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HIGH TEMPERATURE OXIDATION OF Ni50(A1,Be)50 

Robert J. Hanrahan, Jr.; Darryl P. Butt , Dan J. Thoma, Thomas N. Taylor, and Carl J. 
Maggiore Los Alamos National Laboratory, Materials Science and Technology Division, .. Los Alamos, NM, 87545 

1. SUMMARY 

The effect of Be on the high temperature oxidation of NiAl has been investigated. This paper 
presents our initial results. From 1 to 10 % Be was substituted for Al on a 1 to 1 atomic basis. Oxidation 
experiments were conducted in pure oxygen. Exposure temperatures ranged from 800 to 1200" C for 16 
hours. In addition to thermogravimetry, post exposure analysis involved scanning electron microscopy of 
the intact scales, x-ray diffraction, x-ray photoelectron spectroscopy, and Rutherford backscattering 
spectroscopy. At every temperature tested the Be modified NiAl containing 1,2,or 5 atomic %Be 
exhibited lower weight gain and comparable or slower oxidation rates than the pure binary material. The 
surfaces of the Be modified specimens showed minimal topography, with no evidence of the usual 
transient alumina phases grown on binary NiAl in this temperature range. X-ray diffraction and surface 
analysis showed the presence of layers of A1203 and ternary oxide phases, primarily BeO*A1203. The 
growth of this complex scale apparently prevents the growth of the transient alumina phases. 

2. INTRODUCTION 

The high temperature oxidation of binary NiAl has been the subject of numerous studies, both 
because of its use as a coating and its potential application as a structural material. (e.g. 1,2,3,4) The use 
of NiAl as a monolithic material is severely restricted by its lack of low temperature ductility and high 
temperature creep resistance, discussed in two recent reviews (5,6). One of the most promising routes for 
improving properties at all temperatures is alloying with ternary elements which may substitute for Al, 
i.e. elements which form B2 compounds with Ni. (7) Most of these have been thoroughly investigated 
with the notable exception of Be, which has only been added at very low levels. (8,9) We have recently 
determined that there is significant apparent solubility of Be in NiAl. (10) No information on the 
oxidation of Ni(A1,Be) has been published to date, however NiBe has been shown to posses oxidation 
resistance comparable to NiAl in dry oxidation. (11) Furthermore, Be might be expected to improve the 
oxidation resistance of NiAl by modifying the oxidation mechanism. We have measured the oxidation 
kinetics of NiAl containing from 0 to 10 atomic percent Be. Isothermal oxidation kinetics were studied 
using thermogravimetric analysis at 800-1200" C in pure oxygen. 

3. EXPERTMENTAL TECHNIQUE 

3.1 Ailoy Preparation 

The alloys were prepared by weighing elemental metals {Ni (plate, 99.9%), A1 (rod, 99.99%) and. 
Be (lump, 99.9%)] to 50 grams in the appropriate proportions. The ingot was arc-cast on a water cooled 
copper hearth. The arc-melting chamber was evacuated to 0.5 Pa and purged ai: least rhree times with high 
purity Ar. Titanium buttons were melted as oxygen getters before each ingot melting. The ingot was 



melted six times to optimize compositional uniformity: four times as buttons and two times in a trough. 
Mass loss during the melting process was minimal (less than 0.5%) so nominal compositions are used. 
Alloys containing 0,1,2,5, and 10 a/o Be, 50 a/o Ni, balance A1 were prepared. All of the ingots were 
given a homogenization anneal of 168 hours at 1200" C. Specimens were prepared for thermogravimetric 
analysis (TGA) by cutting sections from the ingots using a low speed diamond saw. These were then 
ground through 1200 grit Sic  prior to exposure. 
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3.2 Analysis Techniques 

Specimens were suspended in the TGA (Cahn TG-171, AT1 Cahn, Madison, WI) in an alumina 
crucible. The crucible was used minimize the potential for contamination of the balance in the event that 
the oxidation had resulted in a scale of friable BeO. The specimens were exposed to ultra high purity 0 2  
in a 2.5 cm i.d., 99.8% alumina tube held vertically in a molybdenum disilicide resistance furnace. The 
temperature was controlled using a calibrated nickel-chromium thermocouple below 1 lOO"C, and a Pt- 
30% Rh thermocouple above 1200°C. The thermocouples were positioned 5 mm below the base of the 
specimen. Temperature measurements were accurate to within rtl.l"C, and the furnace temperature was 
controlled to approximately A2"C during heat up and A1 "C during isothermal holds. 

