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Abstract 

The failure probability of magnesia-graphite components was predicted using an established 
probabilistic life prediction design algorithm. The described algorithm is commonly employed in 
the design of load-bearing structural ceramics components; however, interest existed for the 
present study to demonstrate its use and applicability in the design (or failure probability analysis) 
of arbitrary refractory components. Two components were examined: [i] a 25.4 x 25.4 x 152 mm 
(1 x 1 x 6 in.) magnesia-graphite prismatic bar subjected to three-point flexure using a 
101.6 mm (4 in.) span, and [ii] a vertically suspended magnesia-graphite nozzle whose 
dimensions were 203 O.D. x 101.6 I.D. x 1524 mm length (8 O.D. x 4 I.D. x 60 in. length). 
Magnesia-graphite strength data were combined with finite element analysis of the components and 
an appropriate multiaxial ceramic failure criterion to predict the failure probabilities of each. The 
latter exercise illustrated how laboratory-generated strength distributions may be used to predict the 
failure probability of a representative refractory component used in steel casting, while the former 
provided useful information of strength-dependence on size between two commonly used 
specimen geometries used for refractory strength tests. The results indicated an approach of 
probabilistic life design is applicable to refractory component design for the steel casting industry. 

I. Introduction 

Magnesia-graphite (MgO-G) and alumina-graphite (Al,O,-G) refractories are used as ladle 
shrouds and submerged entry nozzles in continuous steel casting. These refractories are chosen 
because they tend to prevent reoxidation and flux entrapping of the molten steel, and because they 
also provide a combination of good corrosion, erosion, and clogging resistance and cost 
effectiveness [ 11. MgO-G refractories reportedly exhibit better resistance to high sulfur, oxygen, 
and manganese wear than Al,O,-G [2]. Ladles and nozzles are subjected to large thermal 
excursions during service, so the refractory comprising them must be resistant to thermal shock. 
To take advantage of these MgO-G and Al,O,-G physical property attributes and to increase the 
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service life of components made from these refractories, the mechanical performance and thermal 
shock resistance of MgO-G and Al,O,-G refractories are being actively explored by both suppliers 
and end-users of these materials. 

To achieve more predictable and longer component service lifetimes, it is recognized that the 
mechanical properties of MgO-G and A120,-G must be appropriately measured [3]. Towards this 
end, numerous researchers have performed mechanical tests on these refractories in an attempt to 
better understand their behavior when subjected to mechanical and thermal loadings. Strength and 
toughness tests conducted at room temperature have shown the mechanical behavior of these 
materials to be quite complex, in that: they can be anisotropic [l]; their porosity can vary and 
control the failure mechanism [4] and; there is a specific firing temperature range (which is lower 
than typical service temperatures) which yields maximum 20°C (70°F) strength and fracture 
resistance [4-51. These materials are exceedingly difficult to mechanical test at elevated 
temperatures because of their propensity to react with test fixturing unless they are tested in a 
reducing environment. Some high temperature test results have shown the apparent elasticity of 
AI,O,-G to be a function of loading rate, which suggests the softening of at least one phase [6]. 
Additionally, the high temperature oxidation process was found to impose or affect residual stress 
state in Al,O,-G [6], which can increase the likelihood of failure if the residual stresses become 
more tensile in nature. Due to the difficulty of testing these materials at elevated temperatures, 
many studies have circumvented these difficulties somewhat by exposing the refractories to 
elevated temperatures and then performing mechanical tests at room temperature [4-5,7]. 

A primary driving force behind most of the mechanical testing is to understand, predict, and 
promote better thermal shock resistance of these materials. Several investigators have explored the 
thermal shock resistance [ l ,  4-61 and have related it to the material’s fracture energy, Poisson’s 
ratio, modulus of elasticity, and thermal expansion coefficient using a classical approach. 
Specifically of interest for the present study, Phillipps, et al., [ 11 proposed that the thermal shock 
resistance of these refractories was achieved by avoiding crack initiation rather than inhibiting crack 
propagation; if true, then the utilization of a probabilistic life design algorithm (developed for load- 
bearing structural cerainic components) is applicable for predicting the thermomechanical failure 
probability of such refractory structures. 

