually. Due to the large number of materials considered in this study, 
microstructures of some alloys were not characterized in detail. On the other hand, further 
microstructure characterization was conducted for the materials that showed higher corrosion 
resistance, studying the effects of processing variations.  Materials for use in the mechanical property 
testing phase of this work were obtained from Carpenter Specialty alloys in hot worked bar form and 
were heat treated according to the solutionizing and aging treatments performed for actual engine 
components. 
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Table 1: Conventional engine component materials evaluated in this study. 
 

Stainless 
steels 

Hardfacing 
alloys 

Wrought  
Ni-based 

23-8N Eatonite 6 Nimonic 80A 
  Nimonic 90 
  Pyromet 3 
  Inconel 751 

 
 
Table 2: Advanced materials evaluated in this study. 
 
 
Wrought 
Fe-based 

 
Cast  
Co-based 

 
Wrought  
Co-based 

 
Cast  
Ni-based 

 
Wrought  
Ni-based 

Low 
Expansion 
Fe-Ni alloy 

Metal-
Ceramic 
Composites 

88A* MarM 
509 

L 605 IN 713 Udimet 
720 

IN 783 N80A-
Al2O3 

88B*  MP-159 IN 738 Udimet 
720Li 

 IN625-
Al2O3 

88C*   IN 792 Udimet 
500 

 TiC-Ni3Al 

    Alloy 720   
88D*   IN 718 Aerex 350   
90A*    Pyromet 

625 
  

90C*    Waspalloy   
91B*    4020**   
91C*    9265**   
91D*    9266**   
    9271**   

* Timken experimental alloys. 
** Special Metals (formerly INCO) experimental alloys.  
 
 

3.5.2.1 23-8N Alloy 
The 23-8N alloy is an austenitic stainless steel, commonly used for engine valves, containing high 
levels of chromium for enhanced corrosion resistance.  The microstructure of 23-8N displays an 
austenitic matrix with precipitated carbides.  Many of these carbides, presumably of the M23C6-type, 
precipitate along the austenite grain boundaries.  Typical regions after metallographic preparation and 
etching are shown in Figure 1(a).  Many 23-8N engine valves are faced with the Eatonite 6 alloy.  The 
resulting microstructure has obvious dendrite morphology as shown in Figure 1(b).  Due to the 
direction of heat flow during solidification of the weld pool, dendrites are frequently arranged nearly 
perpendicular to the seat face surface.  Other iron based experimental alloys obtained from Timken 
were not analyzed in detail since compositions and heat treatments were not available to aid in 
identifying phases in the microstructure. 
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3.5.2.2 Wrought Nickel-Based Superalloys 
The wrought nickel based alloys have many microstructural and morphological features in common.  
Structures are typically composed of fine equiaxed grains with carbide and gamma prime precipitates. 
Typical microstructures are shown in Figure 2. The Nimonic 80A, Nimonic 90, and Pyromet 31 
structures are relatively similar with carbides lining grain boundaries and fine gamma prime phase 
present within the grains. Carbides along the grain boundaries typically provide additional 
strengthening to resist high temperature creep deformation by suppressing grain boundary sliding 
mechanisms. The IN 751 and Waspalloy materials did not respond well to etching.  The overall 
microstructure scale was typically finer than that in the Nimonic alloys and carbide decoration of grain 
boundaries was not as significant. The Pyromet 625 alloy did not contain any significant fraction of fine 
gamma prime precipitates in the matrix, as it is primarily a solid solution strengthened alloy. Udimet 
500 contains notably more gamma prime than previously discussed alloys and does show some grain 
boundary decoration. Udimet 720 and 720Li contain very few types of carbide with no significant grain 
boundary decoration. Etching was able to resolve gamma prime precipitates but not grain boundaries. 
Gamma prime is present in a bimodal size distribution with the coarse gamma prime particles serving 
to pin grain boundaries and the fine gamma prime imparting significant strengthening to the alloy. 
Aerex 350 in both the wrought and in the cold worked forms contain gamma prime precipitates as well 
as some fine carbides and frequent plates which are believed to be the Ni3Ti phase. 

3.5.2.3 Aerex 350 Alloy 
The Aerex 350 alloy is a high temperature superalloy that is designed for high temperature bolting 
applications in the aerospace industry. It is based on the Multiphase  series of alloys developed by 
Timken to take advantage of their low notch sensitivity, high strength, excellent corrosion resistance, 
creep resistance, and good hot workability [10-12]. It also can be strengthened further by cold working 
and age hardening [11] due to Co content of the alloy being at or above 25% [12]. As a result of cold 
working, a deformation induced martensitic transformation results in the formation of thin hcp plates on 
the {111} planes of the austenite matrix [11]. This cold worked structure is stable to temperatures of at 
least 732°C [10]. In the fully heat treated form, strengthening is imparted by the presence of the gamma 
prime phase as well as solid solution strengthening elements [10] such as Ta, W, and Mo [12]. The eta 
(Ni3Ti) phase may also be present in this alloy [10]. Fine spheroid shaped Ti and Ta carbides are also 
present in some grains of the microstructure [11]. Typ ical microstructures for wrought and cold worked 
versions of the alloy are given in Figures 2(j) and 2(k).   
 
Processing of Aerex 350 for aerospace applications is typically performed via a triple melt process 
involving VIM+ESR+VAR [12]. Ingots are subsequently rotary forged to a reroll billet then rolled to 
final dimensions on hand mills [12]. Bars are then solution treated and aged or solution treated, cold 
drawn and aged prior to centerless grinding [12]. The low Ti+Al content reduces the alloy strength in 
the hot working temperature range by reducing the gamma prime volume fraction allowing this  
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(a) 

      
(b) 

Figure 1: Typical microstructure of (a) 23-8N and (b) Eatonite 6 hardfacing. 
 

material to be more readily hot worked than other alloys of similar strength [10]. Heat treatment 
typically involves a solution treatment and either a single or double aging process [10]. 

3.5.2.4 Cast Nickel-based Alloys 
Significantly different microstructures were observed for the cast nickel-based alloys. Cast IN 713 has a 
clearly visible cast dendrite structure with carbides lining the boundaries. Fine gamma prime 
precipitates are visible in the gamma phase matrix as shown in Figure 3(a). The IN738 structure was 
also very comparable although some grains that were more equiaxed were apparent as shown in Figure 
3(b). IN 792 in the heat treated form also has a similar microstructure, however, carbides present along 
dendrite boundaries are significantly more nodular in morphology. Fine gamma prime is also visible as 
seen in Figure 3(c). The IN 718 alloy in the heat treated form displayed a similar cast dendrite structure. 
Along inter-dendrite regions, frequent nitrides and what are thought to be large gamma prime nodules  
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(a) 

      
(b) 

      
(c) 

      
(d) 
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(e) 

      
(f) 

      
(g) 

      
(h) 
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(i) 

      
(j) 

      
(k) 

Figure 2: Typical microstructures of wrought nickel-based alloys (a) Nimonic 80A, (b) Nimonic 
90, (c) Pyromet 31, (d) IN 751, (e) Pyromet 625, (f) Waspalloy, (g) Udimet 500, (h) Udimet 720, (i) 
Udimet 720Li, (j) Aerex 350, and (k) cold worked Aerex 350. 

are present. In the vicinity of these particles, fine precipitates are visible. These are likely to be gamma 
double prime particles and delta phase plates as seen in Figure 3(d). 

3.5.2.5 Wrought Cobalt-based Alloys 
The wrought cobalt-based alloys could not be etched effectively to reveal grain boundaries. For L-605, 
as polished views of the structure indicated that many fine and coarse spherical types of carbide were 
present in addition to occasional larger faceted nitride particles. Typical views of the structure are given 
in Figure 4(a). Both the MP159-1 and MP159-2 alloy microstructures are similar.  As was the case for  
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(a) 

      
(b) 

      
(c) 

      
(d) 

Figure 3: Typical microstructures of cast nickel-based alloys (a) IN 713, (b) IN 738, (c) IN 792, 
and (d) IN 718. 
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(a) 

      
(b) 

      
(c) 

Figure 4: Typical microstructure of wrought cobalt-based alloys (a) L-605, (b) MP-159-1 and (c) 
MP-159-2. 
 
the L-605 alloy, etching could not reveal grain boundaries.  Some carbide and a few nitrides are visible 
in the optical microstructures in Figure 4(b) and (c). 

3.5.2.6 Cast Cobalt-based Alloys 
Cast cobalt-based alloys have some structures similar to the cast nickel-based alloys. The dendrite 
microstructure is clearly visible in the cast Mar-M509 cobalt based alloy as shown in Figure 5. 
Carbides line the dendrite boundaries and are present in two specific morphologies: elongated particles 
and a Chinese script type morphology. The high fraction of carbides is due to the elevated carbon levels 
in this alloy in comparison with many other superalloys. 
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3.5.2.7 Ceramic-Metal Composites 
Microstructures of the N80A-Al2O3 and IN625- Al2O3 composites contain a fine interconnected 
distribution of metallic and ceramic phases as shown in Figure 6. The metallic phases in each 
composite have not been positively identified, however, they are believed to be a mixture of the NiAl 
and Ni3Al phases.  Analysis of the ceramic phase confirms that it is Al2O3.  Significant fine scale 
porosity was evident in the composites and macro porosity apparently due to lack of fill by the molten 
metal material during processing was also identified. Material quality for the TiC-Ni3Al composite was 
significantly improved over that of the alumina composites. The TiC-Ni3Al contained significantly less 
porosity on the macro and micro scale. TiC particles were typically rectangular in shape and were 
present in a Ni3Al matrix. 
 

   
 

Figure 5: Typical microstructure of the cast cobalt-based alloy MarM-509. 
 

3.5.2.8 Alloy 720 
Materials studied in this investigation were procured from two alloy providers.  Initial sample material 
from Special Metals is marketed under the Udimet trade name as either Udimet 720 or Udimet 720Li. 
Material procured for later testing and prototyping was from Allvac Corporation and is referred to as 
Alloy 720. The Alloy 720 material from Allvac is equivalent to the Special Metals Udimet 720Li alloy.  
Udimet 720Li is a lower chromium, carbon, and boron version of Udimet 720. Lower chromium levels 
reduce the tendency to form sigma phase and reduced carbon and boron improve billet homogenization 
and hot workability [13]. In this study the alloy trade names will be indicated based on which producer 
supplied the material for each area of study. 
 
The Udimet 720 alloy was originally developed for steam turbine blades [14], but has found use in gas 
turbines for blades and disks [15-16]. This alloy is the most highly alloyed turbine disk material 
produced by the cast/wrought route [16]. It has high strength and is highly corrosion resistant [15-17]. 
Its corrosion resistance is imparted by its chemistry and by the grain boundary structure [17] in which 
carbides are prevented from forming continuous networks. The presence of boron in the alloy is 
believed to improve stability by segregating to the grain boundaries thus increasing grain boundary 
cohesion, reducing surface energy, lowering grain boundary diffusion rates, changing precipitate 
morphology, and lowering the alloy solidus temperature [18]. The alloy is typically manufactured by 
either a powder metallurgy, or triple melt cast/wrought route [15,19].  
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Alloy 720 is strengthened primarily by the gamma prime phase (of up to 40 volume percent [20]) and 
by solid solution strengthening through Mo, W, Cr, and Co [15]. The typical alloy composition is given 
 

      
(a) 

      
(b) 

 
(c) 

Figure 6: Typical microstructure of ceramic-metal composites (a) IN625-Al2O3, (b) N80A-Al2O3 
and, (c) TiC-40% Ni3Al. 
 
in Appendix 1. Typical microstructures for Udimet 720 and Udimet 720Li are shown in Figure 7. 
Microstructures observed in the Alloy 720 material from Allvac Corp. are comparable to those in 
Udimet 720Li. The precipitates visible in the micrographs are mostly coarse gamma prime which tend 
to exist at grain boundaries and triple points. This phase that is typically 2-3 microns in diameter, aids 
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in controlling grain size during the hot working and heat treatment process [15]. Additional fine gamma 
prime that is 0.25 to 1 micron in size forms intragranularly [15]. A number of carbonitride and boride 
phases have been identified in this alloy [19]. MC-type carbides are typically rich in Ti, W and Mo. 
 

      
(a) 

      
(b) 

Figure 7: Typical microstructures of the (a) Udimet 720 alloy, and (b) Udimet 720Li alloy. 
 
M23(C,B)6 carbonitrides are rich in Cr . M3B2 borides are rich in Cr and Mo, and M3B2 borides are rich 
in Cr. Typically the Udimet 720 composition contains boride and carbide stringers 100 to 500 microns 
in length [18]. The lower carbon Udimet 720Li (and Alloy 720) have significantly fewer and shorter 
stringers with lengths typically in the range of 25 to 125 microns [18]. 
 
Processing of the Udimet 720-type alloys, including Alloy 720 can be performed via several primary 
processing routes [15,19,21-24]. Materials and processing techniques investigated in this study were 
vacuum induction melted (VIM)  then electroslag remelted (ESR) then vacuum arc remelted (VAR). 
Final forging is typically performed by heating the alloy just below its gamma prime solvus (1155°C). 
Preheat temperatures at or below 1120°C do not degrade workability while temperatures above 1120°C 
reduce alloy ductility due to excessive grain growth [15,19]. A number of solution and aging treatments 
have been investigated in this alloy [15,19,24-26]. This study examines materials heat treated according  
to the most typical aerospace solution and double age treatment as well as additional single age 
modifications of that heat treatment. Machining can be performed by conventional lathe and grinding 
methods [19]. Joining has been performed using conventional high temperature brazing, diffusion 
brazing, and transient liquid phase brazing [27-29]. Welding is typically difficult due to the 
precipitation of the gamma prime phase and the associated volume change during welding and cooling 
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resulting in the formation of microcracking [19].  However, solid-state welding techniques such as 
friction welding have successfully joined Alloy 720 to carbon steels [30]. 
 
During hot working of Alloy 720 materials and other wrought alloys with a high volume fraction of 
gamma prime, it is particularly important to minimize the fine intragranular precipitates to reduce the 
matrix strength in the hot working temperature range. This can be performed by choosing temperature 
near or above the gamma prime solvus; however, rapid grain growth may occur at these temperatures 
unless other precipitates are present on the grain boundaries to act as pinning points. In alloys with a 
very high gamma prime solvus, temperatures above the solvus may also begin to lead to incipient 
melting.  For alloys with chemistries similar to that of Alloy 720, heat treatments to form only coarse 
gamma prime have been published [31]. In order to facilitate the hot working of Alloy 720, various heat 
treatments were performed to establish parameters that would minimize the formation of fine gamma 
prime and further coarsen the coarse primary gamma prime precipitates.   

3.5.3 Corrosion and Oxidation 
Testing techniques: Assessment of the corrosion resis tance of conventional engine component alloys 
and advanced materials under consideration was performed using several techniques. These techniques 
have been used by Caterpillar [32-33] or by Caterpillar’s suppliers [5] to determine relative corrosion 
resistance. As with all corrosion-type tests, test conditions are made more severe than actual application 
in order to accelerate the corrosion process.  For the tests examined in this study acceleration was 
performed either by coating/immersing samples in a concentrated corrosive media, and/or by increasing 
the temperature at which testing was performed. In both cases, questions can arise concerning whether 
the test actually simulates the corrosion mechanisms operative during engine valve seat insert service 
application. The Caterpillar developed test using engine oil ash is likely to be more indicative of service 
conditions than the concentrated salt test performed at significantly higher temperatures.  However, 
both types of testing were performed to offer a more complete comparison of conventional engine 
component alloys and advanced materials being examined in this study. An analysis of the corrosion 
product morphology can be found in the results section of this report. 

3.5.3.1 Engine Oil Ash Corrosion Testing 
Evaluation of the corrosion resistance of a variety of conventional engine component alloys and 
hardfacings as well as candidate advanced metallic, intermetallic, and ceramic materials were 
performed using a crucible type test. This technique was also used in prior corrosion testing work [32-
33]. In this technique ash deposits are generated by the breakdown of diesel engine oils and 
accumulated on the surface of the samples to be evaluated. Once the ash has coated the sample in a 
thick layer, crucibles containing each of the samples are held at 750ºC in air for approximately 48 
hours, then cooled to room temperature. A schematic of the corrosion testing procedure used is given in 
Figure 8. After corrosion testing of material samples, the severity of corrosive attack is measured for 
each alloy in terms of the maximum distance of attack into the sample surface. Measurements were 
made by optical microscopy techniques on polished sample cross sections after enough material had 
been removed to eliminate any edge effects. Surface and internal corrosion products are evaluated by 
optical and electron microscopy techniques and are compared to bulk material microstructures, phases, 
and chemical compositions. Tests were performed with two engine oil formulations. 
 
Two oil formulations were used to better characterize the corrosion resistance of tested materials with 
oils that have been determined to be either average or severe in their relative corrosion severity [33]. 
The first (Oil #1) is a Caterpillar specified CAT5319 (15W40).  The second oil (Oil#2) Chevron 
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HDAX-40 is one used by customers in some field applications.  Standard oil analysis is shown in Table 
3, and evaluation of the chemical content of the oil ash after corrosion testing is shown for the two oils  

Material
immersed

in engine oil

Engine oil
reduced to

ash

Ash coats
test material

T

time

750ºC
48hrs.

Corrosion occurs
during high T hold

 
Figure 8: Schematic of the oil ash corrosion testing method. 
 
Table 3: Energy dispersive spectroscopy (EDS) analysis of two engine oils. 
 

Elemental specie CAT 5319 (Oil#1)  
content (ppm) 

Chevron HDAX-40 (Oil#2)  
content (ppm) 

Sulfur 3310 5770 
Calcium 1445 1757 
Sodium <1 33 
Magnesium 10 19 
Zinc 715 315 
Phosphorus 602 265 
Silicon 2 3 
Tin 5 <1 
Boron <1 3 
Other elements* <1 <1 

* other elements analyzed include: Barium, Iron, Aluminum, Copper, Chromium,  
Lead ,and Molybdenum. 

 
in Table 4. Results indicate that initially Oil#2 contains elevated Ca, S, Mg, and Na, as well as 
decreased Zn and phosphorus as compared to Oil #1. This analysis suggests that Oil#2 contains less 
zinc dithiophosphate and more calcium and magnesium carbonates which help to adjust the total base 
number of the oil [8]. Testing of the oil ash residue after corrosion testing yields similar results with 
respect to the relative amounts of elemental constituents as detailed in Table 3. The presence of 
additional sulfur and sodium is likely to have a significant effect on the severity of corrosion resulting 
from these two oil compositions. 
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Table 4: Energy dispersive spectroscopy (EDS) analysis of two engine oil ashes. 
 

Oil number Oil type Ca Mg Zn Na O S P 
#1 CAT 5319 20.4 3.8 6.1 * 50.7 5.3 8.4 
#2 HDAX-40 23.3 - 3.4 * 52.7 12.6 4.7 

* below measurable limit 
 
Analysis of material corrosion test specimens after laboratory oil ash tests using Oil #1 is shown for a 
wide variety of materials in Figure 9. Results indicate that the silicon nitride ceramics and titanium 
aluminde intermetallics offer the best corrosion resistance of all of the materials tested as shown in 
Figure 9(a).  Corrosive attack penetration is significantly reduced over that for conventional engine 
component materials used by Caterpillar. Generally the experimental Timken steels had no significant 
advantage over the materials currently in use. Similar results were obtained from the experimental  
Special Metals wrought nickel-based alloys as shown in Figure 9(b).  Of the remaining metallic alloys, 
several wrought and cast alloys were identified which have improved corrosion resistance in this oil ash 
test as shown in Figure 9(c). These more corrosion resistance materials include several cast nickel-
based alloys, wrought cobalt-based alloys, and wrought nickel-based alloys. Testing of several metal-
ceramic composites indicates that the composites composed of a nickel-based metallic phase and an 
alumina ceramic phase performed better than the composite composed of Ni3Al metallic phase and TiC 
ceramic phase. Of the three composites considered only the alumina–metal composites have improved 
corrosion resistance over conventional engine component alloys as shown in Figure 9(d). These 
materials are, however, not currently commercialized and their physical and mechanical properties are  
as of yet not determined. Based on this analysis, it is recommended that these composites not be 
considered at this time for corrosive environments similar to that seen for the cylinder head insert 
application. 
 
Additional testing was performed on selected materials that performed well in corrosion experiments 
using Oil#1 by the use of more severe corrosion media oil, Oil#2 [33]. Due to limitations on the amount 
of Oil#2 available, only selected material were tested.  Results are shown in Figure 10 along with 
results obtained for Oil#1. For conventional engine component materials Oil#2 did not always result in 
more corrosion that Oil #1, however, consistent with the LEC oil testing analysis [33], the Eatonite 6 
material was more severely attacked by the HDAX-40 oil. Testing of the selected candidate alloys 
indicates that the titanium aluminide intermetallics still perform well in corrosion resistance in this 
second oil. Corrosion severity is similar for most candidate alloys and data does not consistently 
indicate whether Oil#1 or Oil#2 is more severe in corroding the nickel-based alloys tested. 
Determination of oil severity was performed based on analysis of the Eatonite 6 faced 23-8N engine 
valves in the LEC tests [33]. Because the corrosion process is complicated and can depend upon a 
variety of local chemical conditions, oxide layers formed, and local microstructural phases and 
morphology, the severity of attack may not be uniformly more severe for all materials tested. 

3.5.3.2 Concentrated Salt Corrosion Testing 
The second crucible-type test employed in this analysis involves a concentrated salt mixture that is 
frequently used [5] to assess the relative corrosion resistance of diesel and automotive engine 
component alloys. This salt composition is indicated in Table 5. Metal samples to be tested were 
immersed in the solid salt mixture and held at 870°C for 80 hours followed by cooling to room 
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temperature. After cooling, test samples were extracted from the salt and metallographically prepared.  
Cross sections were analyzed in a way similar to that indicated for the oil ash corrosion test samples. 
Due to limitations in the number of tests that could be performed and the amount of prepared salt 
mixture available, testing was performed on a limited number of materials. Test results are plotted in 
Figure 11. The severity of corrosion resulting from this test is significantly more than for the oil ash 
corrosion test due to the higher concentration of corrosive species and the significantly higher test 
temperature. For the metallic materials, results indicate that the several of the wrought alloys perform 
best in the concentrated salt test including the Aerex 350 and Udimet 720/720Li materials. 

3.5.4 Mechanical Properties 

3.5.4.1 Hardness 
Measurement of the ambient temperature hardness using a Vickers hardness testing method and a 20kgf 
load is shown in Figure 12 for selected materials analyzed in this study. Results indicate that hardnesses  
are typically above the equivalent of RC 30 with some alloys such as L605, Aerex 350cw, Udimet 720, 
and MP159-2 reaching above RC 45. Hardnesses of several of these alloys are compared to ceramics in 
Figure 13. The alloy's high hardness implies that ambient temperature strength and wear resistance is 
excellent for many of these materials. 
 
3.6 Results and Discussion of Corrosion Properties 

3.6.1 Corrosion Product Morphology and the Effect of Alloy Microstructure and 
Chemistry 

Determination of the corrosive attack penetration distance was used to rate the relative corrosion 
resistance of alloys considered in this study. This single measure masks many of the details concerning 
the morphology of corrosion and the mechanisms by which corrosion occurs in each material.  In order 
to begin to gain an understanding of the corrosion process, the microstructures in the near surface 
region were analyzed for each of the materials tested for both the oil ash and concentrated salt corrosion 
tests. Some more detailed analysis of corrosion product composition was also performed for selected 
materials. This portion of the report will attempt to describe the corrosion morphologies observed in 
order to aid in understanding the effects of microstructural and chemical variables on the corrosion 
resistance and corrosion product morphology resulting from these tests. 
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Figure 9: CAT 5319 oil ash corrosion test results for (a) current engine component alloys, 
metallic, intermetallic, and ceramic materials, (b) additional Special Metals experimental alloys 
compared to current component alloys, (c) a summary of metallic corrosion results sorted by 
severity of attack, and (d) composite corrosion results. 
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Table 5: Concentrated salt composition used in crucible-type corrosion tests [5]. 
 

Chemical Compound  Weight Fraction 
Calcium sulfate (CaSO4) 52.6% 
Barium sulfate (BaSO4) 31.6% 
Sodium sulfate (Na2SO4) 10.5% 
Carbon (C) 5.3% 
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Figure 10: Chevron HDAX-40 oil ash corrosion test results for selected materials compared to 
CAT 5319 oil corrosion test results. Note: Eatonite 6 HDAX-40 data is from LEC corrosion test 
results [19]. 
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Figure 11: Corrosion test results for selected materials after corrosion in concentrated salt for 80 
hours at 870°C. Note * data from Ari-Gur, et al. [5] are included for comparison. 
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Figure 12: Typical room temperature hardnesses of selected materials. 
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Figure 13: Ambient temperature hardnesses of selected materials 
 

3.6.2 Corrosion Product Morphology 
Microstructures showing the corrosion product morphology for each of the alloys tested can be found in 
Figures 14 through Figure 22 for tests performed using the CAT 5319 oil (Oil#1) in 48 hour tests at 
750°C. Corrosion product morphology for tests performed in concentrated salt is given in Figure 23.  
Typically in photomicrographs, the base metal material is at the bottom of the photo. On top of the 
material surface is typically a corrosion product layer. Many samples were wrapped in aluminum prior 
to being mounted and polished to better delineate the corrosion products from the metallurgical mount 
material. When present, the aluminum is typically a 20 to 30 micron thick layer of uniform thickness 
similar to that seen in Figure 14. 
 
Corrosion of the Eatonite 6 hardfacing alloy occurs preferentially down the inter-dendrite regions of the 
alloy microstructure as pictured in Figure 14. This corrosion product morphology is similar to that 
identified in field engine valves and seat inserts. For this reason, the oil ash corrosion test is considered 
a relatively accurate indicator of corrosion performance of engine valve seat insert alloys in field engine 
applications. Corrosion in the Timken experimental stainless steels typically proceeded along grain 
boundaries in the material, although some more general intragranular attack was also seen. Typical 
micrographs are shown in Figure 15. Damage in the Special Metals experimental nickel-based high 
temperature alloys showed signs of both preferential attack to precipitates, presumably carbides in the 
microstructure as well as more general matrix attack as shown in Figure 16. Corrosion damage in all of 
the wrought nickel-based superalloys including both the conventional engine component materials and 
the candidate advanced metallics occurred preferentially at carbides or nitrides present in the  
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Figure 14: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for 
Eatonite 6 hardfacing. 
 

      
(a)      (b) 

 
(c) 

Figure 15: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for Timken 
experimental alloys (a) 88a, (b) 90c, and (c) 91b. 
 
microstructure. The notable exceptions were Pyromet 31 and IN 751, which exhibited more general 
damage across the exposed surface. Typical micrographs are given in Figure 17 for each of these 
materials. Cast nickel based alloys, Figure 18, performed differently based on differences in their 
compositions and microstructures. The low Ti/Al ratio IN 713 alloy exhibited more general corrosion 
attack relatively uniformly across the alloy surface, while IN 792 and IN 738 preferentially corroded at 
carbides that intersected the surface. Corrosion on IN 718 resulted in a significantly thick product layer 
on the surface.  This alloy was discounted from consideration due to its temperature capability limit of  
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(a)   (b) 

      
(c)   (d) 

Figure 16: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for Special 
metals experimental alloys (a) 4020, (b) 9265, (c) 9266, and (d) 9271.  
 
about 700°C. In wrought cobalt based alloys, corrosion typically occurred relatively uniformly along 
the surface with some apparent preference for fine precipitates in the microstructure. Typical 
morphologies are shown in Figure 19. The cast cobalt alloy Mar-M509 had preferential corrosion 
occurring along the large interconnected carbide networks in the structure as seen in Figure 20. The low 
chromium, low thermal expansion alloy IN 783 showed more general corrosive attack as seen in Figure 
21.  The composite materials composed of alumina and metallic matrix phases showed signs of 
corrosion only to the metallic matrix phase while the TiC-Ni3Al composite had local corrosion which 
encompassed both metallic and carbide phases as shown in Figure 22. 
 
Specimens corroded using the concentrated salt testing technique were also analyzed.  Typical 
microstructures after corrosion testing for 80 hours at 870°C are shown in Figure 23. Detailed 
descriptions of the analysis are given below for each alloy. 
 