During oxidation, the oxidizing gas was introduced fiom the bottom of the reaction tube and a 
balance gas of He was directed into the microbalance then downward fiom the top of the tube. Both gases 
exited through a vent located 12 cm above the specimen. The gas flow rates were held constant at 60 
cm3/min (standard temperature and pressure) using calibrated gravity flow meters. Although not 
measured, the total pressure in the tube furnace was presumed to be near the atmospheric pressure of our 
laboratory (0.765 atm), which is at 2200 meters above sea level. Alumina baffles were positioned at both 
the top and bottom of the furnace to reduce balance noise that could otherwise be produced by local 
variations in gas flow and convection. 

During all studies, the furnace was initially purged with helium and specimens were. heated fiom 
room temperature to 120°C at 20"C/min, and held at temperature for 1 hour. Specimens were then heated 
from 120°C to the temperature of interest at 20"C/min. The oxidizing gas flow was started once the 
desired temperature was reached. Specimens were then held at temperature for 16 hours. Weight change 
data were collected every 10 seconds during all TGA experiments. 

Post exposure analysis consisted of optical and scanning electron microscope examination of the 
intact scales, followed by in-situ XRD of the intact scales on selected specimens. One specimen was 
further characterized using X P S  to analyze the composition and structure of the near surface oxide, and 
Rutherford backscattering to quantify the overall thickness and approximate composition of the scale. 
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4. RESULTS 

4.1 Oxidation Kinetics 

Table 1 shows specific weight gains after 16 hours for samples exposed fiom 800 to 1200" C. In many 
cases the weight gain of the Be modified samples was so low that no meaningful oxidation rate could be 
extracted from the TGA curves. To illustrate the typical pattern observed, a set of curves for the binary 
NiAl and the 1% Be exposed at 1000" and 1200" C are shown in fig 1 below. At 1000" C the binary NiAl 
shows a rapid weight gain followed by a much lower rate, characteristic of the transformation to a 
alumina. (a alumina was confirmed using XRD) The 1% Be alloy follows near parabolic kinetics after a 
brief transition, at a rate similar the binary NiA1. At 1200" C once again similar rates are observed, but 
without any obvious transient oxidation period in the Be modified material. The weight gains measured 



for all of the Be alloys from 1 to 5 % Be were significantly lower than the binary NiAl. In several cases 
the weight gains were so low that the kinetic measurements were overwhelmed by apparent weight losses 
attributed to buoyancy effects. The apparent weight losses experienced by some of the Be alloys can not 
be attributed to spallation. AB of the specimens were exposed in a crucible which would have collected 
any spalled material. Furthermore, none of the specimen surfaces showed any evidence of apparent 
spallation. The scales formed on all of the Be alloys at up to 1100” C exhibited various degrees of 
transparency, with the grain structure of the metal clearly visible through gray films. Only after the 1200” 
C exposure did the surface oxides appear opaque. The possibility of volatilization was ruled out since 
none of the possible species in the oxide have a significant vapor pressure at 1000” C. Furthermore, the 
TGA data for the highest Be alloy, NiA140Belo, only showed an apparent weight loss at 1000” C, but not 
at higher or lower temperatures. We must conclude therefore that there was a some contamination of the 
TGA which resulted in the irreproducible weight gains/losses observed. This does not seem to have 
affected the measured net weight gains however. The long term rates tended to be close to those measured 
for the binary NiA1, however the initial transient period was greatly reduced or eliminated in the Be 
modified material. The scales formed on the Be modified alloy are more protective initially than the 
transient alumina phases observed at and below 1000” C on binary NiAl ( e.g. 3). This suggests that a 
long term improvement imparted by the addition of Be might be even more significant under cyclic 
exposure. More data collected for longer times is required to allow for the detailed analysis of the kinetics 
and mechanism of the effect of Be on NiA1. 