The intent of the present study was to illustrate how laboratory-generated strength distributions 
may be used to predict the failure probability of refractory components using a probabilistic life 
design algorithm. MgO-G strength distribution data were combined with finite element 
analysis ( E A )  of a MgO-G prismatic bend specimen or a MgO-G nozzle and a multiaxial failure 
criterion to predict the failure probability of these two components. The result of the failure 
probability prediction of the three-point flexure bar geometry was a determined strength-size 
relationship between the diametral compression and flexure specimens. The result of the nozzle 
failure probability exercise was an illustration of how laboratory-generated strength distributions 
may be used to predict the failure probability of a representative refractory component used in steel 
casting. Although not examined in the present study, if FEA thermal boundary or service 
conditions were known for the nozzle, then the algorithm utilized in the present study could also be 
used to predict the failure probability under thermal shock conditions. Furthermore, the 
probabilistic life design algorithm could also be used to optimize the design of the nozzle to 
minimize the likelihood of thermal shock failure and to extend nozzle lifetime. 



11. Design and Failure Probability Prediction of Brittle Materials 
II. A. Strength Distribution 

Strength distributions for most ceramic and brittle materials follow a “weakest-link” theory and 
are well-represented by a two-parameter Weibull distribution. The failure probability as a function 
of applied stress, Weibull modulus (which qualitatively is inverse to the standard deviation), and 
size or scale is represented by: 

where Pf is the cumulative probability of failure, K, is a load factor (K, = 1 for uniaxial tension), 
V i s  the volume under uniform tension (the product V V  is often referred to as the effective 
volume), Vo is unit volume, o is the magnitude of stress, m is the Weibull modulus, and o, is a 
normalizing parameter. The compression strength of ceramic and brittle materials tends to be at 
least an order of magnitude more than their tensile strength, so the more conservative tensile 
strength values are used for probabilistic life design or failure probability analysis. Equation 1 
portrays volume (or volume-type-flaws) as the strength - limiter, with higher strengths measured 
for smaller volumes. An analogous function may be used to relate failure probability to stress for 
surface flaws (e.g., strength of glass), but for the present analysis, a single volume flaw 
population was assumed to limit strength in the MgO-G refractory specimens, so Eq. 1 was used. 

II. B. Probabilistic Life Prediction Algorithm 

Probabilistic life design of a brittle component combines three elements: material strength data 
represented in the form of Eq. 1, finite element analysis of the component subjected to service 
conditions (or conditions of interest), and a multiaxial fracture criterion. A flowchart of the 
algorithm is shown in Fig. 1. 

Strength data are generated in the laboratory using a tensile specimen, flexure specimen, 
diametral compression specimen, etc. The strength data are ranked and applied to Eq. 1 with 
Maximum Likelihood statistics, and are scaled to a unit size (V, in Eq. 1) where the scaling 
parameter and Weibull modulus (0, and m in Eq. 1, respectively) are determined. The scaling 
parameter and Weibull modulus are then described as the material design data, because they are 
independent of specimen size and are material descriptors. The ceramic community often uses the 
characteristic strength (q,) in discussions. Although the characteristic strength is related to the 
scaling parameter, they are not the same entity. If one neglects the volume terms in Eq. 1, then the 
failure probability may be related to the strength distribution for that combination of test specimen 
size, loading configuration, and flaw type; the o, term is replaced by oe in that instance. The 
characteristic strength then effectively acts as a “scaling parameter” but its value is only valid for 
that particular specimen size so it is not strictly a material design parameter. The scaling parameter 
would be the same for different sized refractory flexure specimens; however, the characteristic 
strengths of the two flexure specimen geometries would be different. The only time the scaling 
parameter of a material and the characteristic strength of a specimen made from that same material 
are equal is when the specimen coincidentally has unit size. For more thorough descriptions of this 
function, the reader is encouraged to review ASTM C1239 [8]. 
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Figure 1. Probabilistic life design algorithm (using AlliedSignal’s 
CERAMICERICA computer programs) used to predict failure 
probability of a refractory component used in steel casting. 

The second input needed to predict failure probability of a brittle component is an FEA model 
which takes into account the component’s service conditions (e.g., mechanical loads, constraints, 
temperature, and any time- and temperature-changes in strength) and geometry, and the material’s 
elastic properties. 