3.6.2.1 Nimonic 80A 
The Nimonic 80A alloy base metal is significantly affected by laboratory corrosion for 80hrs at 870°C 
immersed in a concentrated salt mixture. Adjacent to the alloy surface, a thin, continuous, but varying 
in thickness scale appears on the alloy. The scale typically measures 5 to 10 microns in depth. This 
scale consists, predominantly of Ni, but is enriched in Ca, and Ti. Ca and Si from the salt mixture have 
also been integrated into the scale during formation. The chromium level is significantly depleted over 
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that of the base alloy suggesting that the scale grew out from the original metal interface. Regions 
where the scale appears to penetrate further into the base metal are frequently associated grain  

      
(a)   (b) 

      
(c)   (d) 

      
(e)   (f) 
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(g)   (h) 

      
(i)   (j) 

Figure 17: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for  
wrought nickel-based alloys (a) Nimonic 80A, (b) Nimonic 90, (c) Pyromet 31, (d) IN 751, (e) 
Pyromet 625, (f) Waspalloy, (g) Udimet 500, (h) Udimet 720, (i) Udimet 720Li, and (j) Aerex 350. 
 
boundaries that intersect the sample surface. Some regions appear to be chromium rich oxides. Ti 
contents similar to that of the overall chemistry also were observed. Two obvious signs of base metal 
degradation beneath the surface scale are grain boundary attack and the formation of intragranular 
particles in the sub surface regions. The maximum extent of attack as determined by optical microscope 
examination indicates that corrosion penetration during the 80 hr. exposure can be as much as 53 
microns. The region of maximum penetration involves attack seen along a base metal grain boundary.  
In fact, the primary feature noted to be affected by corrosion deep into the surface is the grain boundary 
and intragranular regions immediately surrounding these boundaries.  It is therefore apparent that the 
overall mechanism of attack that leads the corrosion front is degradation of the base metal grain 
boundaries. In Nimonic 80A, grain boundaries are typically decorated by metal carbides of the M23C6 
and M7C type. Occasional MC carbides are also visible in the structure, but these do not exclusively 
decorate grain boundaries. One such particle near the alloy surface experienced sulfidation as well. At a 
typical grain boundary that has been degraded, sulfur and oxygen can be detected. Chromium may also 
be depleted in this region. Attack along the grain boundaries is essentially complete up to the maximum 
corrosion depth leading to some concern as to the potential for development of fatigue cracks and 
subsequent propagation during mechanical loading in actual application.  It is important to indicate that 
the results obtained here are for an accelerated type test, but this test involves no thermal or mechanical 
cycling. In regions between the surface scale and the attack front tha t has penetrated the base metal, 
intragranular particles are apparent. These particles appear to be sulfides based on the presence of 
sulfur. It was difficult to determine the chemistry of the individual particles without sampling 
significant surrounding base metal. 
 

3.6.2.2 Nimonic 90 
The Nimonic 90 alloy appears to behave in a very similar way to that of the Nimonic 80A alloy. The 
main difference in the alloy constituents of the two is the addition of 16.5% cobalt in place of some of 
the nickel in Nimonic 90. Increases in Ti, Al, and C content are marginal. The region with the deepest 
corrosion product penetration was 68 microns. As in the case of Nimonic 80A, this too was related 
directly to grain boundary degradation. The overall attributes of the corrosion process do not appear to 
be significantly affected by the replacement of some Ni with Co. Surface scales were typically 5 to 20 
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microns in depth. This surface scale is enriched in Co, O, and Ti and contains substantial amounts of Ni 
and Cr.  Calcium from the salt has also been integrated into the scale. Silicon can also be detected in 
some regions. At the degraded grain boundaries between the surface scale and the corrosion front, some  

      
(a)   (b) 

      
(c)   (d) 

Figure 18: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for  cast 
nickel-based alloys (a) IN 713, (b) IN 738, (c) IN 792, and (d) IN 718. 
 
sulfur containing particles are evident. These particles appear to be larger and more prevalent than 
those seen in Nimonic 80A. Particles contain sulfur and a significant amount of Ni. Co levels are 
similar to that in the overall alloy composition, but Cr levels are significantly decreased. Along 
degraded grain boundaries, sulfur is also detected and chromium is typically deple ted in this area. Some 
chemical gradients may also exist along grain boundaries as a function of distance from the sample 
surface. The presence of significant grain boundary degradation as a major mode of corrosion is also a 
concern under the presence of cyclic mechanical stresses. The presence of cyclic stresses combined 
with corrosive degradation could lead to fatigue related concerns. 
 

3.6.2.3 IN 713 
Significant base metal corrosion occurred for the IN 713 alloy. This alloy is an alumina former, so the 
protective surface layer differs significantly from that of many of the other alloy under investigation in 
this study. The region with the maximum penetration of corrosive attack measures a total of 480 
microns of penetration. A significant portion of this includes formation of a thick surface scale. Base 
metal degradation ahead of the metal/scale interface is primarily in the form of general corrosive attack 
nearest to the scale and formation of internal sulfides. Oxides also extend in from the surface scale to 
regions of the base metal adjacent to sulfides. The scale region appears to be a mixture of oxides, 
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sulfides, and base metal regions suggesting that a significant amount of inward scale growth has 
occurred. Some areas also contain significant levels of silicon residual from the corrosive media. 
Beneath the thick scale regions containing oxides and sulfides are also apparent. Sulfides are rich in Ni 
and Cr. Oxides contain S, Al and Ti, significant Ni, some Cr and additional elements from the corrosive  

      
(a)   (b) 

 
(c) 

Figure 19: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hour for  wrought 
cobalt-based alloys (a) L-605, (b) MP-159-1 and (c) MP-159-2. 
 

 
 
Figure 20: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for cast 
cobalt-based alloy MarM-509. 
 
media such as Si, and Ca. Near the corrosion penetration front, significant sulfide formation has 
occurred. These sulfides are predominantly Ni and Cr containing with some also containing Ti. The 
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interface at the corrosion front is predominantly visible in the backscattered electron (BSE) imaging 
mode indicating that there may be substantial enrichment of light elements in the corroded region. 
 
 
 

 
 
Figure 21: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for the low 
expansion nickel-iron-based alloy IN 783. 
 
 

      
(a)   (b) 

 
(c) 

Figure 22: Cross sections after exposure to diesel engine oil ash at 750°C for 48 hours for 
ceramic-metal composites (a) IN625-Al2O3, (b) N80A-Al2O3, and (c) TiC-40% Ni3Al. 
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3.6.2.4 IN 792 
Corrosive attack in the IN792 material that had been heat treated through its traditional annealing and 
aging process was moderate along the majority of the surface, however, certain local areas where 
interconnected carbides intersect the sample surface were significantly more highly affected. This is 
reflected in the maximum corrosion attack penetration measurement of 136 microns. This region as  

      
(a) 

      
(b) 

      
(c) 
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(d) 

      
(e) 

      
(f) 

      
(g) 
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(h) 

      
(i) 

      
(j) 

Figure 23: Typical corrosion morphology after concentrated salt corrosion tests at 870°C for 80 
hours for (a) Nimonic 80A, (b) Nimonic 90, (c) IN 713, (d) IN 792, (e) IN 783, (f) Aerex 350, (g) 
Udimet 720Li, (h) MarM-509, (i) 4722, and (j) WMS. 
 
viewed in the SEM shows obvious degradation and a region of unaffected carbide deeper within the 
base metal. EDS measurements of this corrosion product chemistry suggest that it is composed 
primarily of Ni, Cr and sulfur deeper within the base metal and is predominantly a chromium rich oxide 
closer to the surface. This seems to indicate that carbides like this are first sulfidized then sulfur is 
released to penetrate more deeply into the base metal by the preferential oxidation of these particles. 
Adjacent to the sulfides that have formed deep in the base metal, fine distributions of sulfides are also 
found.  These sulfides are rich in nickel, but also contain Co and Cr as well. Regions that have general 
base metal corrosion beneath the surface scale are predominantly large regions of oxides (Cr rich 
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containing Ni) and fine sulfides. Some plate like precipitates that are enriched in oxygen are also 
evident along with the sulfides. 
 

3.6.2.5 IN 783 
The IN 783 alloy with its substantially lower chromium content is affected significantly by corrosive 
degradation in a concentrated salt mixture.  Corrosion penetration was measured up to 187 microns into 
the surface, however, corners of the specimen that had seen a three dimensional diffusion field had 
significantly more attack visible. The overall corrosive attack included the presence of a relatively thick 
surface scale that was approximately 50 microns in thickness. This scale consists predominantly of iron 
cobalt and oxygen. Some Ca and Si from the corrosive media has also been integrated into the 
structure. Attack of the base metal proceeds preferentially along certain phases in the microstructure. 
These sulfides contain significant amounts of Fe, Co and Al.  Some areas also had significant scale 
formation, but little visible base metal phase attack. The phase constituents of the base metal, similar to 
that which had been attacked in other regions, were rich in Ni, Co and Fe. 
 

3.6.2.6 Aerex 350 
Corrosion of the Aerex 350 alloy is similar in most respects to that described for Udimet 720Li below.  
The degree of penetration is, however, slightly less. 
 

3.6.2.7 Udimet 720Li 
Corrosion of the Udimet 720Li alloy is relatively uniform along the material surface. The surface 
regions are mainly composed of chromium oxides with some Ti and Al present. Ahead of the bulk 
corrosion front, some areas of preferential attack are noted.  These are likely to be grain boundaries in 
the base metal microstructure. Some sulfate particles were detected in the surrounding regions of the 
base material. These sulfides are typically composed of Ti, Ni and Cr. 
 

3.6.2.8 Mar-M509 
The damage in the cast cobalt based alloy Mar-M509 damage is largely a result of degradation of large 
interconnected carbide networks that intersect the sample surface.  The morphology is similar to that 
seen in the oil ash corrosion tests. 

3.6.3 Effect of Microstructural and Chemical Variables on Corrosion Resistance 
The material response to corrosive species was highly dependent upon microstructure and chemistry. In 
both Co- and Ni-based alloys, the presence of large carbides and those with an interconnected network-
type distribution were typically susceptible to corrosive degradation while alloys with fine carbide 
distributions and lower overall carbon content were more resistant to degradation. Carbides in cast Mar-
M509 suffered significantly more corrosive attack penetration than wrought Udimet 720 containing 
significantly less carbon. Finely distributed carbides in wrought Co-based alloys such as L605 result in 
significantly less degradation than Mar-M509. Ni-based alloys with a low Ti/Al ratio, like cast IN 713, 
are less resistant to overall attack than those with high ratios.  Increased Cr contents typically improve 
resistance, as shown for several wrought alloys in Figure 24, but the presence and distribution of 
carbides can effect alloy degradation even at high Cr levels. Internal sulfides were developed in some 
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structures, but were limited to the near surface regions. Although the Cr content of the low expansion 
Fe-Ni alloy is low, its corrosion resistance was substantial compared to alloys with much higher Cr 
contents in the oil ash corrosion tests.  Damage was significantly more severe in the concentrated salt 
tests for this alloy. The corrosive species in this simulated diesel engine environment differ 
significantly from that studied for gas turbine engine components, however, trends in corrosion 
resistance are similar to that indicated for combinations of Na2SO4 and NaCl. This emphasizes the role 
of sulfate compounds in the corrosion process. 

3.6.4 Oxidation of Selected High Temperature Materials  
The oxidation rate of selected materials examined in this study was determined by static tests at 750°C 
in laboratory air. Samples were removed every 100 hours and accurately weighed to determine weight 
change as a function of time. When removed from the furnace, samples were allowed to cool in air and 
any loose debris or scale was removed by very light brushing using a soft brissel brush. Weights were 
measured to the nearest 0.0001 gram using a high precision enclosed scale. Test specimens were of 
various sizes and shapes, however, all were cut such that the surface area to volume ratios were similar.   
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Figure 24: The effect of chromium content on the corrosion resistance of selected wrought nickel-
based alloys. 
 
Specimen surfaces were prepared by grinding with 1200 grit metallograpic preparation paper. Sample 
volumes were typically near 400 mm3 and surface area to volume ratios were near 1. In order to 
compare samples, weight change was normalized by the initial sample weight. Percent change in 
weight as a function of time are plotted in Figures 25 through 28. 
 
Comparison of conventional engine component materials to the advanced materials tested in this study 
was performed to evaluate the relative oxidation resistance. Iron based experimental Timken alloys are 
compared to 23-8N in Figure 25.  Results indicate that oxidation of Alloy 91A was the lowest of the 



 108

experimental alloys tested. The 23-8N oxidation behavior suggests that scale growth and spallation is 
occuring under these conditions as evidenced by the repeated weight gain and subsequent weight loss. 
As a result it is concluded that the oxide scales of the Timken experimental alloys are more adherent 
than that of 23-8N although more detailed analysis would be necessary to confirm whether spallation is 
occurring in the 23-8N material. 
 
A plot comparing all cast and wrought nickel-based alloys tested is shown in Figure 26.  Conventional 
engine component alloys include Pyromet 31, Nimonic 80A, and Nimonic 90.  Results indicate that the 
cast alloys, IN 713, IN 718, IN 738, and IN792, have lower oxidation rates than the conventional 
engine component materials and the other wrought nickel-based alloys tested.  The wrought alloys, 
Udimet 500, Udimet 720, and Aerex 350, however, have higher oxidation rates than either the cast 
alloys or the conventional nickel base alloys. The superior oxidation resistance of the cast alloys is 
likely due to their lower Ti/Al ratios.  More aluminum in the alloy typically improves the propensity to 
form slow growing, adherent alumina scales. Conventional engine component alloys and wrought 
alloys considered in this study have higher Ti/Al ratios and higher chromium content resulting in a  
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Figure 25: Oxidation of experimental Timken alloys as compared to 23-8N stainless steel. 
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Figure 26: Oxidation of cast and wrought nickel-based alloys as compared to conventional nickel-
based engine component alloys. 
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Figure 27: Oxidation of cast and wrought cobalt based alloys as compared to conventional engine 
component alloys. 
 
higher propensity to form chromium oxide scales. Aluminum oxide scales are typically preferred for 
high temperature oxidation resistance, however, chromium oxide scales are typically more protective 
for lower temperature corrosion resistance.  
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Analysis of the cast and wrought cobalt based alloys as compared to conventional engine component 
alloys is shown in Figure 27.  Results indicate that the cast Mar-M509 alloy has significantly higher 
oxidation rates as compared to conventional alloys, while the MP159 alloy is similar to that of nickel- 
based engine component alloys, and L605 is substantially more oxidation resistant. The presence of 
large interconnected carbides in the cast Mar-M509 alloy is thought to result in preferential oxidation of 
surface connected carbides in a manner similar to that shown in corrosion experiments. Analysis was 
not, however, performed to examine the oxidized sample microstructure for this sample. 
 
3.7 Discussion / Results of Mechanical Properties 

3.7.1 Ambient and Elevated Temperature Tensile Properties 
The ambient and elevated temperature tensile properties of selected high temperature materials were 
determined in order to better assess the relative capability of each of these materials and to aid 
designers in component modeling work. Some data exists for a variety of materials through literature 
sources, however, much of the data has been generated for other heat treatment conditions. A summary 
of selected literature data [19,34-36] for several high temperature alloys is given in Figure 28. In order 
to better characterize selected materials in the proper heat treated form, high temperature materials 
currently used in engine components were tested after solutionizing and aging treatments were 
performed. These heat treatments were the same as those currently used by manufactures to produce 
components for Caterpillar. Several heat treatment conditions were examined for the developmental 
materials being investigated in this study to help to establish optimized heat treatment conditions. Due 
to limitations in available material for some alloys, a miniature tensile specimen design was used as 
shown in Figure 29. Testing was performed at a crosshead displacement rate corresponding to 0.005 
strain/min.  Testing temperatures were stabilized for a minimum of 30 minutes prior to testing at 
temperatures of 500°C, 600°C, 700°C and 800°C. Analysis of failed tensile samples was also 
performed to better understand the mechanisms of deformation and fracture for selected alloys. 
 
The tensile properties for selected high temperature materials currently in use for engine applications 
are plotted in Figure 30.  A detailed compilation of tensile test data is also given in Appendix 3. Results 
indicate that yield strength levels for 23-8N and Nimonic 90 are relatively similar to those indicated in 
literature; however, strengths of Nimonic 80A are significantly higher than published values. It is also 
not clear whether the anomalous yielding behavior observed in Nimonic 90 at 600°C is accurate or is 
due to a testing anomaly since only one test was performed at each temperature for this alloy. Typical 
fracture surface morphologies are indicated after testing at ambient temperatures and at 700°C for 
Nimonic 90 in Figures 31 and 32, respectively. Micrographs indicate that significant faceting is found 
on fracture surfaces in this alloy. No detailed analysis was performed on 23-8N and Nimonic 80A 
fracture surfaces in this study. 
 
New high temperature alloys for use in diesel and gas engine applications were also tested under 
several processing and heat treatment conditions in order to establish possible low cost versions of 
these aerospace alloys. Investigations of processing cost reductions were in the form of modified 
melting and hot working processes and simplified heat treatment processes.  Tensile properties were 
determined for selected material conditions for the Alloy 720 and Aerex 350 superalloys. Results will 
be compared to data for material processed through typical aerospace methods. 
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Figure 28: Yield strength as a function of temperature for several high temperature alloys [19, 

34-36]. 
 
 

 
 
Figure 29: Tensile test specimen design. Note: all dimensions are in inches. 
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Figure 30: Strength as a function of temperature for (a) 23-8N, (b) Nimonic 80A, (c) Nimonic 90. 
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For Alloy 720, aerospace material is typically produced through a VIM+ESR+VAR process and 
subsequently hot worked, solution heat treated and double aged. In order to reduce the number of heat 
treatment steps in the final thermal treatment, several single aging treatments were investigated.  Heat 
treatments performed included both the standard aerospace thermal treatment and the solution treat and 
single age process. Tensile specimens were subsequently tested.  Heat treatment parameters were given 
in Appendix 2.  Results, plotted in Figure 33, indicate that the single age treatment results in yield and 
ultimate strengths at or above that of the standard double aging treatment. Analysis of tensile specimen 
fracture surfaces indicates no significant microstructural defects and significant plastic deformation at 
all temperatures tested. Typical fractures for the standard aerospace double aging treatment are shown 
in Figure 34.  Fracture morphology was found to be similar for the single age heat treatment samples as 
well. As part of this program, additional process modifications were investigated by Allvac to enable 
production of small diameter bar stock with higher production yields and lower production costs as 
compared to typical aerospace processing techniques. Preliminary tensile testing performed by Allvac 
suggests that the modified processing route results in material with comparable tensile properties to that 
produced by conventional processing methods and heat treated according the solution treat and single 
age thermal treatment. Results are reproduced in Figure 35. 
 
For the Aerex 350 alloy, a solution and single aging treatment was also investigated as a potential 
process simplification for the alloy. Timken, Inc. supplied the alloys using the VIM+ESR+VAR and 
VIM+ESR melting techniques. Initial tensile test results are compared to other heat treatment study 
work published for this alloy in the literature [10] in Figure 36.  Results indicate that strength levels at 
or above that of other investigated treatments were achieved through the single aging treatment. 
Additional tests at ambient and elevated temperatures indicate that yield strengths are typically lower, 
but ultimate strengths are higher than for aerospace processed VIM+ESR+VAR material [35] as shown 
in Figure 36.  Analysis of fracture surfaces indicates that fracture is predominantly by ductile dimple 
formation with particles such as primary TaC at the base of the dimples. Occasional grain boundary 
facets were noted particularly for tests at elevated temperatures. Typical micrographs for testing 
temperatures between ambient and 800°C are given in Figure 37.  
 

 
 
Figure 31: Typical fracture morphology at ambient temperature for Nimonic 90. 
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Figure 32: Typical fracture morphology at 700°C for Nimonic 90 
 

3.7.2 Elevated Temperature Fatigue Properties 
The durability and lifetime of high temperature components in the diesel and gas engine environments 
is often limited by the fatigue strength of the material. To better understand the fatigue behavior of 
selected high temperature materials, elevated temperature fatigue testing was performed.  Tests were 
conducted either by rotating beam bending fatigue techniques or by standard axial fatigue testing 
methods at an R ratio of –1.  Both axial and rotating beam fatigue tests were conducted under load 
control. Test results are reported at stress amplitude that is equivalent to one half of the stress range  
for these R=-1 tests. Specimen dimensions for each test type are given in Figure 38. Limited testing of 
the 23-8N, Nimonic 80A, and Nimonic 90 materials was performed by rotating beam methods. 
Additional testing of Alloy 720 and Aerex 350 alloys in various processing conditions has been 
performed by rotating beam and axial fatigue methods.  
 
Limited data was generated on the bending fatigue strength of several high temperature materials used 
for engine components. Materials received final heat treatments comparable to that used for production 
engine components made from each of these alloys. Fatigue data are plotted in Figure 39 and a 
summary of data is compiled in Appendix 4. Fitting data with a logarithmic curve provided an 
estimation of fatigue strength at107 . Summaries of these estimations are given in Table 6. Fatigue 
testing work indicates that the fatigue limit of 23-8N is significantly lower than the nickel based  
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Figure 33: Tensile yield and ultimate strength as a function of temperature for Alloy 720 in the 
standard aerospace double aged condition and in the single aged condition. 
 
Table 6: Estimated 107 fatigue limits at 750°C to 760°C for selected alloys. 
 

Alloy Condition Est. 107 fatigue 
limit (MPa) 

Number of 
samples 

Notes 

23-8N Soln.+age 233 6 760°C rotating beam 
Nimonic 80A Soln.+2age 386 4 760°C rotating beam 
Nimonic 90 Soln.+2age 412 3 760°C rotating beam 
Alloy 720 aero S+A Soln.+age 535 6 750°C axial fatigue 
Aerex 350 
VIM+ESR 

Soln.+age 318 6 750°C axial fatigue 

Aerex 350 
VIM+ESR+VAR 

Soln+age 351 6 750°C axial fatigue 

 
Nimonic 80A and Nimonic 90 alloys. Comparison of the limited data generated for these materials by 
rotating beam fatigue methods to that determined by Eaton Corp. in a similar manner [37] indicates that 
fatigue limits for the present estimations deviate a maximum of 4% from a logarithmic interpolation of 
the Eaton data. Fracture surfaces were not analyzed in detail for these tests. 
 
Axial fatigue testing was performed at 750°C for aerospace processed Alloy 720 in the solution treated 
and single aged condition. Several rotating beam fatigue tests were also performed for this alloy 
condition. Results are plotted in Figure 40, and data is compiled in Appendix 4. A comparison of stress 
as a function of cycles to failure for Alloy 720 to that indicated for selected conventional diesel and gas 
engine materials in Figure 40 indicates that Alloy 720 has significantly improved fatigue resistance  
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        (a)              (b) 

       
        (c)               (d) 

 
(e) 

 
Figure 34: Typical fracture character for solution treated and double aged Alloy 720 at (a) room 
temperature, (b) 500°C, (c) 600°C, (d) 700°C, and (e) 800°C. 
 
compared to 23-8N, Nimonic 80A, and Nimonic 90.  Estimates of the fatigue limit for Alloy 720 also 
appear in Table 6. Analysis of the fatigue fracture surfaces indicated that initiation occurred exclusively 
at or within a few microns of the sample surface within the fatigue specimen gauge length. Crack 
propagation occurred in a predominantly transgranular morphology. Final failure of the last remaining 
ligaments of the sample occurred by ductile dimple formation on the internal regions of the sample and 
shear along the outside diameter of the specimens in axial tests. Typical SEM micrographs are shown in  
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Figure 35: Ambient and elevated temperature tensile properties for modified production 
processed Alloy 720 as a function of temperature [Data provided by J. Russell, Allvac Corp., 
2001]] 
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Figure 36: Tensile yield and ultimate strength as the solution and single age treated condition [36] 
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(a)    (b) 

      
(c)    (d) 

 
(e) 

 
Figure 37: Typical fracture character for solution treated and single aged Aerex 350 at (a) room 
temperature, (b) 500°C, (c) 600°C, (d) 700°C, and (e) 800°C. 
 
Figure 41. No significant defects were identified on the fracture surfaces; however, one instance of 
failure initiation at an aluminum oxide particle at the sample surface did occur as shown in Figure 42.  
Energy dispersive spectroscopy (EDS) analysis on the SEM indicates that its composition corresponds 
to the Al2O3 stoichiometry. Discussion with the fatigue specimen machining vendor confirmed that 
aluminum oxide grinding wheels and aluminum oxide grinding paper were used in preparing fatigue 
samples from this material [38]. It is likely tha t the suspect particle was embedded in the fatigue 
specimen surface during the final grinding and polishing steps. Fatigue results suggest that this did not 
lead to premature failure. 
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(a) 

 

 
(b) 

 
Figure 38: Fatigue test specimen drawings for (a) rotating beam fatigue tests (courtesy of Fatigue 
Dynamics, Inc.), and (b) axial fatigue tests (courtesy of Martest, Inc.). Note dimensions in inches. 
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Figure 39: Rotating beam fatigue strength (stress amplitude) of several high temperature alloys. 
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Figure 40: Axial fatigue test at 750°C and rotating beam fatigue tests at 760°C for aerospace 
processed Alloy 720 material in the solution treated and single aged condition. Note alternating 
stress is equivalent to one half of the total stress range at R=-1. 
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(a)     (b) 

 
(c) 

 
Figure 41: Typical SEM micrographs after fatigue testing of Alloy 720 at (a) initiation, (b) 
propagation, and (c) final tensile failure locations. 
 

      
(a)      (b) 

 
Figure 42: SEM micrographs showing faliure initiation at an alumina particle at the specimen 
surface for an Alloy 720 specimen tested at 620 MPa alternating stress which failed at 1,059,850 
cycles. 
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Figure 43: Axial (750°C) and rotating beam (760°C) fatigue strengths (stress amplitude) for 
Aerex 350 solution treated and single aged material processed by two melt methods. 
 
Axial fatigue testing was also performed for the Aerex 350 alloy in the solution treated and single aged 
condition. Figure 43 compares material with identical heat treatments which had different melt 
processing routes. One set of samples had been double melted (VIM+ESR) and the second had been 
triple melted (VIM+ESR+VAR). Results suggest that the double melt process can lead to some 
degradation in the high cycle fatigue resistance of this alloy at 750°C for this heat treatment condition. 
Comparison of the fatigue data to that obtained for Alloy 720 and for more conventional diesel engine 
materials in Figures 39-40 and 43 indicates that the fatigue strength of Aerex 350 in this heat treated 
form is significantly lower than that of Alloy 720 and similar to that obtained for Nimonic 80A and 
Nimonic 90. Analysis of fracture surfaces from both Aerex 350 materials indicated that fatigue 
initiation and propagation occurred in a relatively faceted manner with significant numbers of grain 
boundary facets visible on the fracture surfaces. Final overload failure regions displayed limited 
ductility as evidenced by the fewer ductile dimples formed on the surface as compared with other 
materials such as Alloy 720. Typical SEM micrographs are shown in Figures 44 and 45 for double melt 
and triple melt materials, respectively. Evidence of grain boundary facets suggests that low grain 
boundary strength or embrittlement may be an issue in this heat treated material form. Occasional TaC 
particles were visible on fracture surfaces, but did not appear to siginificantly impact fatigue inititiation 
or propagation. Additional fatigue testing will be performed after heat treatment modifications are 
completed. 
 
Based on the fatigue test results and tensile properties obtained in this study for 23-8N, Nimonic 80A, 
Nimonic 90, and Alloy 720 Goodman plots were constructed to aid in estimating the fatigue limit of 
each material at 750°C for various loading conditions. The Aerex 350 alloy was not analyzed in detail 
due to the need for additional heat treatment development.  Estimates are shown using both the 
Goodman approximation and the Gerber parabola for each material [39] in Figure 46. Results suggest 
that significant improvements in elevated temperature fatigue capability can be obtained with the Alloy 
720 material. 
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(a)      (b) 

 
(c) 

Figure 44: Typical SEM micrographs of the VIM+ESR Aerex 350 alloy after fatigue testing at 
750°C at an R-ratio of –1 showing (a) initiation, (b) propagation, and (c) final overload fracture. 
 

      
(a)       (b) 

 
(c) 

Figure 45: Typical SEM micrographs of the VIM+ESR+VAR Aerex 350 alloy after fatigue 
testing at 750°C at an R-ratio of –1 showing (a) initiation, (b) propagation, and (c) final overload 
fracture. 
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Figure 46: Goodman and Gerber type fatigue estimates for several high temperature alloys 
including (a) 23-8N, (b) Nimonic 80A, (c) Nimonic 90, and (d) Alloy 720 (aerospace, solution 
treated and single aged) at 750°C to 760°C. Note alternating stress is equivalent to stress 
amplitude. 

3.7.3 Wear Contact and Damage Resistance 
In order to assess the relative wear resistance of current high temperature engine component alloys and 
new materials under development, hot hardness measurement were conducted on a number of 
materials.  Generally, hot hardness values at or above Rockwell C 30 are considered adequate to impart 
acceptable wear resistance at operating temperatures. Current needs, as suggested by T.P. Shyu [40] are 
RC30 at 750°C and RC35 at 700°C, and future needs were suggested as, RC30 at 850°C and RC35 at 
800°C. It is interesting to note that no current engine components material tested here satisfies the 
above mentioned current needs. 
 
For Vickers hardness measurements, low applied load values result in smaller indent sizes.  As a result, 
low load test results are more sensitive to the scale of the alloy microstructure. Typical hardness indent 
sizes and resulting Vickers hardness results are shown in Figure 47 for Nimonic 80A.  The 
microstructure of the base material has been etched to reveal the grain structure. Although test scatter is 
increased at low load levels, the average hardness values do not vary significantly from value obtained 
at higher loads as indicated in Figure 48. 
 