Table 1: 

800° C 
gooo c 
loooo c 
l looo  c 
1200O c 

)ecific Weight gains of 0-10 % Be Ni,o(A1,Be)jo exposed in pure oxygen. 
Binary NiAl 1%Be 2% Be 5% Be 10% Be 
0.077 mglcm” Not Run 0.0287 mg/cm” 0.1 14 mg/cm” Not Run 
Not Run 0.0950 mg/cm2 0.000 mg/cm2 0.0470 mg/cm2 0.907 mg/cm2 
0.294 mg/cm2 0.130 mg/cm2 0.259 mg/cm2 0.136 mg/cm2 0.316 mg/cm2 
Not Run 0.100 mg/cm2 0.201 mg/cm2 0.400 mg/cm2 1.167 mg/cm2 
0.578 mg/cm2 0.225 mg/cm2 0.237 mg/cm2 0.569 mg/cm2 1.113 mg/cm2 
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Figure I: TGA curves of NiAl and NiA1-1% Be exposed at 1000” C (left) and 1200” C (right) in pure 
oxygen 



4.2 X-Ray Diffraction of Intact Scales 

The scales formed on the specimens exposed at 8 3" really amounted to ittle more than interference 
films. No complete patterns were visible except for the NiAl substrate. The binary NiAl exposed at 1000" 
C had peaks from theta alumina and a-alumina. The 1% Be NiAl specimen exposed at 1000" C also had 
peaks corresponding to a alumina and the NiAl substrate, with no unidentified peaks. The ternary oxide 
phase BeO*A1203 was clearly identified in the patterns from the 2% and 5% Be specimens exposed at 
1100 and 1200", and the 10% Be specimen exposed at 1200" C. In the patterns from the 10% specimen 
exposed at 900, 1000, 1100 and 1200" C numerous unidentified peaks were observed at each 
temperature. Several of the same high intensity peaks occurred in all four patterns at approximate d 
spacings of 2.19,2.01, and 1.275. These did not match any of the likely binary or ternary phases recorded 
in the JCPDS file. It should be noted however that there are no powder patterns for either Be0*3AI2O3 or 
3BeO*AI2O3. Based on comparison with the x-ray pattern reported by Galakhov for 3Be0*A1203 this 
phase is tentatively identified.(l2) This match requires a systematic error in the Guinier camera 
measurements of Galakhov. This seems likely based on the similar mismatch between the values for the 
d spacings of Be0*AI2O3 reported by Galakhov and those reported by JCPDS (13). 

4.3 Surface Analysis of 5% Be Exposed at 1000" C 

4.3.1 X-Ray Photoelectron Spectroscopy 

XPS was performed on the specimen of Ni-45A1-5Be exposed at 1000" C. This sample was typical of 
the Be modified NiAl specimens in that it showed practically no surface topography. An SEM micrograph 
of the surface of this sample is shown in fig. I1 below along with a micrograph taken at the same 
magnification of the sample of binary NiAl exposed under the same conditions. Although the surface does 
not show the granular topography typical of growth of 0 alumina, it does show dark regions in the oxide 
which may indicate areas that are Be rich. XPS of this surface showed that the near surface region of the 
scale did in fact contain beryllium, with an approximate Be/A1 ratio of 2/1. By varying the angle of 
incidence of the x-rays from normal to grazing incidence it was found that the outer surface was 
apparently A1 rich. 