The third and last required input to predict the failure probability is a multiaxial fracture 
criterion. The results from the FEA model are used as input to determine a stress gradient factor as 
a function of Weibull modulus. Probabilistic life prediction computer programs 
(e.g., AlliedSignal’s CERAMIC/ERICA’ and NASA’s CARES/LIFE4) were developed to 
specifically analyze this multiaxial criterion (and also a more detailed analysis of Eq. 1 and its 
analogs). The reader is encouraged to reference reports describing these computer 
programs [9-lo]. The use of the multiaxial fracture criterion effectively allows the material design 
data (which are usually generated with a uniaxial strength test) to be coupled to the multiaxial stress 
state which is likely to exist in the component. This multiaxial failure criterion is very applicable 
for brittle load bearing materials which are designed for service stresses below which crack 
initiation will not occur, and which make it applicable for the conditions of thermal shock 
resistance in refractories which Phillipps, et al., [ 13 proposes. 

AlliedSignal Inc., Phoenix, AZ. 
NASA Lewis Research Center, Cleveland, OH. 



In the last step, all three inputs are combined (bottom-right-box in Fig. 1) to predict the failure 
probability of the component in question. Besides being used for the prediction of failure 
probability, this algorithm is also used for design because the component geometry may be 
iteratively changed in the FEA until its failure probability under service conditions is minimized. 

111. Failure Probability Prediction of MgO-G Refractory Components 

Room temperature strength was measured for a MgO-G refractory for three different exposure 
temperatures. The refractory composition consisted of 80.95 wt% MgO, 14.29 wt% graphite, 
and 4.76 wt% metal, with the latter being a 50/50 blend of aluminum and silicon. A more detailed 
description of the material, specimen preparation, and strength testing is summarized in Reference 
[7]. For the present study, two components were modeled with FEA, one being a MgO-G 
prismatic bar and the other a MgO-G nozzle. The failure probability as a function of stress was 
then determined for both components and all three exposure temperatures yielding six different 
failure probability prediction sets. 

III. A.  MgO-G Strength Distributions 

MgO-G disk-shaped specimens with a nominal diameter of 38.1 mm (1.5 in.) and a 
19.05 mm (0.75 in) thickness were core drilled parallel to the fabrication pressing direction. The 
specimens were then enveloped in graphite foil to reduce surface oxidation during exposure at 
1000,1300, or 1550°C (1830,2370, and 2820°F) for 3 hours in a flowing argon environment. A 
diametral strength (or Brazil) test at room temperature was performed (cross-head speed of 
1.27 d m i n  = 0.5 idmin) on the specimens in which an axially applied compressive load causes 
the specimen to fail from a consequential transverse tensile stress [ 113. Graphite foil was 
employed as a padding material between the two specimen contact locations and the load train's 
loading platens. The strengths were then determined using: 

where S,, is the diametral strength, P is the ultimate compressive force, D is the diameter, and t is 
thickness. 

The diametral strength distributions for the three exposure temperatures were determined using 
AlliedSignal's CERAMICERICA computer  program^.^ The computer program uses maximum 
likelihood estimation to determine the distributions. The results from this are illustrated in 
Figs. 2-4 for the three exposure temperatures. Within 95% confidence, the strength data fit quite 
well to a Weibull distribution for all three exposure temperatures. The Weibull moduli were 8.3, 
5.8, and 9.4 and the characteristic strengths for this specimen geometry were 3.17, 2.29, and 
2.16 MPa (460, 332, and 313 psi). Also within 95% confidence (upper and lower estimates in 
parenthesis in Figs. 2-4), the Weibull moduli for the 1000 and 1550°C exposed specimens were 
equivalent and the Weibull modulus for the 1300°C exposed specimens was lower-valued. The 
characteristic strength for the 1OOO"C exposed specimens was higher-valued than those for the 
1300 and 1550°C exposed specimens. The strength distributions for the three sets of data were 

The use of the AlliedSignal CERAMICERICA computer programs does not indicate that its use is preferred over 
the NASA's CARESLIFE; NASA's CARESLIFE program could have been used in the present study as well. 



then scaled to unit size using AlliedSignal's CERAMIC/ERICA computer program to determine the 
material design data. 