Elevated temperature hardness (hot hardness) data for several of the common engine component alloys 
including Eatonite 6 hardfacing, Pyromet 31V and IN751 exist in the literature [35, 41-42], and these 
serve as a comparison for the results obtained in this study. Nimonic 80A, a current engine component 
alloy, as well as Udimet 720Li (Alloy 720), and Aerex 350 superalloys were tested as part of the 
current study. All measurements reflect an average of at least 4 Vickers hardness measurements 
performed at 1kgf load. Summaries of the average hot hardness measurements are given in Table 7.  
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Table 7: Average Vickers (HV 1kgf) hot hardness data generated in this study 
 

Temperature 
(C) 

Nimonic 
80A 

Udimet 
720Li 

Aerex 
350 w* 

Aerex 
350 cw** 

RT 368 415 452 616 
500 284 407 384 481 
600 300 356 385 449 
700 284 342 346 421 
800 187 275 304 317 

                   *   wrought 
                 ** wrought plus cold worked 
 

                              
    (a)            (b)    (c) 

 

Figure 47: Vickers hardeness indentation size as compared to the Nimonic 80A grain structure 
for (a) 1 kgf, (b) 5 kgf, and (c) 20 kgf loads levels. 
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Figure 48: Vickers hardness at ambient temperature for Nimonic 80A as a function of 
indentation load. 
 
Pictured in Figure 49 are the hot hardness values between room temperature and 800°C for a number of 
current engine component materials and hardfacings. These are compared to several metallic superalloy 
materials that have been identified for possible future high temperature diesel and gas engine 
applications. Hot hardness data is also tabulated in Appendix 5. It is apparent that the hot hardness 
values of the Udimet 720Li (Alloy 720) and Aerex 350 alloys are superior to that of all current engine  



 127

Temperature (C)

0 200 400 600 800 1000

V
ic

ke
rs

 H
ar

d
n

es
s 

100

200

300

400

500

600

700
Aerex 350 w 
Aerex 350 cw 
IN 751 *
Nimonic 80A 
Eatonite 6
Nimonic 90 
Udimet 720Li 
**Pyromet 31 V 

Rc 30

Rc 35

Rc 40

Rc 25

Rc 50

*   Sato and Saka, SAE 980703, 1998
** Carpenter Technology, technical data Pyromet 31

 
 
Figure 49: Vickers (HV1kgf) hot hardness values of several superalloy materials and literature 
data [31, 40-41]. (Note Eatonite 6, Pyromet 31V and IN751 data were converted from Rockwell C 
hardness [42]) 
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Figure 50: Ambient temperature hardness of cold worked Aerex 350 as a function of holding time 
at 800°C as compared to wrought Aerex 350.  
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Figure 51: Schematic of the contact and sliding wear testing setup where P is the applied load, n 
is the number of cycles, and α  is the inclination angle. 
 
component alloys pictured. The Aerex 350 alloy was tested in both the wrought and cold worked form. 
This material hardens significantly with cold work which results in elevated temperature hardnesses 
70% higher than that of Nimonic 80A. Both Udimet 720Li and Aerex 350 lie above the suggested 
current needs and lie just short of the stated future needs, particularly for the cold worked Aerex 350 
alloy. Although hot hardness is not a direct measure of wear resistance, these results suggest that the 
Udimet 720Li (Alloy 720) and Aerex 350 alloys will perform well in wear.  
 
Hot hardness testing has indicated that cold working of the Aerex 350 alloy results in substantially 
improved ambient and elevated temperature hardness. It is important, however, to verify whether this 
hardness improvement is stable to high temperatures for extended periods of time.  The ambient 
temperature hardness of cold worked Aerex 350 was measured as a function of holding time at 800°C 
for time of up to 300 hours. Results, shown in Figure 50 indicate that some decrease in hardness occurs 
at long holding times, however, hardnesses were still above that of the Aerex 350 alloy with no cold 
work. Engine temperatures, particularly for cylinder head inserts are not likely to reach 800°C in 
normal operation for any great length of time. The 300 hour 800°C treatment is, therefore, considered 
to be significantly more aggressive than actual service conditions. 
 
Additional testing to understand wear and contact damage was also performed. Contact damage tests 
were performed to understand whether cyclic indentation of material samples using a 6mm diameter 
silicon nitride ball would result in the formation of surface cracking. A schematic of the test setup is 
shown in Figure 51. Contact damage experiments were performed at an inclination angle of 0°.  In 
addition to the Udimet 720 and Aerex 350 materials, a number of other cast and wrought alloys were 
tested.  Damage observed after 1,000,000 cycles was typically in the form of a spherical indentation 
with no cracking evident for most materials tested with the exception of the cast IN 792 alloy. Reasons 
for the formation of surface cracks in the IN 792 are not currently known, however, it is likely that 
casting defects or local segregation may have played a role. Typical optical interferometer scans are 
shown in Figure 52 for each of these tests. Alloys currently used in high temperature diesel and gas 
engine applications were not analyzed by this testing technique.  Results of the metallic material testing 
at ambient temperature suggest that the degree of indentation damage (the projected size of the indent) 
scales with the yield strength of the material as shown in Figure 53. 



 129

   
(a)       (b) 

   
(c)       (d) 

   
(e)       (f) 

 
Figure 52: Optical micrographs after ambient temperature Hertzian contact damage for 
1,000,000 cycles under 1000N load using a 6mm diameter silicon nitride ball for (a) IN 783, (b) IN 
738, (c) IN 792, (d) Udimet 720, (e) Aerex 350w, and (f) Aerex 350 cw.  
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Figure 53: Ambient temperature Hertzian contact damage of a variety of metallic materials at 
1,000,000 cycles and 1000N load. 
 



 130

 
 

   
(a)       (b) 

   
(c)       (d) 

   
(e)       (f) 

 
Figure 54: Optical interferometer scans for after wear testing at ambient temperature, 30°  
inclination and 150N applied load for 100,000 cycles for (a) Nimonic 80A, (b) Nimonic 90, (c) 
Pyromet 31, (d) IN 751, (e) IN 783, and (f) Aerex 350cw.  
 

   
(a)       (b) 

   
(c) (d) 

 
 
Figure 55: Optical interferometer scans after wear testing at 600°C, 30°  inclination and 150N 
applied load for 100,000 cycles for (a) Nimonic 80A, (b) Nimonic 90, (c) Aerex 350w, (d) Aerex 
350cw. 
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(a)       (b) 

   
(c)       (d) 

   
(e)       (f) 

Figure 56: Optical interferometer scans for selected J3 balls after wear testing at 30°  inclination 
and 150N applied load for 100,000 cycles against (a) Nimonic 80A at ambient temperature, (b) 
Nimonic 80A at 600°C, (c) Nimonic 90 at 600C, (d) Aerex 350w at 600°C, (e) Aerex 350cw at 
600°C and (f) Udimet 720 at 600°C. 
 
To begin to assess the relative wear resistance of current high temperature engine materials and 
possible future engine materials, testing was performed through contact damage experiments using a J3 
(stellite) ball and an inclination angle of 30°. This set of experiments were designed such that materials 
would be subjected to both contact and sliding damage to reproduce the types of geometry and relative 
motions which occur at the engine valve / valve seat interface.  The stellite (J3) ball material was 
chosen due to its availability at the time of testing. Other experiments would be required to understand 
the effect of other ball materials on the wear characteristics of these materials. Testing was performed 
in this set of experiments at both ambient temperature and at 600°C. After testing the wear scars were 
measured through optical interferometry techniques in order to quantitatively assess the damage 
generated in each test.  
 
Scans are reproduced in Figure 54 for ambient temperature tests and in Figure 55 for tests at 600°C. 
Selected J3 balls were also analyzed as shown in Figure 56. At ambient temperatures, 3D scans suggest 
that material is removed from the contact region without substantial deformation of material in the 
regions surrounding the wear scar. At 600°C, 3D scans suggest that substantially more local 
deformation is occurring in the regions adjacent to the contact area. The formation of islands on the J3 
ball material in the contact region also suggests that some material transfer may be occurring between 
sliding interfaces. Measurement of the volume of material removed, wear scar dimensions and wear 
scar depths for each of the tests analyzed is summarized in Figure 57. For current high temperature 
engine materials, it is apparent that the depth and volume of the resulting wear scars increases when 
going from ambient temperatures to 600°C.  Wear to the J3 stellite ball also increases substantially for  
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(c) 

 
Figure 57: Results of sliding wear tests against a J3 ball performed at ambient temperatures and 
at 600°C for a variety of current high temperature engine alloys and other aerospace alloys. 
Measures include (a) total wear volume, (b) wear scar dimensions, and (c) maximum wear scar 
depth as determined from the plate materials. Note: NA means not analyzed. 
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the Nimonic 80A material. At ambient temperatures the overall size of the wear scars are similar except 
for the Nimonic 90 and IN 751 materials that display significantly larger worn areas. The Aerex 350cw 
alloy displays the lowest amount of wear at this temperature.  At 600°C the overall size of the wear 
scars is slightly increased over that at room temperature and the depth is also increased. This is likely 
due to decreases in the strengths and hot hardnesses of these alloys at elevated temperatures. Results 
also indicate that the Aerex 350w, Aerex 350cw, and Udimet 720 alloys result in substantially less wear 
than the Nimonic 80A and Nimonic 90 alloys currently in use. Measurements of wear scars on the 
mating J3 stellite balls, however, indicates that for Aerex 350 materials, mating materials other than J3 
should also be examined to minimize total wear pair material removal due to the high ball material 
wear rates achieved in these tests.  
 
In the wear testing setup used for this series of testing, several parameters are interdependent and 
cannot easily be controlled to the degree necessary to fully understand the interactions of the wear 
pairs. Together the applied load, angle, test temperature, and material dictate the resulting sliding 
distance. In order to gain additional control over the these testing parameters and the ability to vary 
them independently, other testing methods should be further examined.  Wear testing work is currently 
ongoing for currently used valve and valve seat insert material pairs using a high frequency 
reciprocating rig (HFRR) test.  This technique allows for the separate control of sliding distance, 
applied load, temperature, and material pairings. The test also allows for in-situ measurement of friction 
and oxide/debris films during the wear process. It is recommended that work continue using the HFRR 
test to better understand the relative wear resistance of current valve and insert pairs as well as 
promising new high temperature materials examined in this study. 
 
3.8 Conclusions 
 
1. Microstructures of the identified materials were characterized through optical and scanning electron 

microscopy methods. Microstructures typically consisted of equiaxed grains and strengthening 
precipitates in the wrought alloys investigated while structures consisted of a more dendrite 
morphology in many of the cast alloys. Hardnesses of the materials were typically above Rc 30 with 
some materials having hardnesses above Rc 50. 

2. Crucible type tests have indicated that intermetallics and several cast and wrought nickel-based 
alloys are more corrosion resistant than conventional engine component alloys. 

3. Both microstructure and chemistry play a significant role in determining the corrosion resistance of 
these alloy classes to a simulated diesel engine environment. Coarse surface connected carbides, 
low Ti/Al ratios, and low chromium contents in the metallic materials typically lead to low 
corrosion resistance. The combination of Ni3Al and TiC phases in one composite also lead to 
reduced corrosion resistance. 

4. Oxidation in laboratory air for times up to 500 hours at 750°C indicate that the oxidation resistance 
of many of the highly corrosion alloys is somewhat inferior to that of the conventional engine 
component alloys; however, result s suggest that the oxide scales are adequately adherent to the 
material surface.  

5. Testing has indicted that the Udimet 720Li (Alloy 720) and Aerex 350 have excellent corrosion 
resistance and should be considered for advanced high temperature component applications like 
cylinder head inserts. 

6. The structure of 23-8N stainless steel, Nimonic 80A and Nimonic 90 nickel-based superalloys, and 
Alloy 720 and Aerex 350 advanced nickel-based superalloys was investigated. Heat treatment 
modifications to the Alloy 720 material were used to improve the materials hot workability and 
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thereby enable lower cost production techniques to be used for developmental high temperature 
components. 

7. Tensile properties of the Aerex 350 and Alloy720 materials are significantly higher than those for 
more conventional engine component materials, Lower cost single aging treatments were identified 
for these alloys. Additional work is needed for the Aerex 350 alloy. 

8. The fatigue strengths of selected alloys were determined. Results indicate that the strength of Alloy 
720 is significantly higher than that of Nimonic 80A, Nimonic 90 and 23-8N alloys. Further 
modification of the Aerex 350 heat treatment is needed to improve fatigue strength. 

9. The wear resistance of the advanced superalloys investigated by hot hardness and by laboratory 
contact and wear testing techniques indicates that Alloy 720 and Aerex 350 are more wear resistant 
at ambient and elevated temperatures as compared to many of the more conventional engine 
component alloys. 
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4. Cylinder Head Insert Study Appendix – High-Temperature Alloys 
 
4.1 Appendix 1: Chemical composition or nominal alloy composition for 

alloys in this study. 
 

Alloy  Ni Cr Co Fe Mo W Ta Ti Al Si Mn Nb Zr C B N 
23-8N [12] 
(Nom.)  

8 23 - Bal. 0.5 
max 

0.5 
max 

- - - 0.75 2.75 - - 0.33 - 0.3 

Eatonite 6 [12] 
(Nom.)  

16.5 28 - Bal. 4.5 - - - - 1.3 <1 - - 1.75 - - 

Nimonic 80A 
[13] 

 

76 19.5 - - - - - 2.4 1.4 0.3 0.3 - 0.06 0.06 0.003 - 

Nimonic 90 
[13] 

 

59 19.5 16.5 - - - - 2.45 1.45 0.3 0.3 - 0.03 0.07 0.003 - 

Pyromet 31 
(Nom) [12] 

56.5 22.6 <1 <3 2 - - 2.25 1.25 <0.2 <0.2 0.85 - 0.045 0.005 - 

Inconel 751 
(Nom.) [12] 

Bal. 15.5 <1 7 <0.5 - - 2.3 1.2 <0.5 <0.5 - 0.07 0.065 0.005 - 

Timken exp. 
Steels [14] 

<10 20-25 NA Bal. NA NA NA NA NA NA NA NA NA NA NA NA 

Mar M 509 
[13] 

10 23.5 55 - - 7 3.5 .2 - - - - 0.5 0.6 0.005 - 

L605 [13] 10 20 53 - - 15 - - - 0.5 1.5 - - 0.1 - - 
MP-159 [16] 25.5 19 35.7 9 7 - - 3 0.2 - - - - - - - 
IN 713 [13] 75 12 - - 4.5 - - 0.6 5.9 - - 2 0.1 0.05 0.01 - 
IN 738 [13] 61 16 8.5 - 1.7 2.6 1.7 3.4 3.4 - - 0.9 0.1 0.17 0.01 - 
IN792 [13] 61 12.4 9 - 1.9 3.8 3.9 4.5 3.1 - - - 0.01 0.12 0.02 - 
IN 718 [13] 52.5 19 - 18.5 3 - - 0.8 0.6 0.2 0.2 5.2 - 0.05 0.006 - 
Udimet 720 
(Nom.) [13] 

55 18 15 - 3 1.3 - 5 2.5 - - - - 0.03 0.03 - 

Udimet 720Li 
(Nom,.) [13] 

57 16 15 - 3 1.3 - 5 2.5 - - - - 0.015 0.015 - 

Alloy 720 
FJ84-1 

56.9 16.37 14.45 14.5 0.08 3.05 1.2 0.02 5.13 2.64 0.01 0.01 - 0.009 0.18 - 

Udimet 500 
[13] 

54 18 18.5 - 4 - - 2.9 2.9 - - - 0.05 0.08 0.006 - 

Aerex 350 

 
44 16.96 25.2 - 3.2 2.01 4.0 2.2 1.2 0.1 - 1.1 - 0.021 - - 

Pyromet 625 
[13] 

61 21.5 - 2.5 9 - - 0.2 0.2 3.6 0.2 0.2 - 0.05 - - 

Waspalloy [13] 58 19.5 13.5 - 4.3 - - 3 1.3 - - - 0.06 0.08 0.006 - 
4020 (EDS) 56 26 -18 - - - - - - - - - - - - - 
9265 (EDS) 46 18 - 31 - - - 4.7 - - - - - - - - 
9266 (EDS) 41 17 - 38 - - - 3.6 - - - - - - - - 
9271 (EDS) 50 21 - 26 - - - 2.6 - - - - - - - - 
IN 783 [15] 28.5 3 34 Bal.  - - - 0.1 5.4 - - 3 - - - - 

Intermetallics Ni Cr Al  
N80A-Al2O3 

metal phase (EDS) 
78 5 18 - 

IN625-Al2O3 

metal phase (EDS) 
72 1.4 27 - 

TiC-Ni3Al - - - 60 vol. % TiC + 40 vol. % Ni3Al 
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4.2 Appendix 2: Material form and heat treatment 
 

Alloy  Form Heat 
number 

Source Solution treatment Aging treatment 

23-8N Production engine valve NA CAT CAT Proprietary  CAT Proprietary  
Eatonite 6 Production engine valve NA CAT CAT Proprietary  CAT Proprietary  
Nimonic 80A Production engine valve NA CAT CAT Proprietary  CAT Proprietary  
Nimonic 90 Production engine valve NA CAT CAT Proprietary  CAT Proprietary  
Pyromet 31 Production engine valve NA CAT Solution treat (Eaton) Double age 

(Eaton) 
Inconel 751 Production engine valve NA CAT None Double age 

(Eaton) 
Timken exp. 
Steels 

Rectangular forged 
samples 

NA Timken Corp. NA NA 

Mar M 509 Cast gate cutoffs NA Howmet Corp. None None 
L605 19mm diameter bar 202208 Carpenter Technology  NA Strain hardened 

(Carpenter) 
MP-159-1 16mm diameter bar E4347 Timken Corp. Solution treat (Timken) Aged (Timken) 
MP-159-2 16mm diameter bar E4347 Timken Corp. Solution treat (Timken) Cold work and 

age (Timken) 
IN 713 Cast gate cutoffs NA Howmet Corp. None None 
IN 738 Cast gate cutoffs NA Howmet Corp. CAT Proprietary  CAT Proprietary  
IN792 Cast gate cutoffs NA Howmet Corp. CAT Proprietary  CAT Proprietary  
IN 718 Cast gate cutoffs NA Howmet Corp. CAT Proprietary  CAT Proprietary  
Udimet 720  12.7mm dia sample bar NA INCO/Special Metals CAT Proprietary  CAT Proprietary  
Udimet 720Li  Rectangular sample bar NA INCO/Special Metals CAT Proprietary  CAT Proprietary  
Udimet 500 12.7mm square sample 

bar 
NA INCO/Special Metals CAT Proprietary  CAT Proprietary  

Aerex 350w 13mm dia. Sample bar G4151 Timken Corp. CAT Proprietary  CAT Proprietary  
Aerex 350cw 13mm dia. Sample bar G4151 Timken Corp. CAT Proprietary  CAT Proprietary  
Pyromet 625 16mmdia sample bar 204660 Carpenter Technology  Annealed (Carpenter) none 
Waspalloy 19mm dia sample bar NA INCO/Special Metals CAT Proprietary  CAT Proprietary  
4020 12.7mm dia. sample bar D57357 INCO/Special Metals NA NA 
9265 (Hitachi HI-
461) 

12.7mm dia. sample bar HV9265 INCO/Special Metals NA NA 

9266 (Diado 
4015D) 

12.7mm dia. sample bar HV9266 INCO/Special Metals NA NA 

9271 12.7mm dia. sample bar HV9271 INCO/Special Metals NA NA 
IN 783 38mm dia. sample bar NA CAT Engine Research NA NA 
N80A-Al2O3 Rectangular sample NA BFD Inc. None None 
IN625-Al2O3 Rectangular sample NA BFD Inc. None None 
TiC-Ni3Al Rectangular sample NA Oak Ridge National 

Lab 
None None 

NA is not available 
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4.3 Appendix 3: Temperature dependent tensile properties of several 
high temperature alloys. 

 
 

Alloy Condition Temp.  
(C) 

Modulus 
(GPa) 

0.2%Yield 
(MPa) 

Ultimate 
(MPa) 

Elongation 
(%) 

Red. Of Area 
(%) 

23-8N Soln. +age 25°C 185 531 978 15.6 29.4 
  25°C 212 517 978 30 30 
  500°C 156 295 658 25 34.2 
  500°C 191 295 665 28 35.5 
  500°C 176 294 658 26.5 36.5 
  600°C 183 351 689 20.3 30.6 
  600°C 127 285 586 26..5 40 
  600°C 139 280 593 26.5 38.5 
  700°C 96 260 458 31.2 42.1 
  700°C 108 267 472 26.5 45.5 
  700°C 108 273 486 31 44.5 
  800°C 105 224 362 34.4 40.2 
  800°C 113 245 342 23.5 46.5 
  800°C 102 225 345 33 43 

Nim. 80A Soln+2age 25°C 217 792 1226 21.9 24.8 
  500°C 187 723 1102 21.9 26.9 
  600°C 186 730 1109 18.8 22.9 
  700°C 154 703 951 18.8 21.4 
  800°C 152 603 668 14.1 16.6 

Nim. 90 Soln.+2age 25°C 227 799 1226 21.9 23.6 
  500°C 201 717 1089 21.9 25.2 
  600°C 158 896 1102 20.3 26.7 
  700°C 147 710 985 17.2 19.3 
  800°C 175 610 717 14.1 18.3 

Alloy 720 Soln+2age 25°C      
  500°C 200 1137 1550 7.8 16.5 
  600°C 192 1116 1509 12.5 19.7 
  700°C 185 1102 1213 14.1 18.3 
  800°C 101 658 758 17.2 27 

Alloy 720 Soln+age 25°C 200 1192 1592 12.5 10.6 
  *25°C 240 1235 1669 33 25 
  *25°C 237 1255 1673 37 26 
  500°C 213 1151 1598 17.2 21.1 
  600°C 186 1137 1550 20.3 22.4 
  **649°C - 1021 1351 31.1 34.3 
  **649°C - 1040 1370 26 24.6 
  700°C 167 1096 1282 15.6 19.2 
  800°C 147 744 903 14.1 15.7 

Alloy 720mod Soln.+age **25°C - 1155 1653 19.1 21.1 
1” bar  **25°C - 1141 1627 19.7 20.5 

  **25°C - 1135 1631 18.6 21.1 
  **649°C - 1045 1359 29.4 31.8 
  **649°C - 1043 1343 18.6 19.3 
  **649°C - 1053 1348 27.1 29.1 
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Alloy 720mod Soln.+age **25°C - 1202 1658 25.2 26.5 
1.25” bar  **25°C - 1187 1654 23.9 24.5 

  **25°C - 1220 1674 23.7 23.8 
  **649°C - 1136 1415 23.3 21.6 
  **649°C - 1118 1409 27.8 26.6 
  **649°C - 1104 1391 27.5 29.8 

Alloy 720mod Soln.+age **25°C - 1167 1635 24.2 27.3 
1.75” bar  **25°C - 1155 1638 16.7 27.2 

  **25°C - 1185 1660 22.8 25.0 
  **649°C - 1076 1355 24.9 27.8 
  **649°C - 1084 1365 25.3 24.0 
  **649°C - 1062 1343 28.9 31.8 

Aerex 350 Soln+age 25°C 219 1137 1543 18.8 26.1 
  *25°C 240 1123 1543 35 26 
  *25°C 241 1151 1550 37 31 
  500°C 198 1054 1440 18.8 22.7 
  600°C 200 1054 1406 12.5 13.8 
  700°C 200 1006 1254 9.4 8.5 
  800°C 125 723 889 9.4 6.2 

* Testing performed on a larger sized sample at Caterpillar 
** Testing performed at Allvac, Corp. 
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4.4 Appendix 4: R=-1 elevated temperature fatigue test results for 
several high temperature alloys. 

 
Alloy & 
condition 

Sample 
ID 

Test type Temp. (C) 
Freq. (Hz) 

Alternating 
Stress 
(MPa)  

Number 
cycles 

Notes 

23-8NS+A 23-8N-06 Rotating beam 760°C, 75Hz 206.7 39907800  
 23-8N-05 Rotating beam 760°C, 75Hz 223.9 11361400  
 23-8N-02 Rotating beam 760°C, 75Hz 275.6 1225900  
 23-8N-01 Rotating beam 760°C, 75Hz 292.8 892600  
 23-8N-04 Rotating beam 760°C, 75Hz 344.5 30000  
 23-8N-03 Rotating beam 760°C, 75Hz 413.4 41800  

Nim. 80A S+2A 80A-2-2 Rotating beam 760°C, 75Hz 413.4 3095800  
 80A-4-2 Rotating beam 760°C, 75Hz 447.9 148700  
 80A-5-3 Rotating beam 760°C, 75Hz 482.3 132800  
 80A-3-2 Rotating beam 760°C, 75Hz 516.8 103400  

Nim. 90 S+A 90-10 Rotating beam 760°C, 75Hz 413.4 4332800  
 90-4 Rotating beam 760°C, 75Hz 447.9 244900  
 90-5 Rotating beam 760°C, 75Hz 482.3 595400  

Alloy 720 S+A 720-2 Rotating beam 760°C, 75Hz 447.9 37407700  
 720-6 Rotating beam 760°C, 75Hz 537.4 2634700  
 720-1 Axial fatigue 750°C, 58Hz 499.5 10107105 Run out 
 720-3 Axial fatigue 750°C, 58Hz 551.2 4765286  
 720-4 Axial fatigue 750°C, 58Hz 585.7 3708189  
 720-2 Axial fatigue 750°C, 58Hz 620.1 163143 Failed at 

thermocouple 
 720-6 Axial fatigue 750°C, 58Hz 620.1 1590850 Failed at grinding 

defect 
 720-5 Axial fatigue 750°C, 58Hz 689 241274  

Aerex 350 
VIM+ESR 

350A-6 Axial fatigue 750°C, 58Hz 310.1 5751069  

VIM+ESR 350A-5 Axial fatigue 750°C, 58Hz 344.5 3489407  
 350A-4 Axial fatigue 750°C, 58Hz 379 2142210  
 350A-3 Axial fatigue 750°C, 58Hz 413.4 1237487  
 350A-2 Axial fatigue 750°C, 58Hz 447.9 482921  
 350A-1 Axial fatigue 750°C, 58Hz 500 58440  

Aerex 350 
VIM+ESR+VA
R 

350B-6 Axial fatigue 750°C, 58Hz 344.5 10622299 Run out 

Triple melt 350B-5 Axial fatigue 750°C, 58Hz 379 3530541  
 350B-4 Axial fatigue 750°C, 58Hz 413.4 854100  
 350B-3 Axial fatigue 750°C, 58Hz 447.9 451658  
 350B-2 Axial fatigue 750°C, 58Hz 482.3 177322  
 350B-1 Axial fatigue 750°C, 58Hz 500 54026  
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4.5 Appendix 5: Vickers 1kgf microhardness as a function of 
temperature for several alloys.  
 

Alloy & condition Temp. 
(°C) 

Indent  
1 

Indent  
2 

Indent  
3 

Indent  
4 

Indent  
5 

Nimonic 80A 20 318 368 366 367 370 

 500 283 272 290 296 281 
 600 307 308 291 291 304 
 700 285 287 290 284 272 
 800 195 186 181 184 187 

Nimonic 90 20 526 414 568 584 498 
 500 266 324 312 277 291 
 600 277 298 291 212 272 
 700 283 280 270 252 269 
 800 188 200 201 204 199 

Udimet 720Li 20 524 417 411 417 - 
 500 403 389 423 405 416 
 600 369 365 373 320 353 
 700 340 326 334 358 352 
 800 285 272 278 271 270 

Aerex 350W 20 446 454 453 437 471 
 500 430 397 360 355 377 
 600 440 402 389 348 348 
 700 321 334 342 365 366 
 800 309 309 309 306 287 

Aerex 350cw 20 623 603 612 625 614 
 500 488 458 471 489 502 
 600 439 441 430 466 471 
 700 427 451 424 369 432 
 800 308 336 317 306 320 
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5. Engine Valve Study Phase 1 – Material Properties 
 
5.1 Abstract 
Microstructures, mechanical properties, and the oxidation/corrosion behavior of commercially available 
silicon nitride ceramics were investigated for diesel engine valve train applications.  The study found 
that silicon nitrides with a fine microstructure (Ceramics For Industry, Germany, CFI 3208) had a 
relatively high strength but low fracture toughness values.  Predominantly large grain microstructures 
(Kyocera Inc., Japan, SN 362) exhibited relatively low strength and toughness values.  Many of the 
silicon nitrides examined in this study exhibited a mixture of strengths and toughness valves (Kyocrea 
Inc., SN 235, SN 220, and Ceradyne N147).  The silicon nitride with the highest ambient temperature 
strength (959 MPa) and fracture toughness (7.5 MPa·m1/2) was GS 44 (Honeywell Inc., USA).  Nearly 
all of the silicon nitrides examined showed little flaw tolerance and R-curve behavior.  One silicon 
nitride that was found to be flaw tolerant also showed a high fracture toughness with strong R-curve 
behavior.  This silicon nitride, known as AS 800 (Honeywell Inc., USA), has large elongated grains in a 
bimodal grain microstructure.  Susceptibility to slow crack growth was assessed using dynamic fatigue 
experiments, and for many of the silicon nitrides in this study the value of the exponent n ranged from 
38 to 60.  The silicon nitride having the highest flaw tolerance (AS 800) also had the highest fatigue 
exponent valve, n = 115.  A simple fatigue failure lifetime estimate was made from the dynamic fatigue 
data and indicated that under a 350 MPa constant tensile stress, the SN 235, GS 44, and AS 800 were 
expected to survive beyond 109 hours.  All silicon nitrides investigated in this study exhibited no 
evidence of oxidation or corrosion at 850oC, indicating a material compatibility in the combustion 
environment.  Based on the findings of this study, GS 44, AS 800 and SN 235 were down selected for 
the advanced mechanical characterization and possibly prototype valve train component fabrication.  
The highest strength and fracture toughness were observed from the GS 44 and SN 235 while AS 800 
showed a tolerance to flaw damage and a high resistance to fatigue.   
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5.2 List of Figures 
 
Figure 1.  SEM micrographs of microstructures of silicon nitrides (polished and plasma-etched). 
 