4.3.2 Rutherford Backscattering Spectroscopy 

RBS was used to non-destructively profile the oxide in order to determine its approximate thickness 
and bulk composition. A 4.2 MeV a-particle beam was used to take advantage of resonances in the Be 
and 0 scattering cross sections. Spectra were taken from unoxidized binary NiAl, unoxidized NiAbjBej, 
and the same oxidized sample of NiA14jBe5 examined with X P S  above. The RBS pattern measured from 
the oxidized sample is shown in fig. I11 below. The salient features of the pattern are labeled for clarity. 
Starting from the highest energy (channel number) on the right, the first feature is the prominent Ni edge. 
This is fairly sharp, indicating that the Ni is not distributed through the oxide but starts at a well defined 
interface (the metal/oxide interface) which is a little rough. The next feature is a small A1 peak ahead of 
the main A1 edge. This indicates that there is a significant enrichment of A1 near the surface. The A1 edge 
is sloped and rather diffuse, showing that there is a gradient in the Al concentration through the oxide. 
There is also a gradient in the stoichiometry of the oxide reflected in the shape of the 0 peak region. 
There is no evidence of Be surface enrichment visible near the Be edge, which is in itself also fairly sharp, 
however this does not indicate that there is no Be ai the surface, since the signal to noise ratio was too 
high to rule out surface Be. Integration of the oxygen area yielded a calculated 0 concentration of 



3.4*10'* oxygen atoms/cm2. Assuming that the majority compound is BeO*A1203 this yields an overall 
oxide layer thickness of 0.485 pm. The spectrum was modeled using R W ( 1 4 ) .  The best match 
(indicated by the dotted line) resulted in an overall near equiatomic Be/Al ratio with a concentration 
gradient in Al. This suggests that the structure consists of 2-3 distinct layers including possibly 
3Be0*A1203 and Be0*A1203. The good fit of the Ni edge indicates that the calculated thickness (oxygen 
atom density) is accurate. 

. 

Figure 111: RBS Spectrum measured using 4.2 MeV a particles incident normal to the surface of a 
specimen of NiAb5Be5 exposed for 16 hours in pure oxygen. 

5. DISCUSSION 

All of the evidence presented suggests a pattern in the effect of Be on the oxidation mechanism of 
NiAl. The reduction or elimination of the initial fast transient oxidation in the Be modified samples 
suggests that the fast growing transient alumina phases (0 and y primarily) are not formed because a more 
protective Be containing scale is formed. Since the Be/Al ratio of the alloys ranged from 1/50 to 1/5, but 
the scales contained on the order of 111 Be/Al this demonstrates that Be diffhsion is more rapid than Al. 
Based on XRD results it appears that the higher Be alloy (10 do)  tended to form a Be rich ternary phase 
(3BeO*A1203) at lower temperatures, while the lower Be alloys grew either Be0*A1203 scales or a 
mixture of this phase and a alurnina. The evidence from RBS and X P S  suggests that the scale has already 
evolved a complex layered structure after 16 hours however no clear evidence of Be0 formation in these 
low Be alloys was observed. Apparently- the growth rate of the predominant BeO*A1,03 spinel is 
comparable to a alumina. The adherence of this scale is clearly better than the alumina scale formed on 
binary NiAl. The significant improvement observed with only 1 d o  Be in the alloy suggests that the 
protectiveness of the scale may be maintained even to low Be contents, therefore Be depletion of the 
substrate may not be significant until after very long exposures. 

6. CONCLUSIONS 
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This paper reports the results of an initial survey of the short term oxidation of Be modified NiAl. 
Substitution of Be for A1 in NiAl on a 1 to 1 atomic basis has been shown to reduce the overall weigh 
gain due to oxidation at 800-1200” C relative to binary NiAl at iontents of Be of up to 5%. At 10% Be 
oxidation rates comparable to or higher than binary NiAl were measured. The surface scales formed on 
the Be containing alloys were composed primarily of ternary Be-AI-0 compounds. No evidence of either 
metastable alumina formation or Be0 was observed. The formation of the ternary compounds, 
particularly Be0*A1203, apparently results in a more adherent scale and prevents the formation of the 
transient oxides normally observed in oxidation of NiAl (3). Further work on the oxidation of Be 
containing NiAl at longer times and under cyclic oxidation is clearly warranted. 
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Figure 11: SEM micrographs of the intact scale on binary NiAl (top) and NiAl-5%Be (bottom) both 
exposed in pure oxygen for 16 hours at 1000" C. The surface of the beryllium modified alloy is typical of 
any of the various Be concentrations. The surface topography characteristic of binary NiAl, which is 
clearly visible in the top micrograph, was minimal or absent in the surfaces of the Be containing alloys. 
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