Figure 2.  Thermal expansion behavior for GS 44 and AS 800 as function of temperature 
 
Figure 3.  Plots of bending strength as function of indentation load.  All data points with error bars are 
means and standard deviations (logarithmic coordinates) for a minimum of five specimens at each 
prescribed load.   
 
Figure 4.  Toughness curves of silicon nitride ceramics, deconvoluted from data in Figure 2. 
 
Figure 5.  Toughness-curve diagrams for silicon nitride ceramics.  Families of solid curves are plot of 
K ′A(c) curves in Eq. 1 using strength data from Figure 2.  Toughness functions are plotted as locus of 
tangency points to K ′A(c) curves. 
 
Figure 6.  Weibull flexure strength distributions of silicon nitride ceramics at 25 and 850ºC. 
 
Figure 7.  Plots of fatigue strength as function of stress rate. 
 
Figure 8.  Strength comparison before and after exposed at 850ºC for 10 days. 
 
Figure 9.  SEM micrographs of the section views of (a) Nimonic 80 and (b) GS 44 silicon nitride 
exposed at 850ºC for 48 hours. 
 
Figure 10.  Estimated time to failure based on the fatigue data in Figure 7.  Applied stress and target life 
line are also included in the plot. 
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5.3 List of Tables 
 
Table 1.  List of silicon nitrides investigated in this study. 
 
Table 2.  Microstructural characterization for each material. 
 
Table 3.  Summary of mechanical properties for each material. 
 
Table 4.  Fatigue parameters. 
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5.4 Introduction: 
Both the heavy-duty and light-duty engine manufacturers have sought to improve the reliability and 
durability of several valve train components.  Demand from the heavy-duty diesel market is driven by 
the high stresses and temperatures that valve train components undergo in severe corrosive 
environments.  The light duty engine market demands are primarily cost driven, seeking greater 
reliability in materials that are lightweight and have better wear resistance, in order to achieve high 
power density.  For both engine classifications, better valve train materials need to be identified to meet 
the common market demands for high reliability and performance at an affordable cost.   
 
Silicon nitride materials have been targeted for valve train materials in the automotive and diesel engine 
industries since the early 1980’s because of their excellent mechanical properties at elevated 
temperatures and their exceptional corrosion resistance.  There has been success in improving the 
strength and toughness by controlling composition and microstructure of silicon nitride [1, 2].  Self-
reinforced silicon nitride with elongated grain structure provides improved mechanical reliability 
associated with high toughness and strength [3, 4].  Commercial successes have been reported in both 
automotive and diesel valve trains, with large-scale production underway [5-12].  The successful 
ceramic applications exploit the high contact load capability and the material’s resistance to wear and 
corrosion.   
 
5.5 Objectives: 
The objectives of this program are to first conduct a thorough evaluation of the physical, mechanical, 
and thermal properties of a series of commercially available silicon nitrides.  This will establish a 
database that will correlate the microstructural features to materials performance.  The database will 
serve as the means to down select the best performing materials for prototype valve train components.  
The prediction of mechanical reliability and service life will be estimated for the silicon nitride 
ceramics.  Overall, the program will assess the commercial potential of silicon nitride ceramics to solve 
thermal-mechanical problems in the short term, and improving diesel engine performance in the longer 
term.   
 
In this phase of the program, the following properties and characteristics for several silicon nitride 
ceramics were evaluated: physical properties, microstructure, secondary phases, hardness, toughness, 
strength, flaw sensitivity, R-curve, fatigue, and oxidation/corrosion resistance.  A second phase is 
planned and will consist of additional mechanical characterizations such as cyclic fatigue, 
contact/impact damage, thermal shock resistance, and tribological properties.  Scratch tests will be 
conducted in order to simulate machining damage and to estimate the relative resistance to sliding wear 
damage.  These tests will be applied to the top performing silicon nitrides selected from the first phase.  
 
5.6 Experimental Procedures 
 

5.6.1 Materials Selection 
Four silicon nitride vendors were selected for this program on the basis of their active pursuit of the 
commercial diesel engine market, their potential ability to scale up to production quantities, and that 
their materials are revered as the most mature advanced silicon nitride ceramics available.  Table 1 
lists the silicon nitride manufacturers and corresponding materials investigated in this study. 
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Table 1.  List of silicon nitrides investigated in this study. 
 

 
 
 
 

 

5.6.2 Microstructures, Composition Analysis, Thermal Expansion, and 
Conductivity 

Silicon nitride samples were polished to a 1um-diamond finish and plasma-etched to reveal the 
microstructural features using a scanning electron microscope (LEO, Model 1550, LEO Electron 
Microscope Ltd., Cambridge, England).  The secondary or grain boundary phases were identified using 
EDS and ICP method.   The coefficients of thermal expansion were measured using a dilatometer 
(Series 6500, Theta Industries, Port Washington, NY), and thermal conductivity was measured using a 
laser flash thermal diffusivity method (Thermaflash, Model TF 2200, Holometrix Micromet, Bedford, 
MA).  
 

5.6.3 Mechanical Properties 
 

5.6.3.1 Strength, Weibull Modulus, Flaw Tolerance, and R-Curve Behavior 
Strength and fracture toughness were assessed using flexure test specimens, as specified in the ASTM 
C 1161 standard [13].  The test specimen dimensions are nominally 3 mm x 4 mm x 50 mm and their 
surface finish was prepared using 320-diamond grit wheel.  Longitudinal edges of the flexure test 
specimens were chamfered to avoid the likelihood of corner- induced failures.   
 
The specimens were tested in four-point flexure, with the inner and outer load spans at 20 and 40 mm, 
respectively.  Unless otherwise specified, the flexure tests were preformed at the stressing rate of 100 
MPa/sec, in order to eliminate any environmental effects such as stress corrosion cracking.  The first 
test set having 30 specimens was loaded to failure in the as-received, machined condition, in order to 
establish the materials inherent strength and flaw distribution(s).  This strength distribution is typically 
represented as the probability of failure as a function of strength that is also referred to as Weibull plots.  
Another set of flexure test specimens was first subjected to Vickers indentations before strength testing.  
The indentations were made over a range of loads as a means to evaluate flaw tolerance and R-curve 
behavior [14,15].  These tests were conducted with a drop of oil on the indentation site to maintain ine rt 
conditions.  Post failure examinations were made of all specimens to confirm failure initiation from the 
indentation sites.  The flexure strength and flaw tolerance tests were performed at 25 and 850oC.  
 

5.6.3.2 Hardness 
The hardness tests were performed for each material at 25 650, 800, and 900oC and directly evaluated 
using the load-to-projected-contact-area ratio from impression diagonals made by the Vickers 

Vendors CFI (Ceramic for 
Industry, Germany) 

Kyocera (Japan) Allied Signal (USA) Ceradyne 
(USA) 

Symbols CFI 
3208 

CIF 
5201 

CFI 
7202 

SN220 SN235 SN362 GS44 AS800 N147 
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indentations.  The elastic modulus was determined by an acoustic emission technique.  Rockwell C type 
hardness values were also made for comparative purposes but are not presented in this report.   
 

5.6.3.3 Dynamic Fatigue 
Dynamic fatigue tests were conducted to characterize the slow crack growth of the silicon nitrides.  
Flexure tests were conducted as a function of stressing rate following the ASTM C 1368 Standard [16].  
The stressing rates used were 0.01 and 100 MP/sec, and a log- log plot of strength versus stressing rate 
was constructed from the data.  The slope and intercept fatigue parameters were obtained by curve 
fitting the data with a power- law function [17-21].  The lifetime of the silicon nitrides from fatigue 
failure was estimated from the dynamic fatigue data. 
 

5.6.4 Corrosion Resistance 
Diesel engine corrosion resistance was evaluated using an in-house test method known as the oil-ash 
test.  Flexure specimens were placed in a crucible and then covered with specified Caterpillar diesel 
engine oil.  The crucible was placed on a hot plate and heated until the flash point of the oil was 
reached.  The oil was then ignited and the residual contaminates of the oil were deposited on the 
specimen in the form of an ash.  This procedure was repeated twice before placing the test specimens in 
a furnace at 850°C for 48 hours.  For comparative purposes, the currently used exhaust valve material, 
superalloy Nimonic 85, was included in this corrosion test.  After exposure, the specimens were 
examined using the SEM.   
 

5.6.5 Oxidation Resistance 
In order to assess the presence of surface oxidation, the mass of a set of flexure specimens were 
measured before and after placement in a furnace at 850oC for 500 hours.  The test was conducted in 
atmospheric conditions, and after the furnace exposure, the specimens were examined using the SEM.  
Strength tests using four-point flexure were conducted after the SEM examination to identify any 
possible strength degradation from the thermal exposure.   
 
 
5.7 Results 
 

5.7.1 Microstructures, compositions, thermal expansion, and conductivity 
The microstructures of each material examined in this portion of the study are presented in Figure 1.  
The dark regions are indicative of silicon nitride grains while the light regions show the secondary 
phase material.  Notice that all microstructures are considered bimodal and predominately vary by the 
ratio of equiax to elongated grains.  In addition, the grains for each of the silicon nitrides differ from 
approximately one micron to over ten microns in length.   
 
The Ceramics For Industry silicon nitrides (CFI 3208, 5201, 7272) show relatively fine microstructures 
with some elongated grains.  Kyocrea’s SN 362 appears to contain a greater amount of grain boundary 
phase while SN 220 shows a coarser microstructure with large elongated gains.  A relatively fine 
microstructure with elongated grains is shown for Kyocera’s SN 235.  Another coarse microstructure 
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with large elongated grains is observed with Ceradyne’s N147 silicon nitride.  The Honeywell’s GS 44 
shows a microstructure having a fine matrix and relatively large elongated grain while the AS 800 
consists of mostly coarse elongated grains.  Table 2 summarizes grain size, secondary phase 
composition, and thermal conductivity of each material.  Some of the thermal conductivity data was 
provided by the manufacturers, while the remaining was determined using the laser thermal diffusion 
method.  Most of the silicon nitrides contain Al, Y, as secondary phases while SN 362 exhibited Yb-
based grain boundary phase, and AS 800 contained La in the grain boundary phase. 
 

CFI 3208 CFI 5201 CFI 7202 

SN 220 (Kyocera), SN 362 (Kyocera), 

GS 44 (AlliedSignal) Al, Y, N147 (Ceradyne) Al,Y, AS 800 (AlliedSignal), 
10 µm 

SN 235 (Kyocera), 

 
 
Figure 1.  SEM micrographs of silicon nitrides (polished and plasma-etched). 
 
Table 2.  Microstructural characterization for each material 
 

Materials Vendors Microstructure 
Grain size (µm)* 

Secondary 
phase 

Thermal 
conductivity 

CFI 3802 CFI Fine (d = 0.2, l = 1.5) Al, Y 20 W/m-K 
CFI 5208 CFI Fine (d = 0.4, l = 2.5) Al, Y 30 W/m-K 
CFI 7202 CFI Fine (d = 0.3, l = 1.8) Al, Y 22 W/m-K 
SN 220 Kyocera Coarse (d = 1.4, l = 6.2) Al, Y 25 W/m-K 
SN 235 Kyocera Medium (d = 0.8, l = 4.0) Al, Y 31 W/m-K 
SN 362 Kyocera Medium (d = 0.6, l = 5.2) Yb 32 W/m-K 
GS 44 Allied Signal Medium (d = 0.9, l = 5.5) Al, Y, Mg 20 W/m-K 
AS 800 Allied Signal Coarse (d = 1.8, l = 7.5) La 70 W/m-K 
N 147 Ceradyne Coarse (d = 2.3, l = 5.8) Al, Y, Fe 26 W/m-K 
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Figure 2.  Thermal expansion behavior for GS 44 and AS 800 as function of temperature.  
Notice that there are inflection points on each curve (a point on the curve where the slope 
changes from positive to negative). 
 
 

5.7.2 Mechanical Properties 
The strength, toughness, R-curve behavior, hardness, Young’s Modulus, and Weibull modulus are 
summarized in Table 3.  Note that not all material properties are presented in each category of the 
table. 
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Table 3 Summary of mechanical properties for each material 
 

Materials Strength 
MPa 

Toughness 
MPa·m1/2 

R-curve  
effect 

Hardness 
(Vickers) 

Young’s 
Modulus 

Weibull 
Modulus 

 25oC 850oC   25oC 850oC   
CFI 3802 730±34 N/a 5.0 flat 15.2±0.2 10.7±1.1 310 19 
CFI 5208 710±45 N/a 6.5 N/a 15.5±0.1 N/a 320 >20 
CFI 7202 775±33 683±41 5.2 N/a 15.0±0.1 N/a 310 >15 
SN 220 610±45 N/a 5.2-5.5 mild 14.5±0.6 N/a 294 N/a 
SN 235 790±34 N/a 6.0-6.5 mild 15.5±0.4 10.2±1.3 300 N/a 
SN 362 655±67 N/a 3.2 N/a 18.5±0.7 N/a 310 N/a 
GS 44 959±44 776±51 6.8-7.5 mild 15.2±0.2 11.2±0.5 310 18 
AS 800 707±39 623±43 5.7-7.1 strong 14.8±0.4 12.1±0.9 305 20 
N 147 650±55 N/a 5.2-6.0 mild 14.5±0.4 N/a N/a N/a 

 
 

5.7.2.1 Flaw Tolerance and R-Curve Behavior 
Figure 3 illustrates the inherent strength as function of indentation loads for CFI 3802, SN 220, SN 
235, N 147, GS 44, and AS 800.  The data points represent the mean strength value, and each of the 
data has error bars representing the standard deviations (logarithmic coordinates).  There were five 
specimens at each prescribed indentation load.  These points exclusively represent confirmed 
failures from the indentation site.  Any failures that were not a result of the indentation are included 
in a data pool for natural flaws, and are shown at left on the ordinate axis.  The solid lines are the 
least squares fit for the data.   
 
The material behavior can be further examined by curve fitting the hardness data and then 
comparing it to a slope of -1/3 in logarithmic coordinates.  A triangle showing the -1/3 slope is 
included in the plot.  The data for CFI 3802 is relatively low on the strength axis, and has a slope 
close to -1/3, indicative of a material with comparatively low, single-value fracture toughness.  The 
data set for GS 44 is highest on the strength axis, and also has a slope close to -1/3.  Again this 
suggests a single-value fracture toughness value, just at a higher strength level.  The data set for AS 
800 shows a slope significantly less than -1/3, indicating a strong flaw tolerance and the existence of 
R-curve fracture toughness behavior.  This is often observed from a coarse microstructure with 
elongated grains.  The remaining silicon nitrides show a slope near the -1/3 value and vary only by 
the placement on the strength axis.  Kyocera’s SN 235 has a higher strength value followed by 
Ceradyne’s N 147, which is followed by the Kyocera SN220. 
 
An objective deconvolution of the strength data in Figure 3 using indentation fracture mechanics yields 
the functional dependencies of toughness, K = KR = T on crack size c as shown in Figure 4.  The 
toughness values are effectively constant, that is, T = T0 over the 40 to 1000 µm crack extension range 
for CFI 3208, SN 220, and SN 235.  For the AS 800, T(c) rises substantially over this same crack 
extension range.  Note that the T(c) curve for AS 800 crosses below the SN 235 at low load, 
foreshadowing diminished short-crack properties (i.e. below 150 µm).  The GS 44 silicon nitride 
illustrates a mild R-curve increase in fracture toughness, but at higher values over the same crack size 
range. 
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Figure 3.  Plots of bending strength as function of indentation load. All data points wi th error 
bars are means and standard deviations (logarithmic coordinates) for a minimum of five 
specimens at each prescribed load. 
 
 
Another manner to present the fracture toughness data is shown in Figure 4.  This is accomplished 
using an objective indentation-strength K- field protocol [23].  Under the action of an applied stress σA, 
radial cracks of size c produced at indentation load P extend according to an equilibrium condition, 
 

K ′A(c) = ψσAc1/2  + χP/c3/2  = T(c)         Eq (1) 
 

 
where K ′A(c) is a global applied stress-intensity factor, and ψ and χ are crack-geometry and residual-
contact coefficients.  For a given load P, failure occurs at the applied stress σA = σF that satisfies that 
the tangency condition; 
 

dK ′A(c)/dc =dT(c)/dc         Eq (2) 
 
Given an appropriate calibration of the coefficient ψ and χ, one may generate families of K ′A(c) curves 
from the σF(P) data set shown in Figure 4.  Toughness curves T(c) may then be objectively determined 
as envelopes of tangency points to these families of curves.  Such constructions are presented in Figure 
5 for each silicon nitride. 
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Figure 4.  Toughness curves of silicon nitride ceramics, deconvoluted from data in Figure 3. 
 

Notice that the first indentation-strength data for CFI in Figure 3 closely satisfy the condition σF ~ P-

1/3 for a single –value toughness, T(c) = T0 =constant, so this material affords a useful control.  
Assuming that the Vickers crack geometry is material independent, one may retain ψ = 0.77 from 
the calibration, on alumina [22].  Allowing for a dependence in the residual contact field on the 
average modulus-to-hardness ratio (E/H)1/2 = (320 GPa/15 GPa)1/2 = 4.55, it is conceivable to 
evaluate χ = 0.066 for CFI from the same study.  Thus, inserting σA = σF at each value of P into Eq. 
1 from the control indentation-strength data in Figure 2, a family of K ′A(c) curves are generated as 
shown in Figure 5.  Notice that the envelope of tangency points is indeed horizontal, confirming a 
single-value toughness; T(c) = T0 = 5 MPa·m1/2 for this material.  In the same manner, the family of 
K ′A(c) curves for SN 200, SN235, GS 44, AS 800, and N147 are presented in Figures 5 (b-f).  Note 
that the tangency points for AS 800 yield a distinctly rising T(c) curve behavior. 

 

5.7.2.2 Weibull Modulus 
Figure 6 presents the Weibull distribution graphs for CFI 3028, GS 44, and AS 800 at 25 and 850oC.  
All three materials show the Weibull moduli values are in the range of 18-20 when tested at both 
temperatures.  Note that GS 44 has the highest mean strength, and at 850oC, an approximate 10-20% 
strength degradation is shown.  There was also a decrease in strength for the CFI 3028 and AS 800 
when tested at 850°C, but these decreases are of a lower magnitude than the GS 44.  No significant 
changes in Weibull moduli values are evident in Figure 6, suggesting that the flaw population(s) for 
each material is not temperature dependent.   
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Figure 5.  Toughness-curve diagrams for silicon nitride ceramics.  Families of solid curves are 
plot of K ′A(c) curves in Eq. 1 using strength data from Figure 2.  Toughness functions are plotted 
as locus of tangency points to K ′A(c) curves. 
 

5.7.2.3 Dynamic Fatigue 
Figure 7 shows the fatigue strength as function of stressing rate for SN 220, SN235, GS 44, and AS 
800.  All data points are mean values with error bars as standard deviations (logarithmic coordinates) 
for a minimum of five specimens at each prescribed load.  The solid lines are the best fit for the data.   
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Figure 6.  Weibull flexure strength distributions of silicon nitride ceramics at 25 and 850oC. 
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Figure 7.  Plots of fatigue strength as function of stress rate. 
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Figure 8.  Strength comparison before and after exposed at 850ºC for 10 days. 
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Fatigue exponents (n) for SN 220, SN235, GS 44, and AS 88 are 41, 60, 38, and 115, respectively.  
The GS 44 material shows highest strength values over the stressing rate range.  Note that of the 
materials examined, the AS 800 shows a higher fatigue exponent value (n = 115), indicating that this 
material is the least susceptible to slow crack growth.   
 
 

5.7.3 Oxidation and Corrosion Resistance 
Strength before and after extended exposure in a furnace is presented in Figure 8.  The CFI 3208 
shows a significant increase in strength while the GS 44 show a significant decrease in strength after 
the thermal exposure.  The AS 800 and SN 235 materials show no significant strength degradation.  
No measurable weight gains were found in the silicon nitrides tested, indicating all of the materials 
have a resistance to oxidation at 850oC.  A plausible explanation for the increase in the CFI 3208 
strength after thermal exposure would be that the oxidation process might heal the surface from 
machining damage.   
 
Figure 9 (b) shows SEM micrographs of section view of the GS 44 after exposed to corrosive 
species at 850oC for 48 hour.  None of silicon nitrides tested showed any type of corrosive attack, 
indicating a resistance to corrosion when exposed to the diesel engine oil ash contaminates. In 
contrast, the superalloy Nimonic 85 in Figure 9 (a) shows a significant reaction to the oil ash deposit, 
resulting in relatively deep corrosion attack into the test specimen. 
 
 

Corrosion product 
Oil deposition 

20 µm (a) 20 µm (b) 
 

 
Figure 9.  SEM micrographs of the section views of (a) Nimonic 80 and (b) GS 44 silicon 
nitride exposed at 850°C for 48 hours. 
 
 
5.8 Discussion: 
 

5.8.1 Microstructure, Strength, and Toughness 
The study demonstrates that the mechanical properties of the silicon nitrides examined in this study 
are influenced by their microstructures.  The fine grain microstructure of CFI 3802 showed a 
relatively high strength as presented in Table 2, but as typically observed in fine grain ceramics, this 
material has low fracture toughness.  The indentation tests presented in Figure 3 suggest that CFI 
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3802 has no tolerance for flaw damage, and maintains a relatively flat R-curve behavior, the 
trademarks of a brittle material.  Strength was slightly lower and fracture toughness was slightly 
higher for SN 220 when compared to CFI 3802.  However, as shown in Figure 1, these two materials 
have distinctly different microstructures; the SN 220 has coarser grain structure than the CFI 3802.   

A silicon nitride that appears to combine the microstructure features of CFI 3802 and SN 220 is SN 
235; a relatively fine grain material but with a greater presence of larger elongated grains.  The strength 
and fracture toughness of SN 235 are greater than for the CFI 3802 and the SN220 materials.  This 
suggests that a fine grain matrix microstructure with a greater amount of longer elongated grains gives 
both high strength and toughness values.  The microstructure of Ceradyne N147 silicon nitride is very 
similar to the Kyocera SN 220, and this is supported by the similarity in the strength and fracture 
toughness values obtained.  The CFI 3802, SN 220, SN 235, and N 147 have some properties in 
common, namely a flat R-curve behavior and intolerance to flaw damage.   

The GS 44 with large elongated grains in a relatively moderate grain matrix showed the highest 
strength (959 MPa) and fracture toughness (7.5 MPam1/2) values in the study.  A moderately size 
grain matrix without large defects suggests a small flaw size for crack initiation, and this would 
result in higher strengths.  In addition, the elongated grains could act as bridging elements for 
resisting crack propagation and thus contribute to high toughness values.  The results of the study 
suggest that the GS 44 presents a good combination of toughness and strength.  However, GS 44 was 
shown to exhibit little flaw tolerance and consequently a mild R-curve behavior.  The AS 800 silicon 
nitride composed of a relatively coarse microstructure showed equivalent toughness values but lower 
strengths than the GS 44.  The large elongated grains of the AS 800 might have a deleterious effect 
on strength by becoming the strength- limiting flaw.  Conversely, this coarse grain structure is likely 
an effective crack toughening mechanism, and thus this material shows excellent flaw tolerance and 
a strong R-curve behavior [15].   
 
The hardness values of silicon nitrides examined in this study were measured in the range of 14-15 GPa 
using the Vickers method, and 75-80 GPa using the Rockwell C method.  These hardness values are 
much higher than those materials currently used as engine valves in Caterpillar engines.  Hot hardness 
at 850oC (see Table 3) was approximately12 for the Vickers method and 70 for the Rockwell C method 
(not presented in this report), suggesting that the silicon nitride materials would have a high tolerance to 
wear at elevated temperatures.   
 

5.8.2 Dynamic Fatigue and Life Time Prediction 
The predictive techniques presented in this study are based on the reasonable assumption that failure 
of ceramic materials occurs predominantly from the stress-dependent growth of a pre-existing flaw 
to dimensions critical for spontaneous crack propagation.  In addition, the lifetime estimate is based 
on the application of a constant load.  For most ceramics the subcritical crack velocity (V) can be 
expressed as a power function of the stress intensity factor (KI) [18-20, 23]: 

V = V0 (Ki/KIC)n         Eq. (3) 

where V0 and n are curve fit constants that depend on the environment and material composition.  
From Eq. 3 it can be derived that the time to failure (tf) under a constant tensile stress (σi) is, 

tf = B (σi/σf)(n-2)/σf
2         Eq. (4) 
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where B = 2KIC
2/V0Y2(n-2), σi and σf are the initial and final stresses, respectively. Constants n and 

B can be obtained from intercept and slope in the following equation: 

σf = B (n +1) σi
n-2σa       Eq. (5) 

slope = 1/(n+1)       Eq. (6) 

intercept = [1/(n+1)]log[B(n+1)σi
n-2]      Eq. (7) 

The slope and intercept values were calculated using Eqs. 6 and 7 for SN 220, SN235, GS 44, and 
AS 800 and are presented in Table 4.  
 

Table 4.  Fatigue Parameters. 

Material slope n intercept 

SN 220 0.0237 41 8.605 

SN235 0.0162 60 8.658 

GS 44 0.0262 38 8.765 
 
 
Figure 10 graphically presents the dynamic fatigue data from Table 4 and estimates the time to failure 
for each material using Eq. (4).  GS 44 shows a strong dependence in the time dependent failure, 
indicating a greater susceptibility to slow crack growth.  Notice that GS 44 is higher in strength but 
crosses over the strength lines of both AS 800 and SN 220 at approximately 104 hour.  The AS 800 
shows the least sensitivity to time dependent failure.  This favorable resistance to slow crack growth is 
attributed to the strong R-curve behavior of this material; toughness increases with increasing crack 
size (see Figure 3).  Assuming the stress estimates for the silicon nitride valve train components are no 
greater than 350 MPa, the time to failure is projected at 106 hours for SN 220, and infinite lifetimes for 
SN235, GS 44, and AS800. 
 
Wereszczak et al. [24] have studied the inflection points illustrated  in Figure 2 in greater detail.  A 
strong correlation exists between the temperatures at the inflection point to a change of state in the 
secondary phase of the material.  The change of state in the secondary phase manifested itself as a 
intermediate temperature failure mechanism. 
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Figure 10.  Estimated time to failure based on the fatigue data in Figure 7.  Applied stress and 
target life line are also included in the plot. 
 

5.8.3 Oxidation/Corrosion Resistance 
No observable oxidation/corrosion processes were found in the silicon nitride ceramics examined in 
this study, indicating that these materials are very compatible in the diesel engine environments. 
 
 
5.9 Conclusions 
 
1. GS 44 and SN 235 have been identified as the best candidates for the advanced mechanical testing 

and the prototype valve train component testing, based on strength and toughness data at ambient 
and elevated temperatures. 

2. AS 800 with a coarse grain structure, had a strong R-curve behavior, high toughness and excellent 
slow-crack growth resistance, and will be sub ject to advanced characterization tests.  However, this 
material had a lower strength than the GS 44 and SN 235 materials. 

3. The lifetime for the SN 235, GS 44, and AS 800 materials under a constant tensile stress of 350 
MPa was predicted from the dynamic fatigue data to be over 109 hours. 

4. All silicon nitrides showed excellent oxidation/corrosion resistance at 850ºC. 
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5.10 Recommendations 
 
1. Perform advanced characterization tests to identify the silicon nitride best suited for valve train 

component applications. 
2. Perform finite element analysis on candidate valve train components using worst-case scenario for 

boundary conditions. 
3. Estimate the service lifetime of the ceramic valve train component from life prediction algorithms 

and finite element modeling. 
4. Assess the commercial viability of silicon nitride ceramics for valve train applications. 
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6. Engine Valve Study Phase 2 – Damage Mechanisms 
 
6.1 Abstract 
Contact, sliding, and scratch damage mechanisms of commercially available silicon nitride ceramics 
were investigated as a function of microstructure.  A sliding contact wear test rig located at the 
Advanced Materials Technology having a modified Hertzian contact configuration was employed to 
simulate sliding contact wear damage.  An example of this wear type is illustrated by the interaction of 
an engine valve contacting a seat insert in a diesel engine.  Both contact surfaces are at an angle to the 
direction of motion and after contact, the two surfaces slide on one another under load.  The GS 44 
(Honeywell Inc., USA) silicon nitride with a moderate size microstructure exhibited the best wear 
resistance at both 25 and 600oC.  The fine grain CFI 3208 (Ceramics For Industry, Germany) silicon 
nitride exhibited brittle behavior when subjected to the contact and sliding tests.  A silicon nitride 
having a relatively coarse microstructure (AS 800, Honeywell Inc., USA) exhibited the highest wear 
volume.  To simulate abrasive wear and machining damage, scratch tests were performed using a 
conical diamond indenter.  The silicon nitrides with a coarse microstructure showed a higher material 
removal rate that agrees with a higher wear volume in the sliding contact tests. 
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6.2 List of Figures 
 
Figure 1.  Schematic of Hertzian contact stress model. 
 
Figure 2.  Schematic of sliding contact wear test rig modified from the Hertzian contact model. 
 
Figure 3.  Half-surface and side views of Hertzian contact damage in silicon nitrides.  Indentations were 
made with WC sphere radius r = 1.98 mm at load P =4000 N. 
 
Figure 4.  Surface views of damage in silicon nitride.  Indentations were made with NBD200 silicon 
nitride sphere radius r = 3.18 mm, n = 106 cycles. 
 
Figure 5.  SEM micrographs of contact damage: (a) entire region and (b) high magnification.  The 
compacted film was observed in the wear scar. 
 
Figure 6.  Contact and sliding surface damage in Pyromet 31, Inconel 783, and GS 44 silicon nitride.  
The silicon nitride shows the smallest wear scar compared to the current valve alloys, indicating 
excellent wear resistance in this material. 
 
Figure 7.  Surface damage in CFI 3208, GS 44, and AS 800 silicon nitride materials.  Silicon nitride 
shows the smallest wear scar compared to the current valve alloys, indicating excellent wear resistance 
in this material. 
 
Figure 8.  SEM micrographs of wear scars of CFI 3208 and AS 800. 
 
Figure 9.  Wear volume of CFI, GS44, and AS800. 
 
Figure 10.  Wear scars for AS800 tested with 0o and 30o contact angle. 
 
Figure 11.  Wear volume made at room temperature and at 600oC. 
 
Figure 12.  Surface views of scratch damage for CFI, GS44, AS800 as function of scratch load. 
 
 
6.3 List of Tables 
 
Table 1. Properties of silicon nitrides investigated. 
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6.4 Introduction 
This report represents the second phase of the research program on the evaluation of commercially 
available silicon nitrides for valve train applications.  The previous report summarized the 
microstructure, secondary phases, hardness, toughness, strength, flaw sensitivity, R-curve, fatigue, and 
oxidation/corrosion resistance of candidate silicon nitride materials.  In this report, sliding/contact wear 
properties of silicon nitrides with different microstructures were investigated to identify the critical 
microstructural features responsible for the performance characteristics of these materials.  This study 
provides a guideline for matching materials performance to valve train component requirements, and 
provides a database for lifetime prediction of a ceramic made components. 
 
6.5 Objectives 
1. Perform additional detailed materials characterization tests on down selected silicon nitrides from 

the first phase of this program.  The following tests will be conducted: 
a. Single contact damage 
b. Contact fatigue damage 
c. Sliding wear damage 
d. Scratch damage 

2. Analyze characterization test results to identify and relate the microstructural features to materials 
performance. 

3. Establish a sufficient materials database for estimating the service lifetimes of ceramic made valve 
train components using probabilistic design methodologies. 

 
6.6 Experimental Procedures 

6.6.1 Materials Selection 
Three materials were selected based on the results obtained from the first phase of this program, and 
from the size and distribution of grains in the material’s microstructure.  The material properties 
investigated in the first phase are summarized in Table 1.   
 
The top three silicon nitrides down selected from the first phase were GS 44 and AS 800 (Honeywell 
Inc., USA), and SN 235 (Kyocera Inc. Japan).  However, due to the ultra fine grain structure of the CFI 
3208 material and the opportunity to gain more insight on the influence of microstructure to material 
performance, the investigators chose to include this material over the SN 235.  Details on 
microstructures and the results from the first stage of mechanical testing can be found in the first phase 
of this program. 

6.6.2 Contact Damage Tests  

6.6.2.1 Single Contact 
The Hertzian indentation method was chosen as the means to examine contact damage using a single 
load application [1].  A schematic of the contact damage test apparatus is presented in Figure 1.  The 
surfaces of test specimens were first polished to 1 µm finish before making indentations.  The indents 
were accomplished using a silicon nitride sphere (NBD 200, Norton Co, CT) with a radius of 1.98 mm, 
and the peak loads applied were 4000 N.  Contact damage was observed by optical microscopy in 
Normarski illumination. 
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To provide greater insight, specimens were prepared by bonding together two polished half-blocks 30 
mm x 5 mm x 5 mm at a common interface with an intervening thin layer of adhesive.  After joining 
the half-blocks, the indentation surface was polished.  Indentations were made on the top surface in a 
manner that would evenly traverse the bonded interface.  The adhesive was then dissolved in acetone, 
and the top and side surfaces of the separated half-blocks were prepared for optical examination.  
Damage zones were observed by optical microscopy. 

6.6.2.2 Cyclic Contact 
Cyclic Hertzian indentations were made on the top surfaces of polished specimens 3 mm x 4 mm x 25 
mm using the same silicon nitride material as before (NBD 200).  The radius of the indentation sphere 
was 3.18 mm, and the tests were conducted using a servo-hydraulic universal testing machine (Model 
8502, Instron Corp., Canton, MA).  The number of contact cycles was up to 106 and these were applied 
at the frequency of 30 Hz.  The tests were run in air where the relative humidity was approximately 
55%.  Damaged surfaces were examined by optical microscopy in Normarski illumination followed by 
a SEM study to identify damage mechanism(s). 

6.6.2.3 Sliding Contact 
A sliding contact wear rig was devised using a modified Hertzian contact configuration in order to 
simulate sliding contact wear.  This models the type of wear that an engine valve may have when 
making contact with the valve seat insert.  Figure 2 illustrates a schematic of the test configuration.  A 
fixture having an angle of 30o held the test specimen to allow sliding motion after making contact.  The 
experimental surfaces of test specimens were finished with a machining process that used a 320-
diamond grit wheel.  The indenter was a silicon nitride sphere (NBD 200) with a radius of 3.18 mm, 
and up to 105 cycles were made at a frequency 5 Hz.  Tests were conducted at 20 and 600oC, on the 
same machine used for the cyclic contact tests.  For comparative purposes, wear tests were conducted 
on Pyromet 31 and Inconel 783, the alloys currently used for engine valves.  Wear damage was 
examined using both optical and SEM microscopes, and the wear volume was measured using an 
optical interferometer.   
 
Table 1. Properties of silicon nitrides investigated. 
 

 CFI 3208* SN235P** GS44*** AS800*** 
Grain size 
(µm) 

Fine 
(d = 0.2, l = 1.5) 

Medium 
(d = 0.8, l = 4.0) 

Medium 
(d = 0.9, l = 5.5) 

Coarse 
(d = 1.8, l = 7.5) 

Grain  
boundary 
phases 

Al, Y Al, Y Al, Y. Mg La 

Strength (MPa) 730 ± 34 790 ± 34 959 ± 44 707 ± 39 
Toughness 
(MPa·m1/2) 

5.0 6.0-6.5 
(R-curve) 

6.8-7.5 
(R-curve) 

5.7-7.1  
(R-curve) 

Hardness 
(GPa) 

15.2 ± 0.2 15.5 ± 0.4 15.2 ± 0.2 14.8 ± 0.4 

Young’s 
Modulus (GPa) 

310 300 310 305 

*Ceramic for Industries, Germany 
**Kyocera Inc. Japan 
***Honeywell, USA 
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Figure 1.  Schematic of Hertzian contact stress model. 
 
 

 
 
Figure 2.  Schematic of sliding contact wear test rig modified from the Hertzian contact model. 
 

6.6.2.4 Scratch Tests 
Scratches were made on a polished surface having 1 µm finish using an automatic scratch tester with a 
conical diamond indenter (CSEM-REVETEST, Neuchatel, Switzerland) having an apex angle of 120o 
and a radius of 200 µm.  The load applied on the spherical tip indenter monotonically increased as it 
traversed along the surface, and a piezoelectric accelerometer measured the acoustic emission produced 
as the samples undergo damage and fracture.  The tangential friction force and the intensity of the 
acoustic signal were recorded as a function of the applied load.  Tests were conducted in ambient 
conditions with a relative humidity of approximately 45-55%. 
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Another version of the scratch test was conducted using a constant load.  The applied load ranged from 
5 N to 130 N with a sliding speed of 20 mm/min.  The tests were conducted in the same conditions as 
for the increasing load scratch tests.  The resulting scratches were about 20 mm in length.  The cross-
sectional area of each scratch was obtained by profile measurement to estimate the volume of material 
removed per unit sliding distance.  Damage patterns on the surface were observed using an optical 
microscope in Normarski illumination, a scanning electron microscope (SEM), and a surface profiler.  
As described in the contact damage section, bonded-interface test specimens were used to reveal the 
subsurface scratch damage [2, 3].  The specimens were prepared in the same manner as described 
earlier in this report.  The scratch was made using a 100N constant load and orthogonal to the interface.  
After completing the scratch test , the bonded specimens were separated in acetone, and the subsurface 
damage was observed using an optical microscope. 
 
 
6.7 Results 

6.7.1 Single Contact 
The results of the contact tests for the three silicon nitrides examined in this study are presented in 
Figure 3.  The images for the CFI 3208, GS 44, and AS 800 consist of a top contact view along with the 
corresponding side view.  The top view is parallel to the direction of contact and shows only one-half of 
the specimen, while the side view gives a glimpse of the material’s response inside and just below the 
contact site.  For the CFI 3208, a fully developed subsurface cone crack can be seen and no 
accompanying deformation is observed beneath the contact circle.  This image is often seen from 
homogeneous, fine-grain ceramics, and represents a near-ideal brittle behavior.  The GS 44 silicon 
nitride, shows the formation of surface ring cracks about the contact site; these ring cracks appear not to 
no penetrate from this viewpoint.  However the side view shows evidence of a subsurface quasi-plastic 
zone, and this zone is considerably more intense.  This response is typical of heterogeneous materials 
and is consistent with the pronounced surface depression.  The image of the AS 800 is similar to the GS 
44 but with greater pronouncement of the subsurface quasi-plastic zone.  The side contact site views for 
the GS 44 and AS 800 materials are similar to plastic deformation observed in metals. 
 

 
 
Figure 3.  Half-surface and side views of Hertzian contact damage in silicon nitrides.  
Indentations were made with WC sphere radius r = 1.98 mm at load P =4000 N. 
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6.7.2 Cyclic Contact 
Figure 4 shows top surface views of contact damage from CFI 3208, GS 44, and AS 800 after 106 
cycles in ambient conditions.  Two loads were applied (3000, 4000 N) with a silicon nitride sphere 
having a radius of 3.18 mm.  The CFI 3208 material is shown to have chipped away from around 
contact area, likely as a result of radial cracks forming indicating a brittle response to cyclic loading.  In 
contrast to the CFI 3208, no cracking was observed in either the GS 44 or the AS 800 materials.  
Although not as evident in Figure 4, the contact wear in the AS 800 was more severe than that in the 
GS 44.  Microcracking and grain pullout were identified as the contact wear mechanism.  Figure 5 is an 
SEM micrograph of the AS 800 wear scar shown in Figure 4.  An oxygen rich compacted film was 
identified on the contact surface.   
 

6.7.3 Sliding Contact 
Cyclic sliding contact was performed on the surfaces of the test specimens for 7x104 cycles at 5 Hz with 
a 150 N load and at 25oC.  Figure 6 compares the wear scars of the Pyromet 31 and Inconel 783 that are 
current valve alloys to GS 44 silicon nitride.  The wear scars indicate evidence of sliding damage  

 
 
Figure 4.  Surface views of damage in silicon nitride.  Indentations were made with NBD200 
silicon nitride sphere radius r = 3.18 mm, n = 106 cycles. 
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Figure 5.  SEM micrographs of contact damage: (a) entire region and (b) high magnification.  
The compacted film was observed in the wear scar. 
 
 
 
 

 
 
 
Figure 6.  Contact and sliding surface damage in Pyromet 31, Inconel 783, and GS 44 silicon 
nitride.  The silicon nitride shows the smallest wear scar compared to the current valve alloys, 
indicating excellent wear resistance in this material. 
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Figure 7.  Surface damage in CFI 3208, GS 44, and AS 800 silicon nitride materials.  Silicon 
nitride shows the smallest wear scar compared to the current valve alloys, indicating excellent 
wear resistance in this material. 
 
Figure 7 shows wear scars in CFI 3208, GS 44, and AS 800.  Sliding contact was made for 105 cycles at 
5 Hz, and at 25oC.  At the 150 N load, (Hertzian contact stress =1.5 GPa), there was no significant 
difference in wear scar from the three silicon nitrides.  However, at the 500 N load, (Hertzian contact  
associated with impact damage.  The GS 44 shows a smaller wear scar, indicating that this material 
exhibits better sliding contact wear damage resistance than current valve alloys.   
stress = 3.8 GPa), the AS 800 shows the largest wear scar, indicating the least resistance of sliding 
contact wear of the three materials examined.  Conversely, the GS 44 shows the smallest wear scar, 
indicating the best sliding contact wear resistance.  Figure 8 shows the SEM micrographs of wear scars.  
A smooth wear scar was evident in CFI 3208, indicating that mild wear (polishing) is the predominant 
wear mechanism.  In AS 800, microcracking and grain pullout were observed in the wear scar, 
indicating severe wear process.  Wear volume measured by an optical interferometer are plotted in Fig. 
9.  As Figure 9 shows, the wear volume increases with increasing contact load and AS 800 shows the 
highest wear volume, consistent with the size of the wear scars. 
 
The contact angle was investigated in order to decouple the effects of contact and sliding damage.  
Figure 10 compares the wear scars for the AS 800 produced with (a) 0o and (b) 30o contact angle.  
Contact was made for 105 cycles at 5 Hz with a load of 500 N and at 25oC.  As Figure 10 shows the 
wear scar at the 30o contact angle was significantly larger than that at the 0o contact angle, indicating 
that the sliding contact wear is more severe than pure contact. 
 
Another set of wear tests was performed at 600oC, and the wear volumes were estimated and compared 
to the wear volumes obtained from the 25oC tests, see Figure 11.  The wear significantly decreased for 
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the CFI 3208 silicon nitride as the temperature increased; the significance is however marginal and just 
beyond the standard deviation of the data.  The GS 44 silicon nitride exhibited no significant difference 
in wear volumes as a function of temperature.  The AS 800, wear volume at 600oC was significantly 
smaller than that at 25oC. 
 

6.7.3.1 Scratch Damage 
Figure 12 shows the surface views of the scratch damage results as a function of load. At the 15 N load, 
plastic deformation was predominant in all three materials.  At the 30N load, plastic deformation was 
mainly predominant in the CFI 3208 and GS 44, but evidence of microcracking is observed the AS 800.  
At higher loads such as in the 50-70 N range, brittle fracture associated with microcracking and 
chipping became the predominant damage mode observed.  Thus, the scratch damage tests indicate that 
as the load increases, a change from plastic deformation to brittle fracture occurs in these materials.  
Figure 13 shows a plot of material removal as a function of scratch load for CFI 3208, GS 44, and AS 
800.  The AS 800 shows a higher material removal than the CFI 3208 and GS 44, that is consistent with 
surface scratch damage results presented in Fig. 12. 
 
6.8 Discussion 
 

6.8.1 Microstructure, Contact and Sliding Wear Resistance 
Contact and sliding damage was investigated in three commercially available silicon nitrides on the 
basis of microstructure, with particularly interest in grain size.  This type of testing is relevant to many 
engineering applications, such as engine valves making contact and sliding against the valve seat insert.  
In the single contact tests, the fine grain CFI 3208 exhibited cone cracks (see Figure 3), indicating a 
brittle response that is known to lead to significant strength degradation [4].  In the same tests, the 
intermediate grain size GS 44 and the coarse grain size AS 800 show a distributed damage zone 
beneath with the incipient surface ring crack collars, indicating a quasi-ductile response.  These results 
indicate that the AS 800 and GS 44 have better contact damage tolerance.  Thus the CFI 3208 with a 
fine grain structure appears not be a good material selection for a high contact stress application.   
 

 

Smooth (polishing)    Rough (microcracking, grain pullout) 

 CFI 3208      AS 800 

 
 
Figure 8.  SEM micrographs of wear scars of CFI 3208 and AS 800. 
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Figure 9.  Wear volume of CFI, GS44, and AS800. 
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Figure 10.  Wear scars for AS800 tested with 0o and 30o contact angle 
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Fig. 11.  Wear volume made at room temperature and at 600oC. 
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Figure 12.  Surface views of scratch damage for CFI, GS44, AS800 as function of scratch load. 
 
In the cyclic contact tests, the GS 44 developed the smallest wear scar indicating excellent contact wear 
resistance, see Figure 4.  The CFI 3208 showed a brittle response with chipping and radial cracking 
from the wear scar.  The AS 800 had a larger wear scar than the GS 44, indicating less contact fatigue 
resistance. 
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Wear is more severe in the sliding contact scenario when compared to the pure contact mode (see 
Figure 10).  However, the silicon nitrides exhibited a significantly better wear resistance in the 
sliding/contact wear tests, than current valve alloys (see Figure 6).  This suggests that the use of silicon 
nitride materials in contact and sliding applications would result in improved wear resistance.  The AS 
800 showed the highest wear volume, consistent with the results observed under cyclic contact 
condition.  No detrimental effects were observed when performing the sliding contact tests at 600oC 
(see Fig 11). 
 
The scratch damage tests indicate that the AS 800 with coarse grains had a larger material removal rate 
than the GS 44 and the CFI 3208 materials.  This is consistent with wear damage observed under cyclic 
and sliding contact.  Of the materials examined in this study, the GS 44 appears to be the best material 
choice for applications where repeated contact and wear resistance are critical performance parameters. 
 
6.9 Conclusions  
It is recognized that microstructure is central to these mechanical properties.  In this study, the role of 
the microstructure in contact load, number of cycles, temperature, and contact angle were investigated.  
Scratch tests were conducted in order to simulate machining damage and to evaluate abrasive wear 
resistance.  Three grades of commercially available silicon nitrides were selected for the tests based on 
grain size: CFI 3208 with a fine grain structure (Ceramic for Industry, Germany), GS 44 with an 
intermediate grain structure (Honeywell Inc., USA), and AS 800 with a coarse grain structure 
(Honeywell Inc., USA).  The materials with an acceptable level of performance are listed below for 
each test: 
 

1) Single Contact - GS 44, AS 800 
 

2) Cyclic Contact - GS 44 
 

3) Elevated Temperature Cyclic Contact - GS 44, AS 800, CFI 3208 
 

4) Contact and Sliding - GS 44 
 

5) Scratch Test - GS 44, CFI 3208 
 
The conclusions of this study suggest that GS44 silicon nitride is the best choice for applications where 
the wear properties are critical for determining lifetime of performance. A combination of high strength 
and toughness of this material leads to excellent wear resistance, a requirement for many valve train 
components. 
 
6.10 Recommendations 
The results from the first and second phases indicate that GS 44 and AS 800 are the best performing 
materials for valve train applications.  The Kyocera SN 235 silicon nitride is also considered a high 
performance material suitable for these applications, but the results from SN235 tests are not presented 
in this report.  The following recommendations are made for the valve train program: 
 
1. Perform fractographic analysis on test specimens to identify the strength-limiting failure modes for 

the GS 44, AS 800 and SN 235 materials 



 175

2. Identify valve train components suitable for silicon nitride materials 
3. Begin a design phase to examine the material performance with component requirements 
4. Select one of the silicon nitrides and have prototype valves fabricated 
5. Devise bench tests to examine the prototype ceramic component 
6. Assess performance of silicon nitride prototype components before proceeding to engine tests 
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7. Advanced Catalyst Technologies for Diesel Engine Aftertreatment 
 
7.1 Program Background 
 
The overall objective of this program is to develop catalyst materials systems for an advanced Lean-
NOx aftertreatment system that will provide high NOx reduction with minimum engine fuel efficiency 
penalty. With government regulations on diesel engine NOx emissions increasingly becoming more 
restrictive, engine manufacturers are finding it difficult to meet the regulations solely with engine 
design strategies (i.e. improved combustion, retarded timing, exhaust gas recirculation, etc.).  
Aftertreatment is the logical technical approach that will be necessary to achieve the required emission 
levels while at the same time minimally impacting the engine design and its associated reliability and 
durability concerns. 

 
Today, the only proven aftertreatment system that can meet the above specified performance 
parameters in diesel (lean burn) exhaust is a catalyst based system that requires supplemental addition 
of urea (or some other chemical source of ammonia) as a reductant to the exhaust stream.  This system 
is commonly referred to as urea SCR (Selective Catalytic Reduction).  However, there are a significant 
number of implementation issues associated with urea SCR that make it less than an ideal technology 
for meeting the NOx emission requirement for heavy duty diesel engines.  These issues include the 
need to carry urea as a second, on-board “fuel” (for the catalyst), freezing concerns with aqueous urea 
solution, urea availability/infrastructure issues, and concerns over release (slip) of ammonia from the 
engine exhaust. 

 
A more attractive aftertreatment technology is one based on catalyst materials that utilize hydrocarbons 
(preferably diesel fuel) as the required supplemental reductant.  Researchers have been investigating 
NOx reduction catalysts for lean burn application (commonly referred to as Lean-NOx catalyst) for a 
number of years.  However, today the state-of-the-art is such that for diesel engine application, catalyst 
companies have materials that are only able to achieve approximately 7-12% NOx reduction as a 
passive catalyst system and 20-30% reduction when supplemental hydrocarbon reductant is injected 
into the exhaust stream.  Because of the current status of aftertreatment technologies and the heightened 
need for meeting future emissions regulations, Caterpillar has developed a program including DOE 
funds to identify promising catalyst materials for Lean-NOx aftertreatment system. 

 
7.2 Program Approach 
 
The overall approach of the program is to identify, synthesize, and evaluate selected catalyst materials 
with the goal of developing an optimized and durable advanced catalyst that achieves the objectives of 
the project.  Utilizing information from strategic partnerships with recognized experts in the catalyst 
field (i.e. Northwestern University) as well as insights provided by the technical literature, catalyst 
materials with potential NOx reduction capability are being selected, prepared and evaluated on 
simulated exhaust reactor systems.   This process is being used to screen various materials for their 
NOx reduction capability with the intent of down selecting the most promising candidates for further 
processing and evaluation. 
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Promising material candidates will be further processed into the form of conventional catalyst test 
samples for use in an engine environment (either simulated bench test or on-engine test).  This involves 
development of the process for applying the catalyst onto a honeycomb monolith substrate. 
Washcoating techniques are being developed in-house with appropriate industrial contacts.  In the 
washcoated form, the materials will be further tested using simulated exhaust gas reactor test bench in 
order to predict their performance on engine test.  

 
Material candidates whose NOx reduction performance passes initial reactor bench testing will be 
subjected to either simulated laboratory or on-engine exhaust aging tests.  These aging tests will be 
used to further screen the group of candidate materials for their potential long-term durability.  In 
addition to in-house characterization facilities, the appropriate personnel and facilities at Oak Ridge 
National Lab and Pacific Northwest National Lab will be utilized to provide in-depth analysis and an 
understanding of the deactivation and poisoning mechanisms for the promising candidates with the 
intent of formulating better catalyst materials.  This approach will ultimately lead to a high performance 
and durable NOx reduction catalyst system that meets future emission compliance. 

 
7.3 Significant Program Deliverables 
 

7.3.1 Quarterly Reports:  
16 quarterly reports submitted from 1999 to 2002. 

 

7.3.2 Publications 
1. “Lean-NOX and Plasma Catalysis Over ? -Alumina for Heavy Duty Diesel Applications” P. W. 

Park, J. E. Rockwood, C. L. Boyer, C. S. Ragle, M. L. Balmer-Millar, C. L. Aardahl, C. F. 
Habeger, K. G. Rappé and D. N. Tran, SAE Technical Paper Series 2001, 2000-01-3569. 

2. “In2O3/Al2O3 Catalysts for NOx Reduction in Lean Condition” P.W. Park, C.S. Ragle, C.L. 
Boyer, M. Lou Balmer, M. Engelhard, D. McCready, J. Catal. 2002, 210, 97-105. 

3. “Effect of SO2 on the activity of Ag/? -Al2O3 catalysts for NOx reduction in lean conditions” 
P.W. Park and C. L. Boyer. Appl. Catal. B. 2005, 59, 27-34. 

 

7.3.3 Patent and Patent Application Filed 
1. US06703343B2: Method of preparing doped oxide catalysts for Lean NOx exhaust 

2. US06706660B2: Metal/Metal oxide doped oxide catalysts having high deNOx selectivity for 
Lean-NOx exhaust aftertreatment system 

3. US20030118960A1: Lean-NOx aftertreatment system 
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7.3.4 Presentations 
 

1. “The Effect of Alumina Properties on the Catalytic Performance of NOx Reduction” P.W. Park, 
K.A. Koshkarian, M.J. Readey, Diesel Engine Emissions Reduction Workshop, Castine, Maine, 
July 5-9, 1999 

2. “The Effect of Alumina Properties on the Catalytic Performance of NOx Reduction” M.J. Readey, 
K. Koshkarian, and P.W. Park, The American Ceramic Society 102nd Annual Meeting & 
Exposition, St. Louis, Missouri, Apr. 30-May 3, 2000 

 
3. “A Comparison of In and Sn Doped Aluminas for NOx Reduction in Lean Conditions” P.W. 

Park, J.E. Rockwood, M. Engelhard, D. McCready, M. L. Balmer, American Institute of 
Chemical Engineers, Los Angeles, CA, Nov. 12-17, 2000. 

4. “Correlation between Catalyst Surface Structure and Catalytic Behavior: Selective Catalytic 
Reduction with Hydrocarbons over In2O3/Al2O3 Catalysts” Paul W. Park, EMSL2002 
Symposia:  Environmental Catalysis, Pacific Northwest National Laboratory, Richland, 
Washington, May 21-22, 2002. 

5. “Lean-NOx Catalyst Development for Diesel Engine Applications” Paul W. Park, Carrie L. 
Boyer, Christie S. Ragle and M. Lou Balmer, Christopher L. Aardahl, Kenneth G. Rappé and 
Diana N.  Tran, Diesel Engine Emissions Reduction Workshop, San Diego, CA, August 25 - 29, 
2002. 
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7.5 Program Highlights – Alumina Study 
 

7.5.1 Abstract 
The NOx reduction performance under lean conditions over γ-alumina was evaluated using a micro-
reactor system and a non-thermal plasma-equipped bench test system.  Various alumina samples were 
obtained from alumina manufacturers to assess commercial alumina materials.  In addition, γ-alumina 
samples were synthesized at Caterpillar with a sol-gel technique in order to control alumina properties. 
The deNOx performances of the alumina samples were compared.  The alumina samples were 
characterized with analytical techniques such as inductively coupled plasma (ICP) emission 
spectroscopy, temperature programmed desorption (TPD) and surface area measurements (BET) to 
understand physical and chemical properties.  The information derived from these techniques was 
correlated with the NOx reduction performance to identify key parameters of γ-alumina for optimizing 
materials for lean-NOx and plasma assisted catalysis. 
 

7.5.2 List of Tables 
 
Table 1.  N2 yield and BET results of various aluminas. 
 
Table 2.  ICP and TPD results of various aluminas. 
 

7.5.3 List of Figures 
 
Figure 1a.  NO2 reduction over alumina samples with 230 ~ 280 m2/g surface area. 
 
Figure 1b. Propene conversion for NO2 reduction over alumina samples with 230 ~ 280 m2/g surface 
area. 
 
Figure 2.  NO2 reduction over alumina samples with 120 ~ 130 m2/g surface area. 
 
Figure 3.  NO2 reduction over alumina samples with 160 ~ 170 m2/g surface area. 
 
Figure 4.  NO2 reduction over alumina samples with 320 ~ 380 m2/g surface area. 
 
Figure 5.  Ammonia TPD spectra of alumina samples with 230 ~ 280 m2/g surface area. 
 
 

7.5.4 Introduction 
Development of a catalyst technology that is able to efficiently convert NOx to N2 in the diesel exhaust 
environment has been a major challenge in the field of heterogeneous catalysis.  Since Held et al. [1] 
and Iwamoto et al. [2] discovered that the selective catalytic reduction of NOx with a hydrocarbon (so-
called lean-NOx) proceeded effectively in lean conditions (excess oxygen) over Cu-ZSM-5, the 
catalytic reaction has been studied extensively.  Although the zeolite catalyst showed excellent deNOx 
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performance especially at a high space velocity, its irreversible hydrothermal deactivation and SO2 
oxidation to SO3 are serious problems to overcome for practical applications.  Among metal oxide 
materials, γ-alumina has been known as a durable material as well as a promising catalyst for lean-NOx 
reactions at high temperature [3].  Previous work reported that alumina showed high deNOx 
performance when NO2 or oxygenated hydrocarbons were present in a gas stream [4-5].  As a result, γ-
alumina is considered to be a strong candidate material for a non-thermal plasma technology [6].  The 
non-thermal plasma readily oxidizes NO to NO2 and partially oxidizes hydrocarbons to form 
oxygenated hydrocarbons [7].   
 
Although the lean-NOx catalytic reaction is a complex process comprising many steps that are still 
being debated, one of reaction mechanisms for alumina-based catalysts can be summarized as follows: 
 
NO + O2 à NOx          (1) 
HC + O2 à oxygenated HC                   (2) 
NOx + oxygenated HC + O2 à N2 + CO2 + H2O            (3) 
 
Since alumina has been known to activate the NOx reduction step (Eq. 3), our current research is 
focused on developing γ-alumina materials that more readily catalyze the reaction of NO2 with 
hydrocarbons, and therefore improve deNOx performance for the application of plasma assisted 
catalysis.  The physical and chemical properties of an alumina determine its catalytic performance.  
Recently, Jen reported that a narrow pore-size distribution and smaller pore size alumina showed better 
activity for lean-NOx reaction [8].  Haneda et al. [9] studied mixed oxide doped Al2O3 catalysts for 
lean-NOx reaction and observed that catalysts with large pore volumes showed better catalytic 
performance.  Whereas, Okazaki et al. [10] reported that impurity level had a more significant effect on 
deNOx activity of alumina than pore radius or pore volume. 
 
In order to improve the performance of plasma assisted catalysis, it is necessary to understand the effect 
of the alumina properties on the lean-NOx reaction.  In addition, using the proper type of alumina could 
minimize sintering or poisoning effects by H2O and SO2.  While several researchers have observed the 
possible role of γ-alumina pore structure on its deNOx performance, there has been no systematic 
attempt to study the relationship between the properties of alumina and its catalytic performance of 
lean-NOx or plasma assisted catalysis reaction. 
 
The objective of this study was to develop a more complete understanding of the effect of alumina 
properties on the lean-NOx and plasma assisted catalytic reaction.  In the study, physical and chemical 
properties of alumina materials were measured by various techniques such as BET,  ICP and TPD.  The 
information derived from characterization techniques was correlated with the NO2 reduction activity 
measured with reactor test bench systems. 
 

7.5.5 Experimental 
Various commercial γ-alumina samples (designated A-3 to A-4 and A-6 to A-14) were obtained from 
several alumina manufacturers.  The samples were tested as–received.  In addition to the commercial 
aluminas, an alumina sample (designated as A-1) was prepared by a sol-gel method with a complexing 
agent.  A detailed procedure of the alumina preparation was described previously [11].  Other aluminas 
(A-2 and A-5) were prepared with a modified sol-gel method without the use of a complexing agent in 
order to control pore structure [12].  The pore structure (pore volume and pore size) was controlled by 
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adjusting surface tension and peptization during alumina preparation.  Sol-gel alumina samples (A-1, 
A-2 and A-5) were identified as γ-alumina with X-ray diffraction analysis. 
 
MICRO-REACTOR SYSTEM: The catalytic performance of the alumina samples for NOx reduction 
was measured using a catalyst powder reactor bench test system.  The powder sample was placed in a 
quartz micro tube reactor and tested with a feed gas of 1000ppm NO2, 1000ppm C3H6, 9% O2, and 7% 
H2O balanced with He.  The total gas flow rate was 200 cc/min over 0.2 g of catalyst sample.  These 
conditions approximately corresponded to a space velocity of 11,000 - 60,000 h-1 depending on the 
alumina bulk density.  The reaction products were analyzed with a Hewlett-Packard 6890 gas 
chromatograph and NOx conversion (N2 yield) was calculated based upon the amount of N2 produced. 
 
TEMPERATURE PROGRAMMED DESORPTION (TPD): A Micromeritics AutoChem 2910 
instrument with TCD detector was used for the TPD experiments.  Approximately 0.15 g of sample was 
placed in a quartz reactor with quartz wool.  The sample was degassed by heating at a rate of 15°C/min 
from ambient to 600°C under helium flow, and then cooled to 70°C before adsorption.  For adsorption, 
the sample was exposed to a flow of 10% ammonia in helium for 60 minutes at 70°C, and then swept 
with helium for 60 minutes at 70°C to remove excess ammonia.  For desorption, the sample was heated 
from 70°C to 600°C at a rate of 20°C/min.  The total amount of surface acidity was obtained by 
integration of the ammonia desorption peak. 
 
BET MEASUREMENT: Surface area, pore volume and pore size distribution measurements were 
performed using a Micromeritics ASAP 2000 system.  Approximately 0.2-2 g of catalyst was out-
gassed under vacuum at 450°C overnight prior to taking adsorption measurements.  The surface area 
was determined by multi-point measurements using several relative pressures of N2 to He in the range 
of 0.06-0.2 at 77 K. 
 
ICP ANALYSIS: The elemental analysis has been performed using a Jobin Yvon 48 instrument.  The 
alumina samples were completely digested in acid (HF) and diluted with de- ionized water.  The acid 
solution was injected into an ionization plasma and the instrument scanned for all the elements. 
 

7.5.6 Results and Discussion 
 

7.5.6.1 Catalytic Performance Of Nox Reduction Over Various Alumina Samples In 
Lean Conditions Using A Micro-Reactor 

 
Figure 1a shows the N2 yield for NO2 reduction with propene over several alumina samples with 
similar surface areas (230-280 m2/g, Table 1).  The alumina samples showed quite different N2 yield 
profiles.  A-1 showed the highest N2 yield (65%) and A-11 showed the poorest N2 yield (33%).  Figure 
1b shows propene conversions of the corresponding aluminas.  All aluminas showed similar propene 
conversion.  These results indicate that alumina materials with similar surface areas show similar 
hydrocarbon activation, however, their NO2 reduction performance is strongly dependent on physical or 
chemical properties other than surface area. 
  
Examination of alumina samples with a wider range of surface areas revealed that over the range of 
surface areas studied, there was no direct correlation of surface area with deNOx behavior.  This is 
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illustrated in Figures 2, 3, and 4 where the deNOx performance of alumina samples with surface areas 
from 120-130 m2/g (Figure 2), 160-170 m2/g (Figure 3) to 320-380 m2/g (Figure 4) is compared. 
 
The characterization results (BET, ICP and TPD) of the alumina samples are summarized in Tables 
V.I.1 and V.I.2.  The alumina samples were designated from A-1 to A-14 in the order of decreasing N2 
yield for NO2 reduction at 500 oC.  N2 yield of the alumina samples at 500 oC varied from 60% (A-1) to 
19% (A-14).  
 

7.5.6.2 The Effect of Impurity:  Sulfate (SO4
2-) and Stabilizers (LA2O3 OR SIO2) 

 
Some aluminas (A-1, A-2, A-4 and A-5) did not have detectable level of impurities.  This can be 
attributed to the sol-gel method with precursors that did not contain sulfur compounds.  These samples 
exhibited better NO2 reduction performance in each surface area group (Figures V.I.1, V.I.3 and V.I.4).  
This result indicates that purer alumina is required for better catalytic performance (compared to 
aluminas containing impurities such as sodium or sulfate, 0.1-1.6%).  Even low levels of impurity can 
significantly affect the deNOx performance of an alumina material.  Burch et al. [5] reported recently 
that sulfation of Al2O3 resulted in a significant decrease in NO reduction activity.  The decrease in 
activity was attributed to the fact that pre-adsorbed sulfate reduced the number of strong chemisorption 
sites for NOx.  Tabata et al. [13] also reported the impact of sulfur content in alumina for deNOx 
reactions.  According to the authors, zero sulfur content is most desirable, however up to 0.1 wt.% is 
tolerable for deNOx applications.  
 
La2O3 and SiO2 are common alumina additives used to stabilize and minimize sintering at elevated 
temperatures.  These stabilized aluminas are commonly used as support materials for automotive three 
way catalysts.  Samples A-7, A-11, A-12 and A-14 contained these additives.  These stabilized 
aluminas showed poor NO2 reduction performance compared to the corresponding un-stabilized 
samples.  For example, A-3 and A-7 aluminas have the same surface area, pore volume and average 
pore size.  However, the stabilized alumina (A-7) showed less N2 yield for NO2 reduction compared to 
the un-stabilized sample (A-3).  Another example of the negative effect of La2O3 stabilizer was noted 
from comparison of A-5 and A-12 aluminas.  The properties of these two aluminas are comparable to 
each other.  However, A-12 alumina shows significantly lower NO2 reduction activity than A-5 due to 
the presence of La2O3 in the A-12 alumina.  The low activities of the stabilized alumina may be 
attributed to the fact that the alumina active sites are being blocked by these stabilizing elements 
making them unavailable for the lean-NOx catalytic process. 
 

7.5.6.3 The Effect of Pore Volume 
 
Among the sol-gel prepared, impurity-free aluminas (A-1 and A-5) in Figure 1, the A-1 alumina with 
larger pore volume and larger pore size showed better NO2 reduction activity than the A-5 alumina with 
relatively smaller pore volume and smaller pore size.  The same result was observed among stabilized 
commercial aluminas with similar surface area (Figure 2).  The A-7 alumina containing larger pore 
volume and larger pore size showed better NO2 reduction activity than the A-14 alumina with smaller 
pore volume and smaller pore size, although the former contained a high level of sulfate.  These results 
indicate that pore volume or average pore size may also significantly affect the NO2 reduction 
performance of alumina. 
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A-13 alumina is another sample that exhibited the pore volume or pore size effect.  This alumina 
showed poor NO2 reduction performance among the tested aluminas although it contained no sulfate or 
stabilizers.  This can be explained by its extremely low pore volume (0.2 cc/g) and/or low pore size 
(3nm) among tested alumina samples.  In general, a porous material has a considerably larger inner 
surface than outer surface.  Presumably, a catalytic reaction proceeds substantially on the inner surface 
because reactants confined in the pores have a greater probability of reacting with active sites.  A 
similar effect can explain why zeolite materials show high catalytic performance especially at high 
space velocity.  Therefore, a large pore volume alumina may readily promote the reaction between 
hydrocarbon and NO2.  Average pore size may have a minor role in explaining the catalytic 
performance because even the smallest average pore size of the aluminas tested in this study (3nm) is 
much larger than the size of reactants (NO2 and propene) and than the typical pore size of zeolite (0.3-
1.0 nm). 
 

7.5.6.4 The Effect of Surface Area 
 
Among the best deNOx aluminas (A-1, A-2 and A-3) in Table 1, the surface areas varied by a factor of 
three (from 120 to 380 m2/g).  However, the NO2 reduction performances of these aluminas were 
comparable.  The A-13 sample had one of the largest surface areas (320 m2 /g) among the tested 
aluminas.  However, the NO2 reduction of this sample was found to be very poor.  These results 
indicate that surface area of alumina alone does not correlate directly with the deNOx performance of 
alumina when other parameters such as impurity and pore volume play an important role. 
 

7.5.7 The Effect of Surface Acidity 
 
Figure 5 shows ammonia TPD spectra of several aluminas with 230-280 m2/g surface area.  All the 
aluminas had TPD peaks centered near 150oC, which represents weak acid sites.  A-1, A-6 and A-8 
aluminas showed an additional peak at higher temperature (230oC), which is assigned to one of stronger 
acid sites.  The total amount of NH3 desorbed per unit surface area (0.043 – 0.045 cc/m2, Table 2) is 
consistent for all the aluminas regardless of preparation method, impurity content and stabilizer.  The 
TPD spectra and the total amount of desorbed ammonia agreed well with literature data [14].  This TPD 
result indicates that the total acid site concentration (which includes weak and strong acid sites) cannot 
be directly correlated to the catalytic performance of alumina for the lean-NOx reaction.  Rather, the 
concentration of weak and stronger acid sites should be differentiated.  While it is not within the scope 
of this paper, TPD experiments using various probe molecules such as pyridine or CO2 to characterize 
individual sites with different acid strengths are planned. 
 

7.5.8 Conclusions 
Alumina prepared by a sol-gel method showed better catalytic performance for NOx reduction in 
simulated diesel exhaust using both a micro-reactor system and a non-thermal plasma-equipped bench 
test system.  The sol-gel alumina also showed better durability than conventional aluminas when the 
samples were aged in the presence of SO2.  Characterization results indicated that specific physical and 
chemical parameters of an alumina determine its catalytic performance.  Alumina with larger pore 
volume and lower impurity content showed better lean-NOx performance.  On the other hand, surface 
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area and total acid sites of the alumina were found to have less effect on the lean-NOx reaction.  
Thermal stabilizer additives such as La2O3 or SiO2 showed a negative effect on the lean-NOx 
performance of an alumina. 
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Table 1.  N2 yield and BET results of various aluminas. 
 

Alumina 
Samples 

N2 yield           
at 500oC 

(%) 

Surface 
Area 

(m2/g) 

Average 
Pore size 

(nm) 

Pore 
Volume 
(cc/g) 

A-1 60 230 14 1.1 

A-2 53 380 14 1.8 

A-3 53 120 30 1.1 

A-4 51 160 15 0.68 

A-5 49 240 4 0.28 

A-6 40 260 9 0.84 

A-7 39 128 28 1.1 

A-8 37 270 8 0.70 

A-9 32 350 10 1.2 

A-10 27 170 14 0.77 

A-11 27 280 10 0.92 

A-12 26 280 5 0.45 

A-13 23 320 3 0.2 

A-14 19 130 17 0.71 

 
Table 2.  ICP and TPD results of various aluminas. 
 

Impurity (%) Alumina 
Samples Na2O SO4 additives 

NH3 desorption 
(cc/m2) 

A-1 0.0 0.0 - 0.045 
A-2 0.0 0.0 -  
A-3 0.0 0.6 - 

 
 

A-4 0.0 0.0 -  
A-5 0.0 0.0 -  
A-6 0.1 0.2 - 0.043 
A-7 0.0 1.6 La2O3  
A-8 0.1 0.3 - 0.045 
A-9 0.0 0.7 -  
A-10 0.1 0.2 -  
A-11 0.2 0.7 SiO2 0.044 
A-12 0.1 0.0 La2O3 0.043 
A-13 0.3 0.0 -  
A-14 0.0 0.3 La2O3  
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Figure 1a.  NO2 reduction over alumina samples with 230 ~ 280 m2/g surface area. 
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Figure 1b. Propene conversion for NO2 reduction over alumina samples with 230 ~ 280 m2/g surface 
area. 
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Figure 2.  NO2 reduction over alumina samples with 120 ~ 130 m2/g surface area. 
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Figure 3.  NO2 reduction over alumina samples with 160 ~ 170 m2/g surface area. 
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Figure 4.  NO2 reduction over alumina samples with 320 ~ 380 m2/g surface area. 
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Figure 5.  Ammonia TPD spectra of alumina samples with 230 ~ 280 m2/g surface area. 
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7.6 Program Highlights – Indium Doped Alumina Catalysts Study 

7.6.1 Abstract 
The lean NOx performance and catalytic properties of In2O3/Al2O3 catalysts were investigated.  High 
lean NOx activity was observed when propene was used as a reductant in the presence of 9% O2 and 
7% H2O at a space velocity of 30,000h-1.  The optimum lean NOx activity of In2O3/Al2O3 catalysts was 
observed at a loading of 2.5 wt.% indium on γ-Al2O3 which was prepared by a sol-gel technique (230 
m2/g).  When propane was used as a reductant, the In2O3/Al2O3 catalyst did not promote NOx reduction 
compared to the alumina substrate.    X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) 
and temperature programmed reduction (TPR) have been used to characterize a series of In2O3/Al2O3 
catalysts to better understand the surface structure of indium oxide species on the alumina support.  The 
XRD data indicated that crystalline In2O3 was present at In2O3 loadings > 5wt.% and the quantity of the 
crystalline phase increased as a function of indium loading.  XPS results suggested that indium oxide 
existed as a well-dispersed phase up to 10wt.% indium.  The well dispersed or reducible indium oxide 
species below 400 oC in TPR experiments were assigned as the sites which activate propene to 
oxygenated hydrocarbons such as acetaldehyde and acrolein.  Alumina sites readily utilize the 
oxygenated hydrocarbons to reduce NOx.  Bifunction mechanism was proposed to exp lain high NOx 
reduction over In2O3/Al2O3 catalysts. 
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7.6.2 List of Tables 
 
Table 1. The results of GC/MS analysis for NO reduction over In catalysts and γ-Al2O3 
 
Table 2. The results of GC/MS analysis over an In2.5/SiO 2 catalyst. 
 
Table 3. Surface area, pore volume and pore diameter of In doped alumina catalysts. 

 

7.6.3 List of Figures 
 
Figure 1. The effect of indium loading on (a) the N2 yield and (b) the integral N2 formation rate 
normalized by the catalyst surface area for NO reduction over In2O3/Al2O3 catalysts (0.1% NO, 0.1% 
C3H6, 9% O2, 7% H2O, SV=30,000h-1).   
 
Figure 2. The effect of indium loading on (a) the C3H6 conversion and (b) the integral C3H6 
consumption rate normalized by the catalyst surface area for N reduction over In2O3/Al2O3 catalysts 
(0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, SV=30,000h-1). 
 
Figure 3. The effect of NOx species on NOx reduction over In2.5 (0.1% NOx, 0.1% C3H6, 9% O2, 7% 
H2O, SV=30,000h-1). 
 
Figure 4. NO oxidation to NO2 over In2.5 (0.1% NO, 10% O2, SV=25,000 h-1). 
 
Figure 5. The effect of hydrocarbon species on NO reduction over In2.5 (0.1% NO, 0.1% C3Hx, 9% 
O2, 7% H2O, SV=30,000h-1). 
 
Figure 6. The effect of indium loading on N2 yield for (a) NO reduction and (b) NO2  reduction with 
C3H8 over In2O3/Al2O3 catalysts (0.1% NO, 0.1% C3H8, 9% O2, 7% H2O, SV=30,000h-1). 
 
Figure 7. XRD patterns of In2O3/Al2O3 catalysts. 
 
Figure 8. XPS In3d5/2/Al2p intensity ratios measured for In2O3/Al2O3 catalysts.  The theoretical 
monolayer line is included for comparison. 
 
Figure 9. TPR spectra of In2O3/Al2O3 catalysts. 
 
Figure 10. SEM back scattered images of In2O3/Al2O3 catalysts 
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7.6.4 Introduction 
 
Nitrogen oxides (NOx) emitted from internal combustion engines are a serious environmental concern.  
For stationary lean burn engine applications, NOx has been effectively controlled by selective catalytic 
reduction (SCR) with ammonia.  However, ammonia SCR technology may not be suitable for mobile 
applications because it requires a nation-wide infrastructure of ammonia or urea supply and needs to 
address safety issues to handle toxic ammonia.  In this respect, a lean-NOx catalyst using on-board fuel 
to supply hydrocarbon as a reductant has attracted much attention as an alternative technique to 
conventional NH3-SCR processes.  Cu-ZSM-5 was discovered to be a very effective catalytic material 
to reduce NO to N2 [1-2], however, it has been a great challenge to develop more effective and durable 
catalysts to remove NOx from diesel or lean burn gasoline engines. 
 
Zeolite materials show excellent NOx reduction efficiency especially at high space velocity, however, 
cation migration and hydrothermal stability limits the application of the materials in practical 
applications.  Nobel metal-based catalysts show high NOx conversion at lower temperatures, however, 
these catalysts inefficiently utilize reductants and produce N2O which is a stable pollutant and a strong 
greenhouse gas.   Base metal oxides supported on alumina catalysts have drawn many researchers’ 
attention because these catalytic materials are highly stable at elevated temperature as well as very 
selective for NOx reduction while consuming a minimal amount of reductant. 
 
Indium oxide has shown promise for lean NOx catalysis.  In2O3 doped on alumina has been reported to 
show high activity NOx reduction as well as high resistance to water and SO2 poisoning in lean 
conditions [3].  Kikuchi and coworkers [4-6] introduced indium into various zeolite materials and 
reported that In/H-ZSM-5 showed higher catalytic activity and selectivity for NOx reduction than other 
In exchanged zeolitic materials when CH4 was used as a reductant.  Hamada and coworkers [7-8] 
studied In2O3 doped sol-gel alumina catalysts and reported that the catalyst showed better catalytic 
performance than In or Cu exchanged ZSM-5 catalysts.  In addition, the indium catalysts showed 
higher activity for NO reduction over the broad temperature window compared to various metal oxides 
such as Sn, Ag, Co, Cu, Fe and Ni supported on 30wt.% Ga2O3/Al2O3 catalysts especially in the 
presence of H2O at low temperature (< 350 oC).  The authors concluded that the presence of H2O 
enhanced the catalytic performance for NO reduction due to suppression of undesirable propene 
oxidation and to removal of surface carbonaceous materials. 
 
Although promising results of indium based catalysts have been recently reported, the detailed surface 
structure of indium species on alumina and the role of indium in NOx reduction have not been 
investigated.  In this paper, we show that an In2O3/Al2O3 catalyst is one of the most active catalysts for 
lean NOx catalysis using a propene reductant in simulated engine exhaust (9% O2, 7% H2O and 
30,000h-1 space velocity).  XRD (X-ray diffraction), XPS (X-ray photoelectron spectroscopy) and TPR 
(temperature-programmed reduction) were used to characterize the properties of indium species on 
alumina.  The information derived from the characterization techniques has been correlated with NOx 
reduction (NO and NO2) results using different hydrocarbons (C3H6 and C3H8).  The reaction 
mechanism and identity of the active sites on these In2O3/Al2O3 catalysts are proposed. 
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7.6.5 Experimental 
 
Catalyst Preparation 
The alumina support was prepared by a sol-gel method using alumina isopropoxide and 2-methyl-2,4-
pentanediol as a complexing agent.  The procedure for the alumina preparation was described 
previously [9]. In2O3/Al2O3 catalysts were prepared using the incipient wetness technique with γ-
alumina powder (surface area 230 m2/g) and aqueous solutions of indium (III) nitrate pentahydrate 
(Aldrich, 99.99%).  2.5wt.% In doped on SiO 2 powder (Aerosil Degussa, 200 m2/g) was also prepared 
by an incipient wetness technique to study reaction mechanisms. The impregnated samples were dried 
in air at 100 oC for 24 h and calcined at temperatures up to 600 oC (ramp rate: 1.2 oC/min) for 5 hr 
under flowing air (5L/min).  The indium content of the In2O3/Al2O3 series was varied from an In/Al 
atomic ratio of 0 to 0.128 (0 to 20 wt.% based on In metal).  In2O3/Al2O3 catalysts will be designated by 
`Iny', where y is the In content (wt.%).   
 
Catalytic Performance Test 
The catalytic performance of samples was measured using a quartz micro tube reactor system with a 
feed gas of 0.1% NOx, 0.1% propene, 9% O2, and 7% H2O balanced with He.  The total gas flow rate 
was 200 cc/min, and 0.2 g of catalyst sample was used, unless otherwise noted.  The reaction products 
were measured and identified by GC, GC-MS, or NOX chemiluminescence analyzer.  NOx conversion 
was calculated from the amount of N2 produced.  Since no byproduct such as N2O was detected in any 
of the experiments, the measured N2 yield corresponded directly to NOx conversion.  The catalyst 
samples were initially heated up to 600oC with 15% O2/He.  When the temperature reached 600oC, 
H2O, NOx, and propene were introduced to the reaction mixture.  Activity data was recorded from high 
temperature to low temperature.  To study the roles of In2O3 and ?-Al2O3, two individual reactors 
containing each component were installed to a bench system with three way valves to pass or bypass 
the reaction mixture so that the products produced over each catalyst bed individually or in series were 
analyzed. 
 
BET  
Surface area, pore volume and pore size distribution measurements were performed using a 
Micromeritics ASAP 2010 system.  Catalyst samples were out-gassed under vacuum at 450°C 
overnight prior to taking adsorption measurements.  The surface area was determined by multi-point 
measurements using several relative pressures of N2 in the range of 0.06-0.2 (N2 surface area: 0.162 
nm2) at 77 K. 
 
X-ray diffraction (XRD) 
X-ray powder diffraction patterns were obtained with a Philips PW3040/00 X'Pert MPD system) which 
employed a PW3050/10 vertical theta-theta goniometer and a PW3373 long fine focus, ceramic X-ray 
tube with fixed Cu anode.  The X-ray source was operated at 2000W (40 kV, 50 mA).  The optical train 
of the diffractometer consisted of programmable divergence, anti-scatter, and receiving slits, a curved 
graphite monochromator, and a Xe proportional counter detector.  The divergence and anti-scatter slits 
were operated in 2-Theta compensating mode.  Combined with a fixed, 10 mm-wide brass beam mask, 
the study area on the mounted specimens was limited to 10 mm x 10 mm.  The receiving slit was set at 
0.2 mm  height. The samples were fine-grained, dry powders mounted in 12 mm diameter x 0.5 mm 
deep cavities cut in off-axis single-crystal quartz plates.  The range of diffraction data collection was 
10o - 80o (2-Theta), which was scanned at a rate of 0.04o/2sec.  
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X-ray Photoelectron Spectroscopy (XPS) 
XPS measurements were made on a Physical Electronics Quantum 2000 Scanning ESCA 
Microprobe.  This system uses a focused monochromatic Al Kα x-ray (1486.7 eV) 
source for excitation and a spherical section analyzer.  The X-ray beam used was a 100W, 100µm 
diameter beam that is rastered over a 1.5 mm by 0.2 mm rectangle on the sample. The x-ray beam is 
incident normal to the sample and the x-ray detector is at 45o 
away from the normal.  The collected data were referenced to an energy scale with binding energies for 
Cu 2p3/2 at 932.67 + 0.05 eV and Au 4f at 84.0 + 0.05 eV.  Low energy electrons and argon ions were 
used for specimen neutralization. 
 

Temperature programmed reduction (TPR) 
Temperature programmed characterization was performed on an Advanced Scientific Designs Inc. 
(ASDI) catalyst test stand.  Catalyst powder samples (0.1-0.2g) were placed on a glass frit in a flow-
through tube that was evacuated at 10-3 torr.   The samples were pretreated to 105°C at 10-3 torr for 1 
hour then cooled to room temperature under vacuum.  For temperature programmed reduction studies, 
the sample was exposed to a mixture of 4% H2 in argon at a flow rate of 10 cc/min.  Samples were heat 
treated at a rate of 10 °C/min to 850°C then held at 850°C for 1 hour under the flowing H2/Ar mixture.  
Hydrogen uptake during heat-treatment was measured using a thermal conductivity detector (TCD).  
 

7.6.6 Results  
 

7.6.6.1 NOx reduction over In2O3/Al2O3 catalysts 
 
The effect of indium loading on NOx reduction 

In order to determine the optimum loading of indium on the sol-gel alumina support, NO reduction with 
C3H6 was examined over a series of indium-doped alumina catalysts.  Figure 1 shows (a) N2 yields and 
(b) integral N2 production rates as a function of reaction temperature for NO reduction over 1, 2.5, 5, 
and 10 wt.% indium doped Al2O3 catalysts.  The NO reduction performance for undoped alumina is 
also shown in Figure 1 for comparison.  Tmax (temperature at maximum NOx conversion) of the 
alumina for NO reduction was 575oC and the NO conversion at the Tmax was 51%.  All of the indium 
doped alumina catalysts showed lower Tmax and exhibited a broader temperature window of operation 
than those of the undoped alumina.  The In2.5 catalyst showed optimum NO reduction performance 
with the highest N2 yield (60%).  The performance of NO reduction over the In2O3/Al2O3 catalysts 
decreased with increasing indium loading from 2.5 to 10 wt.%. 

 
Figure 2 illustrates (a) propene conversions and (b) integral propene consumptions rate as a function of 
reaction temperature for NO reduction over the catalysts.  Undoped alumina shown on the far right of 
the graph converted propene at the rate of 20 to 100 % in the temperature range of 525 to 625 oC, 
respectively.  The addition of up to 2.5wt.% indium to the alumina significantly lowered the activation 
energy for propene conversion as shown by lower reaction temperatures.  Increasing the indium beyond 
2.5 to 5 and 10wt.% levels reversed this trend and increased the reaction temperature thereby increasing 
the activation energy.  However notice that 100% conversion of propene, still occurs at the elevated 
temperature of 600 oC for all catalysts tested. 
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The effect of NOx species 

Figure 3 compares NOx reductions and C3H6 conversions as a function of temperature over the In2.5 
catalyst for NO and NO2.  While the Tmax and peak shape was similar for NO and NO2 feeds, the N2 
yield from NO2 reduction was higher over the entire temperature range.   Alternatively, the propene 
conversion profiles were the same with NO and NO2 feeds despite the fact that NO2 is a stronger 
oxidation agent than NO.  

 
The extent of NO oxidation reaction was measured over the In2.5 catalyst with a feed of 0.1% NO, 
10% O2 and an SV of 25,000h-1 (Figure 4).   The theoretical equilibrium value of NO to NO2 
conversion and the experimentally determined values in an empty reactor under the same reaction 
conditions are also shown for comparison.  The NO oxidation activity over the In2.5 catalyst was 
negligible and was similar to the blank reactor below 500oC.  The NO2 concentration remained below 
the equilibrium value even at 550oC.  

 
The effect of hydrocarbon species 

Figure 5 compares the NO reduction and hydrocarbon conversions as a function of reaction temperature 
over the In2.5 catalyst with two hydrocarbon species: C3H6 and C3H8.  Both NO reduction and 
hydrocarbon conversion were suppressed significantly when C3H6 was replaced with C3H8.   As shown 
in Figure 5, the NO reduction peak profile with propane as the reductant was narrower and shifted to 
higher temperatures by 150oC.  In addition, the maximum NO conversion decreased from 60% to 42% 
when C3H6 was replaced with C3H8.  

 
Figure 6 illustrates N2 yield as a function of reaction temperature for NOx reduction with propane 
reductant over the indium doped alumina catalysts. The NO reduction performance for undoped 
alumina is also shown in Figure 6 for comparison.  In1 and In2.5 catalysts showed similar NO 
reduction to alumina.  Increasing the indium to 10wt.% levels decreased NOx reduction performance to 
levels even lower than the alumina.  The results of NO2 reduction with propane (Figure 6b) over the 
series of indium doped aluminas shows that the addition of indium oxide did not promote NOx 
reduction and in fact lowered the activity for NO2 reduction. 

 
The role of indium oxide 

In order to elucidate the role of In2O3 and of Al2O3, an experiment was performed using a dual bed 
reactor system in which the components were separately loaded in two catalyst beds and the products 
over each catalyst bed were analyzed.  SiO 2 was used to support the In2O3 because it is expected to be 
inert for hydrocarbon oxidation and NOx reduction. 

 
Table 1 shows reaction products over a single bed catalyst of 0.1g In2.5/Al2O3, 0.3g In2.5/SiO 2 and 
0.1g Al2O3 as well as dual bed catalysts which the reaction mixture passed through 0.3g In2.5/SiO 2 
catalyst and then through 0.1g Al2O3.  The 0.1g In2.5/Al2O3 catalyst demonstrated excellent NO 
reduction (54%) and hydrocarbon conversion (67%) in the presence of 9% O2 and 7% H2O at a high 
space velocity of 60,000h-1. 
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However, when the same loading of indium (2.5wt.%) was introduced on SiO 2 support, no N2 
formation was detected despite 23% propene conversion.  Instead, 16ppm acrolein (C3H4O) and 22ppm 
acetaldehyde (CH3CHO) were observed over the In2.5/SiO 2 catalyst.  
 
Alumina was tested at higher temperatures (500oC) than In2.5/Al2O3 or In2.5/SiO 2 catalysts, however, 
the alumina converted only 4% NO to N2 and 3% propene to CO and CO2.  No acrolein or acetaldehyde 
was observed.  This indicates that alumina alone did not contribute significantly to NO and propene 
conversions at the reaction temperature.  
 
When the alumina was placed downstream of the In2.5/SiO 2 catalyst, NO reduction to N2 (59ppm) 
increased by a factor of 3 compared to alumina. Acrolein and acetaldehyde produced over the 
In2.5/SiO 2 catalyst was consumed over the alumina.  The overall propene conversion over a dual bed 
catalyst was similar to In2.5/SiO 2, therefore, most of hydrocarbon was activated over indium species.  
 
Table 2 shows major reaction products over the In2.5/SiO 2 catalyst when each oxidant (O2, NO or NO2) 
was introduced individually in the gas stream in order to identify the origin of oxygen in the produced 
acetaldehyde and acrolein.  Substantial propene conversions (>16%) as well as production of 
acetaldehyde, acrolein, CO and CO2 were observed when O2 or NO2 was used as oxidation agents.  
However, no oxygenated hydrocarbon was observed with a minimum propene conversion when NO 
was used.  The results indicate that the oxygen atoms in the oxygenated hydrocarbons are originally 
from O2. 
 

7.6.6.2 Catalyst characterization 
Table 3 shows BET results of the In2O3/Al2O3 catalysts.  The surface area, pore volume and pore 
diameter of the catalysts significantly decreased as a function of indium content.  The decrease in 
surface area, pore volume and pore diameter was not proportional to the increase in indium content on 
the alumina support.  For example for the In15 catalyst, the percent loss of surface area (37%), pore 
volume (69%) and pore diameter (52%) based on the alumina was more than the percent increase in 
indium loading (15%). 
 
Figure 7 shows powder XRD patterns of the In2O3/Al2O3 catalysts.  The diffraction patterns for samples 
containing up to In2.5 are characteristic of the alumina support.  However, XRD patterns obtained for 
samples with indium loadings higher than 5wt.% contained peaks characteristic of In2O3 in addition to 
alumina peaks.  The intensities of the In2O3 XRD peaks increased with increasing indium content.   
XRD patterns that were measured after the same catalysts were used for lean-NOx reactions showed no 
difference between fresh and used catalysts (not shown).  Therefore, exposure to reaction conditions 
did not affect the In2O3 crystalline phase or the alumina support. 
 
Figure 8 shows the variation of the XPS In3d5/2/Al2p intensity ratio measured for the In2O3/Al2O3 
catalysts as a function of In/Al atomic ratio.  The intensity ratio of In3d5/2/Al2p calculated for 
theoretical atomic dispersion is also shown for comparison.  The theoretical value was calculated using 
the model proposed by Kerkhof and Moulijn [10].  The photoelectron cross sections and the mean 
escape depth of the photoelectrons used in these calculations were taken from Scofield [11] and Penn  
[12], respectively.  
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The In/Al intensity ratio increased linearly with increasing In/Al atomic ratio up to 0.049 (In10) 
consistent with a theoretical monolayer.  For higher indium loading catalysts (In15 and In20), the In/Al 
intensity ratios deviated from the linear trend. The In/Al intensity ratios of the catalysts which were 
tested for the lean NOx reaction showed similar values and a similar trend within the range of error.  
Therefore, exposure to reaction conditions did not affect the indium dispersion over the alumina 
support. The dispersions of indium species were determined by comparing the XPS intensity ratios 
obtained from the experiments with the values calculated from the theoretical monolayer line.   The 
XPS results indicated that the dispersion of indium species was 100% up to In10.  However, the 
dispersion decreased at higher indium loading catalysts; 48 and 42% dispersion for In15 and In20, 
respectively. 
 
Figure 9 shows Temperature Programmed Reduction spectra for the In2O3/Al2O3 catalysts. Detectable 
H2 uptake was observed at 300 and 675-700oC for In1 and In2.5 catalysts.  For the higher indium 
loading catalysts (In5 and In10), an additional H2 uptake peak was observed in the temperature range of 
550-600oC.  The H2 consumption increased as a function of indium loading.  From the comparison with 
the TPR spectra of standard mixtures of In2O3 and alumina, the H2 uptake peaks around 550-600oC can 
be assigned to the reduction of the large-grained In2O3 crystalline phase. The H2 uptake peak at 300oC 
was assigned to the reduction of the highly dispersed indium oxide species.  The calculation of the 
amount of H2 update for each catalyst indicated that 100% of indium oxide species were reduced to 
indium metal up to In5.  In10 showed 83% of indium oxide to be reduced to the metal during TPR 
measurements. 
 
Figure 10 shows SEM backscattered images of the In2O3/Al2O3 catalysts.  At indium loadings of less 
than 2.5wt.%, only the alumina was imaged with the SEM.  However, EDS quantitative analysis 
verified that the concentration of indium was consistent with as prepared values.  At 5wt.% indium 
loading, well dispersed particles of indium less than 20 nm in diameter (lighter phase) was imaged on 
the surface of the alumina.   The size of the indium species increased with increasing indium content in 
the sample. At 15wt.% indium loading, large (200 nm) faceted cubic indium oxide crystallites were 
observed on the surface. 
 

7.6.7 Discussion 
 
The NOx reduction activity of the most active composition identified in this study, In2.5/Al2O3, is 
amongst the highest reported for the relatively aggressive reaction conditions used in this study  (7% 
H2O, 9% O2 and space velocity of 30,000h-1).  The lean-NOx performance of the catalysts was strongly 
dependent on indium loading similar to other lean-NOx catalysts reported in the literature (Figure 1).  
For example, NO conversions over CoOx/Al2O3 and AgO/Al2O3 catalysts decrease with increasing 
metal loading [13-14].   Typically, high metal or metal oxide loading accelerates hydrocarbon oxidation 
and depletes the reductant which in turn decreases the catalytic NOx reduction performance. However, 
In2O3/Al2O3 catalysts examined in this study show both a decrease in propene oxidation and NO 
reduction at higher indium loadings (Figure 2).  The catalytic performance and characterization results 
suggest that small, amorphous indium oxide clusters which are present at lower loadings promote NOx 
reduction and hydrocarbon oxidation, while larger, crystalline In2O3 observed above loadings of 5wt.% 
(Figure 7) are less effective for these reactions.      As shown in Table 3, alumina parameters such as 
surface area, pore volume and average pore diameter decrease significantly with increasing indium 
loading.  While the surface area of the metal oxide is expected to be very small compared to the 



 197

alumina substrate, the observed decrease in the physical properties is larger than predicted by a simple 
rule of mixtures.  This indicates that much of the previously accessible alumina surface area and 
porosity is being blocked by the indium oxide. Therefore, the decrease in catalytic NOx reduction 
performance at high indium oxide loadings can be attributed to the reduction in active alumina sites 
rather than to the acceleration of hydrocarbon oxidation. 
 
In contrast to the findings in this study, Hamada and coworkers found relatively little effect of indium 
loading on NO reduction with C3H6 [7-8].  They observed no significant change in the maximum NO 
conversion for a range of indium loadings on alumina.  However, as shown in Figure 1, in our study an 
optimum indium loading (2.5wt.% indium on alumina) was clearly observed for both  NO reduction 
and C3H6 conversion.  The discrepancy between the two studies can be explained by the difference in 
reaction conditions.  In Hamada’s experiments, the contact time was 0.18 gλsλcc-1, which is three times 
longer than that used in our work (0.06 gλsλcc-1).  Due to the relatively mild reaction conditions used in 
Hamada’s study, a significant change in catalytic performance for different indium loadings due to the 
reduction of alumina sites would be difficult to observe. 

 
The formation of NO2 and its subsequent reaction with hydrocarbons has been demonstrated as a key 
reaction mechanism in lean NOx catalysis [15-17].   It is expected that NO2 should enhance 
hydrocarbon conversion compared to NO because NO2 is a stronger oxidizer.  However, C3H6 
conversion over In2.5 is unchanged when NO is replaced with NO2 in the gas stream (Figure 3).  This 
observation suggests that NO2 does not play a critical role in hydrocarbon activation over this catalyst.  
Indeed, there is enhancement of NOx reduction over the entire temperature range when NO is replaced 
with NO2.  However, this enhancement can be attributed to activity on the Al2O3 sites because pure 
Al2O3 is known to be active in promoting the reduction of NO2 to N2 by C3H6 [9].  Al2O3 sites should 
be readily available in the In2.5 catalyst due to the low metal loading.  Poor NO oxidation to NO2 over 
the In2.5 catalyst (Figure 4) also suggests that NO2 plays a minimum role in enhancing catalytic NOx 
reduction over the In2.5 composition compared to undoped alumina.   
 
Indium doped alumina catalys ts were further examined with propane in order to understand an essential 
step in the lean NOx process (Figure 5 and V.II.6).  The NOx reduction and hydrocarbon oxidation 
activity of the In2.5 catalyst was compared using propane and propene as reductants (Figure 5).  The 
lower lean NOx activity for propane over the In2.5 catalyst indicates that the catalyst does not promote 
NO reduction with C3H8.   With increasing indium loading, the NO reduction performance with C3H8 
decreased to values even lower than those observed for the alumina support (Figure 6a).  This result 
indicates that the indium oxide does not utilize propane  for NOx reduction and that it only blocks active 
sites on the alumina.  When NO is replaced with NO2 with a propane reductant, the catalytic 
performance did not improve (Figure 6b).  It has been reported that the NOx reduction over In/H-ZSM-
5 catalyst with methane was affected by the species of NOx and NO2 was involved in the important 
reaction mechanism [5].  The results obtained in this study indicate that the type of hydrocarbon 
reductant is more critical than the NOx species to achieve high catalytic performance for NOx 
reduction over the In2O3/Al2O3 catalysts. 

 
The role of In2O3 in hydrocarbon activation was further proved by quantitative analysis using GC Mass 
Spectroscopy over In2O3 on an inert substrate (SiO 2).  In these experiments, acrolein and acetaldehyde 
were detected in the exhaust stream after the In2.5/SiO 2 catalyst.  An alumina catalyst downstream then 
converted these oxygenated hydrocarbons in a reaction with NO to make N2 and CO (Table 1).  The 
oxygenated hydrocarbons have also been reported as key intermediates in the selective reduction of 
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NOx over SnO2/Al2O3 catalysts [18].  The authors proposed a bifunction mechanism in which SnO2 
converted propene to the oxygenated intermediates and Al2O3 reduced NOx to N2 utilizing these 
intermediates as reductants.   In this study, the same bifunction mechanism is operative over 
In2O3/Al2O3 catalysts.  Observation of the formation of acrolein and acetaldehyde from hydrocarbon 
reductants verifies that partial oxidation of the hydrocarbon is more essential for the promotion of NOx 
reduction over indium doped alumina catalysts than is the oxidation of NO to NO2. 

 
XRD, XPS and TPR results showed that the dispersion as well as the phase of indium oxide changed as 
a function of indium loading.   The XPS peak intensity ratio of In3d5/2/Al2p suggested the indium oxide 
species were atomically dispersed up to concentrations as high as 10wt.%.  However, crystalline In2O3 
was observed in compositions containing more than 5wt.% indium indicating that the dispersion was 
compromised.  This can be explained by considering the nature of indium oxide species that can 
contribute to both XPS and XRD intensities.  SEM back scattered images of the catalysts (Figure 10) 
showed that dispersed indium clusters and large crystalline indium species were present together on the 
In5 and In10 catalysts.  TPR results confirmed the presence of two different indium oxide species on 
the alumina support for compositions containing greater than 2.5wt.% indium.  For the In5 and In10 
catalysts, the presence of the large high temperature H2 uptake (550oC) is consistent with XRD data 
showing that large crystalline In2O3 is present in these samples.  The low temperature H2 uptake 
(300oC) was assigned to the well dispersed indium oxide species. The well dispersed phase increased 
with increasing indium loading.  This finding was consistent with the XPS intensity ratio that increased 
as a function of indium loading up to the In10 catalyst.  XPS and TPR results concluded that the 
atomically dispersed indium oxide species increased with indium loading up to the In10 catalyst, 
however, crystallites of In2O3 are also present in the catalys ts containing higher than 5wt.% indium.  
 
The correlating NOx performance results and characterization data indicate that the well dispersed 
indium oxide species promotes the lean NOx reaction via partial oxidation of a hydrocarbons. 
However, high concentrations of the well dispersed indium species on the surface decrease the NOx 
reduction activity by blocking active alumina sites.  Therefore, it is important to optimize the indium 
and alumina sites to achieve the best catalytic performance over this class of catalysts. 
 

7.6.8 Conclusion 
Indium (1-10 wt.% In) supported sol-gel alumina catalysts converted as high as 60% NO and 70% NO2 
to N2 in lean exhaust conditions (1000ppm NOx, 9% O2, 7% H2O and 30,000 h-1 space velocity) with 
1000ppm propene as a reductant.  However, with propane as the reductant the activity was diminished 
to 42% NO conversion.  Optimum NOx reduction activity was achieved with 2.5wt.% indium loadings 
on alumina (230m2/g) prepared by a sol-gel method.  This study showed that it is necessary to balance 
the well dispersed indium species and alumina active sites in order to achieve the optimum catalytic 
performance.  A bifunction mechanism where the indium oxide species partially oxidize propene to 
acrolein and acetaldehyde and the alumina utilizes the oxygenated hydrocarbons to reduce NOx to N2 
was identified. Characterization results indicated that well dispersed and readily reducible indium oxide 
clusters are the active sites for converting propene to the oxygenated hydrocarbons.  However, the lean-
NOx performance decreases at high indium loadings (>5 wt.%) where active alumina sites responsible 
for NOx reduction are blocked by well-dispersed indium oxide species. 
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Table 1. The results of GC/MS analysis for NO reduction over In catalysts and γ-Al2O3 
 

Product Concentration (ppm) Conversion 
(%) 

Temperature 
(oC) 

Catalyst 

N2 CO CO2 C3H6 CH3CHO CH2=CHCHO C3H6 NO  
In2.5/Al2O3 272 469 1314 300 0 0 67 54 475 
In2.5/SiO 2 0 96 432 824 22 16 23 0 475 
Al2O3 21 75 19 1040 0 0 3 4 500 
In2.5/SiO 2 + 
Al2O3 

59 332 444 811 0 0 24 12 475  
500 

 
Reaction condition: 1000ppm NO, 1060ppm C3H6, 9% O2, 7% H2O, balanced with He, total flow 200cc/min 
 
 
 
 
Table 2. The results of GC/MS analysis over an In2.5/SiO 2 catalyst. 
 

Gas Mixture Product Concentration (ppm) Conversion (%) 
 CO CO2 C3H6 CH3CHO CH2=CHCHO  
O2 + C3H6 + He  246 286 854 9.7 12.7 17.6 
NO + C3H6 + He 0 6 1019 0 0 1.6 
NO2 + C3H6 + He 115 265 865 2.8 21.2 16.5 

 
Reaction condition: 940 ppm NO, 970 ppm NO2 or 9.3% O2 in the presence of 1040 ppm C3H6 balanced with He, total flow 
200 cc/min, reaction temperature at 475oC 
 
 
 
 
Table 3. Surface area, pore volume and pore diameter of In doped alumina catalysts. 
 

Catalysts Surface Area 
(m2/g) 

Pore Volume 
(cc/g) 

Pore Diameter 
(nm) 

Al2O3 230 1.1 14 
In1 223 0.75 10 

In2.5 209 0.79 11.3 

In5 188 0.58 9.2 
In10 170 0.46 7.9 

In15 146 0.34 6.7 
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Figure 1. The effect of indium loading on (a) the N2 yield and (b) the integral N2 formation rate 
normalized by the catalyst surface area for NO reduction over In2O3/Al2O3 catalysts (0.1% NO, 0.1% 
C3H6, 9% O2, 7% H2O, SV=30,000h-1).   
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Figure 2. The effect of indium loading on (a) the C3H6 conversion and (b) the integral C3H6 
consumption rate normalized by the catalyst surface area for N reduction over In2O3/Al2O3 catalysts 
(0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, SV=30,000h-1). 
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Figure 3. The effect of NOx species on NOx reduction over In2.5 (0.1% NOx, 0.1% C3H6, 9% O2, 7% 
H2O, SV=30,000h-1). 
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Figure 4. NO oxidation to NO2 over In2.5 (0.1% NO, 10% O2, SV=25,000 h-1). 
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 NO Reduction over In2.5 with Different Hydrocarbons
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Figure 5. The effect of hydrocarbon species on NO reduction over In2.5 (0.1% NO, 0.1% C3Hx, 9% 
O2, 7% H2O, SV=30,000h-1). 
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Figure 6. The effect of indium loading on N2 yield for (a) NO reduction and (b) NO2  reduction with 
C3H8 over In2O3/Al2O3 catalysts (0.1% NO, 0.1% C3H8, 9% O2, 7% H2O, SV=30,000h-1). 
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Figure 7. XRD patterns of In2O3/Al2O3 catalysts. 
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Figure 8. XPS In3d5/2/Al2p intensity ratios measured for In2O3/Al2O3 catalysts.  The theoretical 
monolayer line is included for comparison. 
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Figure 9. TPR spectra of In2O3/Al2O3 catalysts. 
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Figure 10. SEM back scattered images of In2O3/Al2O3 catalysts 
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7.7 Program Highlights – Silver Doped Alumina Catalyst Study 
 

7.7.1 Abstract 
 
The lean-NOx performance and the effect of SO2 on silver doped gamma alumina catalysts were 
investigated with simulated diesel exhaust in order to understand the active site and poisoning 
phenomena of the catalysts.  The samples were prepared by impregnating γ-alumina with silver nitrate 
or silver sulfate using incipient wetness technique.  Among the catalysts tested in the absence of SO2, 
2wt.%Ag/Al2O3 was found to be the optimum silver loading for NOx reduction, while further 
increasing the Ag loading resulted in lower selectivity due to the fact that metallic Ag species in high 
loading samples favors propene oxidation.  However, the common catalyst performance paradigm 
dramatically changed when SO2 was present in the feed stream.  The NOx reduction over the 
2wt.%Ag/Al2O3 initially was enhanced by SO2 exposure and then decreased until the N2 yield leveled 
off at 40%.  Upon removal of SO2 from the feed stream, the catalyst was completely regenerated to the 
original N2 yield.  The NOx reduction performance of a high silver loading catalyst (8wt.%Ag/Al2O3) 
increased significantly after SO2 was introduced in the gas stream from its initial performance of 1 to 
28%. 
 
XPS analysis showed that the dispersion of silver species decreased by exposure to the feed gas 
containing SO2. Crystallite silver sulfate (Ag2SO4) was observed in the XRD pattern for the 
8wt.%Ag/Al2O3.  The catalyst performance and characterization results suggested that the silver 
sulfate species enhanced the NOx reduction capability via producing more intermediate species (-
NCO).  Eventual decrease in the performance could be attributed to SO2 poisoning of the alumina sites, 
which are responsible for NOx reduction to N2.  A sample containing selectively sulfated silver sites 
showed higher NOx reduction performance than a sample containing silver oxide.  However, when 
alumina sites were sulfated it demonstrated lower NOx reduction than a pure alumina.  With the results 
obtained from this study the order of apparent catalytic activity for silver species to enhance NOx 
reduction on alumina is proposed as the following: Ag2SO4 > Ag2O >> Ag0. 
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7.7.2 List of Tables 
 
Table 1.  Silver content in silver doped alumina catalysts. 
 
Table 2.  Surface area, pore volume and pore diameter of fresh Ag/Al2O3 catalysts and γ-Al2O3.  
 
Table 3.  Sulfur content in fresh, aged (exposed to feed gas containing 30ppm SO2) and prepared with 
sulfur precursors catalysts. 
 
 

7.7.3 List of Figures 
 
Figure 1a.  The effect of SO2 exposure on N2 yield for NO reduction over Ag/Al2O3 catalysts and γ-
Al2O3 at 500oC (0.1% NO, 0.1% C3H6, 7% H2O, 9% O2, 30ppm SO2, SV=30,000h-1). Closed symbols: 
30ppm SO2, Open symbols: 0ppm SO2 
 
Figure 1b.  The effect of SO2 exposure on C3H6 conversion for NO reduction overAg/Al2O3 catalysts 
and γ-Al2O3 at 500oC (0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, 30 ppm SO2, SV=30,000h-1).  Closed 
symbols: 30ppm SO2, Open symbols: 0ppm SO2   
 
Figure 2.  The effect of silver precursors on the N2 yield and propene conversion over Ag/Al2O3 
catalysts. Closed symbol: silver sulfate, Open symbol: 
silver nitrate (0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, SV=30,000h-1).   
 
Figure 3.  The effect of sulfur on the N2 yield and propene conversion over γ-Al2O3 Closed symbol: 
pure alumina, Open symbol: sulfated alumina  (0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, SV=30,000h-1).   
 
Figure 4.  The effect of SO2 exposure on N2 yield for NO reduction at 500oC over a 2wt.%Ag/Al2O3 
catalyst prepared with silver sulfate (0.1% NO, 0.1% C3H6, 7% H2O, 9% O2, 30 ppm SO2, SV=30,000h-

1). Closed symbols: 30ppm SO2, Open symbols: 0ppm SO2 
 
Figure 5.  XRD patterns of fresh γ-Al2O3 and Ag/Al2O3 catalysts exposed to 30ppm SO2 and 
regenerated in a SO2 free gas feed at 500oC. (0.1%NO, 0.1% C3H6, 7% H2O, 9%O2, 30 ppm SO2, 
SV=30,000h-1). 
 
Figure 6. XPS intensity ratio of Ag3d/Al2p for Ag/Al2O3 catalysts. The theoretical  
monolayer line is included for comparison. 
 
Figure 7. In-situ DRIFTS of 2wt.%Ag/Al2O3 catalysts with 0.1%NO2, 0.1% C3H6 and 9%O2.  The 
samples were exposed to 30ppm SO2 for 0, 230 and 2500minutes 
 before DRIFT measurements. 
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7.7.4 Introduction 
 
Over the last few decades the Environmental Protection Agency (EPA) has been placing more stringent 
emission regulations on diesel engine manufacturers, especially pertaining to nitrogen oxide (NOx) and 
particulate levels. Tighter government regulations require more advanced aftertreatment technologies 
for reducing NOx in lean environments, including diesel, lean burn gasoline, and natural gas engines. 
The selective catalytic reduction (SCR) of NOx using hydrocarbon reductants, commonly referred to as 
lean-NOx catalysis, is one of aftertreatment technologies that is currently being investigated because it 
has proven to be effective at reducing NOx levels in lean exhaust [1]. The intrinsic advantages of a 
lean-NOx catalyst technology are its simplicity in terms of engine control, aftertreatment system and 
infrastructure implementation requirements compared to other technologies, such as NOx adsorbers or 
Urea SCR. 
 
Miyadera and Yoshida [2,3] were one of the first to observe high selectivity of NOx to nitrogen and 
high resistance to SO2 poisoning over 2wt.% silver doped alumina catalysts. These early findings have 
drawn much interest in the research community to investigate these catalysts further. Silver doped 
alumina has been considered to be a promising lean-NOx catalyst because it has high thermal stability 
and selectivity compared to Cu-ZSM5 and Pt/Al2O3 [4,5]. In addition, the silver catalyst has showed 
enhanced NO reduction activity when oxygenated hydrocarbons such as ethanol, acetone, or ether were 
used as the reductant [2, 6].  Much information exists regarding reaction mechanisms, the effects of 
silver loading, preparation techniques, and different reductants for fresh silver doped alumina catalysts 
[7]. However, conclusive information on the effects of SO2 on silver catalysts is not in consensus due to 
the different results reported in the literature.  
 
Meunier and Ross [8] studied the effects of SO2 on the lean-NOx activity over 1.2wt.%Ag/Al2O3 with 
propene. The nitrogen yield and propene conversion over the catalyst dropped significantly after 
exposure to 100ppm SO2 at 486oC. The decrease in activity was attributed to the sulfation of the silver 
species that was responsible for the formation of a key intermediate (ad-NOx) in the reaction 
mechanism. The catalyst was regenerated only after reducing the catalyst with 10%H2 in Ar.  Jen [9] 
also found that the NOx conversion dropped over 2wt.%Ag/Al2O3 catalyst from 62% to 28% when the 
catalyst was tested with a mixture of propene and propane in the presence of 18 ppm SO2. 
 
In contrast, Abe et al. [10] reported that 4.6wt.%Ag/Al2O3 catalyst showed excellent NOx reduction 
and SO2 resistance with ethanol at temperatures greater than 427oC in the presence of 10% O2, 10% 
H2O, and 30-80ppm SO2. The authors suggested that silver sulfate is catalytically active for NOx 
reduction at temperatures above 427oC.  Sumiya [11] also reported high NOx conversions (80%) with 
ethanol for a 4wt.%Ag/Al2O3 even after 10% H2O and 30ppm SO2 were introduced. The decrease in 
performance observed compared to fresh data was due to the fact that adsorbed sulfates suppressed the 
formation and the reactivity of a key intermediate such as isocyanate species (-NCO). Angelidis [12] 
also observed a promotional effect on the catalytic reduction of NOx over 5wt.%Ag/Al2O3 when tested 
with 100ppm SO2, excess oxygen, and a mixture of propane/propene.  The author attributed the 
promotional effect to the formation of hydrocarbon oxygenates caused by SO2. 
 
The SO2 resistance of the silver catalysts, including the SO2 poisoning mechanism and reactivity of 
silver sulfate phase still remain unclear.  The differences in results reported on the sulfur durability of 
silver catalysts are most likely due to the variability in catalyst properties (loading and preparation 
technique), reaction conditions (reaction temperature and feed gas flow rate), the type of reductant used 
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(hydrocarbon or oxygenated hydrocarbon) and the way of NOx conversion measured (NOx conversion 
obtained using a chemiluminescence NOx analyzer or N2 yield obtained using a gas chromatography). 
For example, Satokawa [13] found that the durability of a 2wt.%Ag/Al2O3 catalys t to 4ppm SO2 
mainly depended on reaction temperature. The catalyst showed dramatically different SO2 tolerance as 
a function of reaction temperature, which was due to desorption of SO2 species from the catalyst 
surface. 
 
In this paper, we present unique results for Ag/Al2O3 catalysts evaluated under simulated diesel engine 
exhaust (1000 ppm NO, 1000ppm C3H6, 30ppm SO2, 9% O2, 7% H2O, and 30,000h-1 space 
velocity).  XRD (X-ray diffraction), XPS (X-ray photoelectron spectroscopy) and DRIFTS (Diffuse 
Reflectance FTIR) were used to characterize the properties of fresh and SO2 exposed catalysts. The 
information derived from these characterization techniques has been correlated with the lean-NOx 
performance results in order to understand the effect of SO2 on the catalytic performance. 
 

7.7.5  Experimental 
 
Catalyst Preparation 

The γ-alumina support (surface area 230 m2/g, pore volume 1.4 cc/g) was prepared with a sol-gel 
method using aluminum isopropoxide and the complexing agent, 2-methyl-2,4-pentanediol.  A detailed 
procedure for the alumina preparation was described previously [14]. Silver samples were prepared 
using an incipient wetness impregnation technique. Silver (I) Nitrate (Aldrich, 99+%) was dissolved in 
DDI water and added to the γ-alumina support. The impregnated samples were mixed well, dried at 
90oC for 24 hours, and then calcined up to 600oC in air for 5 hours. The actual silver loading of the 
prepared samples was quantified using a titration analysis in Washington University in St. Louis (Table 
1). The samples were first dried overnight at 220oC.  The samples were dissolved with excess HNO3 
and titrated with standard thiocynate solution with an Fe(III) indicator (Volhard method). 
 
The Ag/Al2O3 catalysts prepared with silver nitrate will be designated by ‘AgX’, where X is the Ag 
content (wt.%).  Another 2wt.%Ag/Al2O3 catalyst was also prepared with silver (I) sulfate (Aldrich, 
99%) using an incipient wetness technique (designated by Ag2-S). Due to silver (I) sulfate’s low 
solubility in water, multiple impregnations were required to prepare the catalyst.  A sulfated ? -alumina 
containing 1wt.% sulfur was prepared by impregnating the alumina with sulfuric acid (designated by 
Alumina-S). The samples were dried and calcined with the same condition described above. 
 
Catalytic Performance Test 

The catalytic performance of the samples was measured using a quartz micro tube reactor system with a 
feed gas of 0.1% NO, 0.1% C3H6, 9% O2, and 7% H2O balanced with He. 30 ppm SO2 was introduced 
to the gas stream for the SO2 tests. The total gas flow rate was 200 cc/min and 0.2 g of catalyst sample 
was used to provide approximately 30,000h-1 space velocity. The catalyst samples were initially heated 
up to 600oC with 15% O2 in He. When the temperature reached 600oC, the H2O, NO, and propene were 
introduced to the reaction mixture. Activity data was recorded from high temperature to low 
temperature.  The reaction products were identified and measured using a HP 6890 Gas Chromatograph 
equipped with two thermal conductivity detectors. NOx conversion was measured by the amount of N2 
produced. Since no byproducts such as N2O were detected to an appreciable amount in any of the 
experiments, the measured N2 yield corresponded directly to NOx conversion.  
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Gas Adsorption Measurements 

Surface area, pore volume and pore size distribution measurements were performed using a 
Micromeritics ASAP 2010 system.  Catalyst samples were out-gassed under vacuum at 450°C 
overnight prior to taking adsorption measurements. The surface area was determined by multi-point 
measurements using several relative pressures of N2 in the range of 0.06-0.2 (N2 surface area: 0.162 
nm2) at 77 K. 

 
X-Ray Diffraction (XRD) 

XRD profiles were measured using a Bruker D8 Advance diffractometer equipped with a copper target 
X-ray tube (λ=0.15418nm).  The X-ray source was operated at 1600W (40 kV, 40 mA).  The scans 
were performed over the range of 20-80° 2θ with a step scan size of 0.02° and a scan rate of 3 sec/step. 
The samples were mounted as powder samples and pressed in 10mm x 10mm x 0.5mm deep cavities 
cut in glass plates. 

 
X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were made on a Physical Electronics Quantum 2000 Scanning ESCA Microprobe 
at Pacific Northwest National Laboratory (PNNL).  This system used a focused monochromatic Al Kα 
x-ray (1486.7 eV) source for excitation and a spherical section analyzer. The x-ray beam used was a 
100W, 100µm diameter beam that was rastered over a 1.5 mm by 0.2 mm rectangle on the sample. The 
x-ray beam was incident normal to the sample and the x-ray detector was at 45o away from the normal. 
The collected data were referenced to an energy scale with binding energies for Cu 2p3/2 at 932.67 + 
0.05 eV and Au 4f at 84.0 + 0.05 eV. Low energy electrons and argon ions were used for specimen 
neutralization. 

 

Sulfur Analysis  

The sulfur content in the catalyst samples was measured using the LECO CS-200 Carbon Sulfur 
Analyzer.  0.1-0.2 g of a sample was weighed out in a ceramic crucible and iron chips were added to 
the crucible to accelerate combustion. The crucible was placed in a combustion chamber and purged 
with oxygen to remove atmospheric gases. After purging, an induction coil is turned on and the sulfur 
bearing components are combusted and produced SO2 is detected with IR analysis. A narrow band pass 
filter is used to allow only the wavelength of light absorbed by SO2. The peak areas for the samples 
were compared to calibration curves to determine the wt.% sulfur in the sample. 

 
Diffuse Reflectance FTIR (DRIFTS) 

The diffuse reflectance FTIR measurements were performed in-situ using Mattson galaxy 5022 
equipped with a high-temperature cell (Harrick Scientific Company) at Northwestern University. The 
15mg of sample was placed in the sample cell. Prior to the DRIFT analysis, the samples were pretreated 
with He to remove moisture. The samples were then exposed to 0.1%NO2, 9%O2 and 0.1%Propene 
balanced in H2 (total 200 cc/min) at 400oC for an hour. The DRIFTS measurements were taken with 
512 scans at a resolution of 2-4 cm-1.  The band of surface species was determined after spectra of a 
sample are subtracted with a spectrum of a pure alumina. 
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7.7.6 Results 
 
Effect of SO2 on catalyst performance 
 
Figure 1a shows the change in NO reduction performance as a function of time over Ag2 and Ag8 
samples when 30 ppm SO2 was added in the gas feed at 500oC.  After the N2 yield stabilized in the 
presence of SO2 (closed symbols), the recovery of the NO reduction was examined with a SO2-free gas 
stream (open symbols) at 500oC.  The N2 yield before SO2 was added is shown at zero minutes. 
Unpromoted γ-Al2O3 was also exposed to the same reaction conditions and analyzed for comparison. 
 
The alumina activity was low (10%) and decreased slightly upon exposure to SO2, but was recovered 
when the SO2 was removed. The N2 yield over Ag2 started off at 54% and increased to 58% after 120 
minutes exposure to SO2.  Further SO2 exposure resulted in a decrease in N2 yield that eventually 
stabilized around 40% after 400 minutes.  The original N2 yield was fully recovered when SO2 was 
removed from the gas stream. 
 
For Ag8, activity initially started off around 1% N2 yield and dramatically increased to 28% after 350 
minutes exposure to SO2 and then leveled off after 500 minutes. Surprisingly the performance of Ag8 
decreased upon removal of SO2 from the gas stream. 
 
Figure 1b shows the change of C3H6 conversion as a function of time for the SO2 test. The C3H6 
conversion over Ag2 slightly decreased with SO2 exposure but was recovered when SO2 was removed 
whereas the C3H6 conversion for γ-Al2O3 remained unchanged during the experiment.  The C3H6 
conversion for Ag8 decreased upon SO2 exposure and decreased further and then started to increase 
again when SO2 flow was stopped. 
 
Effect of precursor on catalyst performance 
 
The N2 yield of selectively sulfated silver or alumina site samples was measured to elucidate the effects 
of sulfated species on the catalyst performance.   
 
Figure 2 shows the comparison of N2 yield and C3H6 conversion as a function of temperatures over 
2wt.% silver catalysts prepared with different precursors: silver nitrate (Ag2) and silver sulfate (Ag2-
S).  The Ag2-S (contained 0.29wt.% S) demonstrated higher N2 yield than the Ag2.  The Ag2-S also 
showed higher propene conversion than the Ag2.   
 
Figure 3 compares the N2 yield (%) and C3H6 conversion as a function of temperatures over aluminas: 
pure γ-alumina and sulfated γ-alumina (Alumina-S). The Alumina-S (contained 1.03wt% S) 
demonstrated poorer N2 yield than the unpromoted alumina.  However, the Alumina-S enhanced 
propene conversion compared to the unpromoted alumina. 
 
Figure 4 shows the change in NO reduction performance as a function of time over Ag2-S sample when 
30 ppm SO2 was added in the gas feed at 500oC.  After the N2 yield stabilized in the presence of SO2 
(closed symbols), the recovery of the NO reduction was examined with a SO2-free gas stream (open 
symbols) at 500oC.  The N2 yield before SO2 was added is shown at zero minutes. The N2 yield 
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immediately decreased upon exposure to SO2.  No increase in N2 yie ld in the first hour was observed 
over Ag2-S.  But it is consistent with the case of Ag2 that N2 yield was stabilized around 40% and the 
original N2 yield was fully recovered when SO2 was removed from the gas stream. 
 
Catalyst characterization 
 
Table 2 shows BET results for fresh Ag/Al2O3 catalysts.  The results of the sol-gel alumina support 
were included for comparison. The surface area of the catalysts slightly decreased after silver was 
introduced on the samples.  However, significant decreases in pore volume and pore diameter were 
observed with the addition of silver. These results indicated that the silver species locate at the inlet or 
inside of the alumina pore structure causing this observed reduction in the pore volume and pore 
diameter.  
 
Figure 5 shows the XRD patterns of the fresh silver doped alumina catalysts. The diffraction pattern of 
the Ag2 is characteristic of the alumina support (?-Al2O3). No silver oxide peaks were detected which 
indicated that the silver oxide particles were well dispersed. However, the XRD pattern obtained for 
Ag8 contained peaks characteristic of Ago in addition to alumina peaks. Figure 6 shows powder XRD 
patterns after Ag2 and Ag8 catalysts were exposed to the gas stream containing 30 ppm SO2 at 500oC. 
Silver sulfate (AgSO4) peaks were observed in the pattern of Ag8. 
 
Figure 6 shows the variation of the XPS Ag3d/Al2p intensity ratios measured for the Ag/Al2O3 
catalysts as a function of Ag/Al atomic ratio. Data is shown for fresh and aged silver catalysts as well 
as Ag2-S. The intensity ratio of Ag3d/Al2p calculated for theoretical atomic dispersion is also shown 
for comparison.  The theoretical line was calculated using the model proposed by Kerkhof and Moulijn 
[15].  The photoelectron cross sections and the mean escape depth of the photoelectrons used in these 
calculations were taken from Scofield [16] and Penn [17], respectively. The Ag/Al intensity ratios of 
the fresh Ag2, aged Ag2 and Ag2-S are on the theoretical monolayer line or very close to it. This means 
that the 2wt.% silver species was well dispersed on the alumina support regardless of aging procedure 
or a silver precursor for catalyst preparation.  For higher silver loading catalysts (Ag8), the Ag/Al 
intensity ratios deviated from the theoretical monolayer line. The decrease in XPS intensity ratio for 
fresh Ag8 is due to the formation of the large silver metal crystallites that were observed in the XRD 
pattern of the Ag8.  The Ag/Al intensity ratios of the aged Ag8 decreased further down from the 
monolayer line as a function of aging period.  The result indicated that exposure to reaction condition 
containing 30 ppm SO2 affects negatively on the silver dispersion in the Ag8.  The decrease in the 
silver dispersion can be attributed to the formation of large Ag2SO4 crystallites, which were observed 
in the XRD patterns (Figure 5).   
 
The sulfur content in the samples was quantified using the LECO CS 200 (Table 3). The sulfur content 
increased as a function of exposure time to SO2.  The sample prepared with silver sulfate precursor 
(Ag2-S) and H2SO4 (Alumina-S) contained 0.29 and 1.03wt.% S, respectively. 
 
Figure 7 shows the in-situ DRIFTS spectra obtained over the fresh Ag2 and aged Ag2 exposed to 30 
ppm SO2 for 230 min and 2500 min. Absorption bands assigned to isocyanate (2233 cm-1) and cyanide 
(2163 cm-1) species were observed, which agrees with the bands reported in the literature [18].  The 
isocyanate band was specifically assigned NCO species adsorbed on silver sites [19].   The relative 
peak intensity of the isocyanate significantly increased after the Ag2 sample was exposed to the gas 
stream containing 30 ppm SO2 compared to the fresh state of the sample. The sample exposed to SO2 
for a long period (2500 min) maintains isocyanate species on the catalyst surface.  
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7.7.7 Discussion 
 
The NOx reduction performance of silver doped alumina catalysts, which are some of the most 
promising catalysts applicable to lean-NOx and plasma assisted catalysis, was studied under relatively 
aggressive reaction conditions including 0.1% NO, 0.1% propene, 30 ppm SO2, 7% H2O, 9% O2 and a 
space velocity of 30,000h-1.  
According to the literature the Ag+ species (i.e. Ag2O) are present on low silver loadings (<2wt.%Ag) 
and metallic silver particles are present on high silver loading catalysts (>6wt.%Ag) [18, 20].  Low 
silver loadings are more selective for NOx reduction because the silver is in an oxidized state and is 
more dispersed than high loadings, in which larger silver metal crystallites are present. Silver metal 
favors propene oxidation and depletes the reductant, which in turn decreases the catalytic NOx 
reduction performance.  The performance data (Figures V.III.1) and characterization results (XPS and 
XRD) confirmed that well dispersed silver oxide present at lower loadings (Ag2) promoted NOx 
reduction, while larger, crystalline Ago observed in high loadings (Ag8) promoted propene oxidation. 
Among a series of silver (1-8wt.%) doped alumina catalysts tested in this study, 2wt.% was the 
optimum silver loading for NOx reduction when SO2 was not present in the gas stream. 
 
Upon exposure to SO2 the catalytic performance of silver catalysts was enhanced slightly over low 
(Ag2) and significantly over high (Ag8) loading catalysts. The activity of Ag2 initially increased for the 
first 120 minutes then decreased and leveled off at 40% after 400min. In order to understand the initial 
increase in NOx reduction a 2wt.%Ag/Al2O3 was prepared with a silver sulfate precursor to elucidate a 
role of silver sulfate for the lean-NOx reaction. As shown in Figure 2 the Ag2-S catalyst, which 
contains selectively sulfated silver species on the γ-alumina (because silver sulfate decomposition 
temperature is higher than 1000oC [21]), demonstrated higher NOx reduction than Ag2, which contains 
silver oxide (because of silver nitrate starting material).   
 
The high activity of silver sulfate species for NOx reduction process is consistent with the DRIFTS 
measurements (Figure 7).  The DRIFTS results demonstrated that the aged Ag2 (sulfated) formed even 
more -NCO species, which has been known as a key intermediate species of lean-NOx catalysis [22], 
on the silver sites than did fresh Ag2.   
 
Comparable lean-NOx performance of a SO2 treated silver catalyst to its fresh sample was reported 
when ethanol was used as a reductant [10].  The increase in NOx reduction when Ag2 was exposed to 
SO2  (Figure 1a) and higher NOx reduction of the catalyst prepared with silver sulfate precursor than 
nitrate (Figure 2) proved that silver sulfate phase was more effective than silver oxide for NOx 
reduction with propene reductant. 
 
Ag2-S did not show the initial increase in N2 yield for the first hour upon SO2 exposure (Figure 4) 
because the silver phase in Ag2-S is already sulfated. The starting N2 yield was high because of high 
activity of silver sulfate phase for producing -NCO precursor. All SO2 introduced in the catalyst was 
adsorbed on alumina sites from the beginning rather than taken up by silver species like in Ag2. 
Therefore the slope of N2 yield decreased sharply due to poisoning alumina sites, immediately after the 
introduction of SO2, which are responsible for NOx reduction.  
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Eventually the catalytic performance of NOx reduction decreased after exposure to SO2 over an 
extended period of time. However, the Ag2 maintained 70% of its original NOx reduction performance 
even after 2000min exposure to 30 ppm SO2.  The decrease in the performance is mainly due to the 
sulfation of alumina sites not because of the sulfation of silver sites.  The NOx reduction performance 
of the sulfated alumina clearly showed that sulfur present on alumina has a detrimental effect on its 
lean-NOx performance (Figure 3).  Meunier and Ross [8] found that after 75 minutes of SO2 exposure 
1.2wt.%Ag/Al2O3 catalyst was permanently deactivated and could not be regenerated by removing SO2 
from the feed gas. The authors reported that the initial activity was recovered only after the catalyst was 
reduced with 10%H2/Ar at 650oC.   However, in this study Ag2 and Ag2-S were completely 
regenerated by removal of SO2 from the gas stream  (Figure 1a and Figure 4).  The encouraging full 
recovery of the catalyst performance can be attributed to the fact that the sol-gel prepared alumina was 
not sulfated permanently by the SO2 in gas stream and was regenerated in the absence of SO2. These 
results indicate that silver doped alumina catalysts have two independent active sites for Lean-NOx 
process.  Silver sites produce the key intermediate -NCO and alumina sites produce N2.  The addition of 
SO2 enhanced the performance of silver sites. SO2 only hindered the NOx reduction function of 
alumina sites.  Therefore, a future study should focus on development of a sulfur resistant alumina 
material in order to improve catalyst durability to SO2 poisoning.  
 
In the case of Ag8 dramatic enhancement of NOx reduction was observed upon introducing SO2 in the 
gas stream (Figures V.III.1a). The role of SO2 is to oxidize silver metal phase (Ag0) present in Ag8 to 
Ag+. The oxidized silver species may include silver oxide (Ag2O) and/or silver sulfate (Ag2SO4).   The 
suppression of propene oxidation and enhancement of NOx reduction via the formation of the oxidized 
silver species from silver metal should play a major role in enhancing the N2 yield while the catalyst 
was exposed to SO2.  Surprisingly the N2 yield decreased for Ag8 when SO2 was removed from the gas 
stream. The bulk silver sulfate crystallites shown in the XRD pattern (Figure 5) were not decomposed 
during the regeneration step in the absence of SO2.  However, the bulk silver sulfate crystallite may not 
contribute much to N2 yield because of its relatively large particle size. It is hypothesized that when 
SO2 was removed from the gas feed some “surface silver sulfate” might convert back to silver metal or 
silver oxide that are less active to produce the –NCO intermediate than silver sulfate.  This can explain 
the decrease in N2 yield. The change of the silver phase might not be detected by XRD due to its high 
dispersion.  The surface phase of silver sulfate may behave differently from the bulk phase. The surface 
phase of silver sulfate may be unstable at 500oC and may change their phase according to reaction 
conditions such as presence or absence of SO2. Further study is warranted to elucidate the 
characteristics of the hypothesized surface silver sulfate species. 
 

7.7.8 Conclusion 
 
The lean-NOx performance of silver doped γ-alumina catalysts for NOx reduction was dependent on 
the silver loading and the presence of SO2.    The introduction of SO2 in the reaction gas stream 
actually enhanced NOx reduction performance of the silver catalysts. The improvement of the NOx 
conversion was due to the formation of Ag2SO4 phase from silver oxide or silver metal phases present 
in the catalysts.  Silver sulfate phase was more active and selective than silver oxide for lean-NOx 
catalysis because the former might produce more -NCO species and suppress propene oxidation than 
the latter.  The decrease in catalytic performance of NOx reduction in extended time exposure to SO2 
was mainly due to the poisoning of alumina active sites which is responsible for NOx reduction to N2.   
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Approximately 2wt.% Ag is well known as an optimum silver loading on an alumina support for NOx 
reduction.  However, the optimum loading may vary depending on the amount of SO2 present in the 
gas stream because the activities of silver and alumina sites change upon exposure to SO2.  Higher 
silver loading than 2wt.%Ag/Al2O3 is expected to show optimized lean-NOx performance in the 
presence of 30 ppm SO2 because the enhancement of NOx reduction performance by formation of 
silver sulfate from silver oxide compensates the loss of NOx reduction performance by formation of 
aluminum sulfate from aluminum oxide. The silver doped sol-gel alumina catalyst examined in this 
study is very promising. Unlike other results reported in literature the catalyst was not permanently 
deactivated by SO2 and was able to recover its original NOx reduction performance upon removal of 
SO2 from gas stream. 
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Table 1.  Silver content in silver doped alumina catalysts. 

Sample ID Ag Content (wt.%) 

Ag2  1.90 

Ag8 7.66 

Ag2-S 1.86 

 
 
 
Table 2. Surface area, pore volume and pore diameter of fresh Ag/Al2O3 catalysts and γ-Al2O3.  
 
 

Silver Sample 

Surface Area 

(m2/g) 

Pore Volume  

(cm3/g) 

Pore Diameter 

(nm) 

Al2O3 230 1.1 14 

Ag2  214 0.77 10.6 

Ag8  199 0.68 10.1 
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Table 3. Sulfur content in fresh, aged (exposed to feed gas containing 30ppm SO2) and prepared with 
sulfur precursors catalysts. 

 

Sample ID SO2 Exposure (min) S Content (wt.%) 

Fresh alumina 0 0.02 

Aged alumina 160 0.54 

Aged alumina 2200 1.30 

      

Fresh Ag2 0 0.01 

Aged Ag2 230 0.76 

Aged Ag2  2500 1.27 

      

Fresh Ag8 0 0.00 

Aged Ag8 210 0.82 

Aged Ag8  2200 1.45 

      

Ag2-S 0 0.29 

Alumina-S 0 1.03 
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Figure 1a.  The effect of SO2 exposure on N2 yield for NO reduction over Ag/Al2O3 catalysts and γ-
Al2O3 at 500oC (0.1% NO, 0.1% C3H6, 7% H2O, 9% O2, 30ppm SO2, SV=30,000h-1). Closed symbols: 
30ppm SO2, Open symbols: 0ppm SO2 
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Figure 1b.  The effect of SO2 exposure on C3H6 conversion for NO reduction overAg/Al2O3 catalysts 
and γ-Al2O3 at 500oC (0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, 30 ppm SO2, SV=30,000h-1).  Closed 
symbols: 30ppm SO2, Open symbols: 0ppm SO2   
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Figure 2.  The effect of silver precursors on the N2 yield and propene conversion over Ag/Al2O3 
catalysts. Closed symbol: silver sulfate, Open symbol: 
silver nitrate (0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, SV=30,000h-1).   
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Figure 3.  The effect of sulfur on the N2 yield and propene conversion over γ-Al2O3 Closed symbol: 
pure alumina, Open symbol: sulfated alumina  (0.1% NO, 0.1% C3H6, 9% O2, 7% H2O, SV=30,000h-1).   
 



 222

Time on Stream (min)

0 1000 2000 3000 4000

N
2 

Y
ie

ld
 (

%
)

0

20

40

60

80

100

 
 
Figure 4.  The effect of SO2 exposure on N2 yield for NO reduction at 500oC over a 2wt.%Ag/Al2O3 
catalyst prepared with silver sulfate (0.1% NO, 0.1% C3H6, 7% H2O, 9% O2, 30 ppm SO2, SV=30,000h-

1). Closed symbols: 30ppm SO2, Open symbols: 0ppm SO2 
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Figure 5.  XRD patterns of fresh γ-Al2O3 and Ag/Al2O3 catalysts exposed to 30ppm SO2 and 
regenerated in a SO2 free gas feed at 500oC. (0.1%NO, 0.1% C3H6, 7% H2O, 9%O2, 30 ppm SO2, 
SV=30,000h-1). 
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Figure 6. XPS intensity ratio of Ag3d/Al2p for Ag/Al2O3 catalysts. The theoretical  
monolayer line is included for comparison. 
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Figure 7. In-situ DRIFTS of 2wt.%Ag/Al2O3 catalysts with 0.1%NO2, 0.1% C3H6 and 9%O2.  The 
samples were exposed to 30ppm SO2 for 0, 230 and 2500minutes 
 before DRIFT measurements. 
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7.8 Program Highlights – NOx Sensor Evaluation and Development 
 

7.8.1 Introduction 
 

An enabling technology for NOx catalysis is the development of a NOx sensor capable of operating in 
the diesel exhaust environment.  To date, the major technology to be used to detect NOx in an exhaust 
stream has been the electrochemical sensor using an amperometric technique.  In general, it is difficult 
for electrochemical sensors to measure below 15 ppm NOx because of the low signal to noise ratio 
around an internal combustion engine.  Specifically, these sensors have not demonstrated the ability to 
survive this harsh environment. The failures are seen as large baseline drift or poisoning.  Near the end 
of the DOE contract, a decision was made to begin evaluation of NOx sensor techno logies and 
development if necessary. 

 

7.8.2 List of Figures 
 
Figure 1.  A schematic diagram of the NOx sensor test bench. 
 
Figure 2.  A picture of the completed NOx sensor test bench 
 
 

7.8.3 Approach 
 
The overall approach to NOx sensor development is two pronged: near term and longer term.  The near 
term approach will look at technologies that are in production or nearing production.  Caterpillar will 
investigate why these technologies are falling short of the desired goal and determine areas where 
Caterpillar may have an impact on overcoming barriers to the technology.  The longer-term approach 
will evaluate technologies that are further from commercialization that may be better (i.e., cheaper, 
more durable, more sensitive) than current technologies.  The first year will focus on identifying 
barriers to current technology and newer technologies with potential impact.  The first year will also 
focus on and developing partnerships with experts in areas of new technology. 
 

7.8.4 Results and discussion 
 

In order to perform our evaluations of the new sensor material and developmental sensors, from 
Caterpillar and others, a laboratory bench was designed and built.  The test bench is computer 
controlled, having the ability to modify the gas composition in a LabView run program. Figure 1 is a 
functional diagram of the current NOx sensor evaluation bench. Figure 2 is a picture of the completed 
NOx sensor test bench. 

 

Current production NOx sensing technology utilizes solid state electrochemical reactions.  The sensors 
use oxygen ion conducting zirconia as an electrolyte in an amperometric configuration.  Problems with 
current sensors are durability, which includes electrode drift and poisoning, sensitivity, selectivity, and 
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slow response.  Many of the previously mentioned problems are directly related to electrodes.  
Electrode development was undertaken.  Electrodes based on Axa(1-x)Byb(1-y)O3, where A is La, B is Fe 
and the a- and b-site additions were Sr, Ba, Ca and Pr, Nd, respectively, for various ranges in x and y.  
These electrode compositions were evaluated for their ability to reduce O2 while not reducing NOx.  
However, none of the electrodes resulted in performance much better than the standard Au-Pt alloy 
currently used as the oxygen-pumping electrode. 

 

A number of sensors from other development partners where evaluated on the bench. The sensors 
varied in the degree of development necessary for commercialization.  The sensors varied in the 
technology used to measure NOx.  One sensor was an amperometric technology while two others were 
potentiometric technology.  All of the sensors had an issue or more during testing.  One of the sensors 
leaked through the housing.  Another sensor had a slow response time on the order of 10 minutes which 
made evaluation difficult.  A third sensor technology required major modifications to the bench because 
of the state of development of the technology. 

 

Longer term goals for sensors required evaluating other potential NOx sensor technologies.  The focus 
was on semiconductor, visible (i.e., infrared or ultraviolet), or hybrid systems that may include 
technologies such as electrochemical, semiconductor, or visible measurements when the contract 
ended.   

 

7.8.5 Conclusions 
 

A laboratory bench test was designed and built to evaluate current NOx sensor technologies and to 
assist in the development of advanced NOx sensor technologies.  The bench is automated and versatile.  
It was used to evaluate four different external to Caterpillar technologies.  Two of the technologies 
were unacceptable to continue Caterpillar development.  Two of the technologies moved forward to 
more testing after the DOE contract expired.  Internal development on amperometric sensor electrodes 
did not result in better compositions that currently exist in the commercial product. 
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Figure 1.  A schematic diagram of the NOx sensor test bench. 
 
 

 
 
Figure 2.  A picture of the completed NOx sensor test bench 
 