The changes in characteristic strengths and Weibull moduli for the three exposure temperatures 
were believed to be a consequence of the specific phases formed in the refractory. Specimens 
exposed to 1000°C had the largest characteristic strength and this was attributed to the presence of 
the mechanically strong AI& phase. However, unlike the 1OOO"C exposed specimens, the 
specimens exposed to 1300°C contained spinel, Sic, forsterite, and remnant Al,C,, which resulted 
from mutual reactions of the Al,C,, Si, and the MgO. The relatively low Weibull modulus for 
1300°C-exposed specimens represents a relatively wide scatter in measured strengths. If each of 
these phases could concurrently act to limit strength in this refractory material, then greater scatter 
in strength would be anticipated. Only spinel and forsterite remained in the specimens exposed to 
1550°C. The characteristic strength of these 1550°C-exposed specimens was also relatively low, 
but the Weibull modulus was higher than that for the 1300°C-exposed specimens. The low 
strength is consistent with the absence of Al,C,, and the relatively high Weibull modulus is 
consistent with the absence of the other phases which were present in the 1300°C-exposed 
specimens. 
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Figure 2. Room temperature strength distribution for MgO-G diametral 
compression specimens pre-exposed to 1OOO"C. 
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Figure 3. Room temperature strength distribution for MgO-G diametral 
compression specimens pre-exposed to 1300°C. 
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III. B. FEA Modeling of the MgO-G Components 
HI. B. I .  MgO-G Three-Point Bend Bar 

A MgO-G prismatic bend bar with dimensions of 25.4 x 25.4 x 152.4 mm (1 x 1 x 6 in.) in 
three-point flexure (101.6 mm or 4 in. span) was modeled using commercial finite element analysis 
software.6 This geometry is a commonly employed strength test specimen for refractories [ 121. A 
Young’s modulus of 200 GPa (29 Msi) and Poisson’s ratio of 0.25 were used. An arbitrarily 
chosen load of lOOON (224 lbs) was a~p l i ed .~  The results from this FEA model were input into 
AlliedSignal’s CERAMICERICA computer program with the material design data for each of the 
three temperatures. 

The predicted strength distributions for MgO-G three-point-bend specimens exposed to 1000, 
1300, and 1550°C are shown in Fig. 5. For any stress, the failure probability of the 10o0”C 
exposed specimens was the lowest, with the 1550 and 1300°C exposed specimens in turn having 
higher failure probabilities. The ranges of predicted stresses for this three-point-bend specimen are 
larger than that for diametral compression because its effective volume (the term Q V  in Eq. 1) is 
smaller than that for the diametral compression specimen. The intent of this Section HI. B. 1. 
exercise was to illustrate the strength-dependence on size for two commonly employed refractory 
test specimen geometries. 

HI. B. 2. MgO-G Nozzle 

A MgO-G nozzle having dimensions of 203 O.D. x 101.6 I.D. x 1524 mm length (8 O.D. x 
4 I.D. x 60 in. length) was modeled using FEA. The nozzle was vertically suspended from one 
end, so the stress state within it was due entirely to gravity acting on its mass. A Young’s 
modulus of 200 GPa, a Poisson’s ratio of 0.25, and a density of 3 g . ~ m - ~  (= 190 l b s ~ f t - ~ )  were 
used. The results from this FEA model were input into AlliedSignal’s CERAMICERICA 
computer program with the material design data from the three exposure temperatures. 

The predicted failure probabilities for MgO-G nozzles exposed to 1000, 1300, and 1550°C are 
shown in Fig. 6.8 Shown at the lower left in Fig. 6 is the maximum tensile stress (0.05 MPa or 
= 7 psi) in the nozzle. The failure probability of the vertically suspended MgO-G nozzles exposed 
to 1000 and 1550°C is very low, while the failure probability of a nozzle exposed to 1300°C will 
indeed intersect the maximum tensile stress in the nozzle at some finite value. The shown stress 
range of failure is shifted to lower stresses than for the diametral compression or three-point 
flexure specimens because the volume of the nozzle is so much larger. The intent of this Section 
III. B. 2. exercise was to illustrate how strength data generated on a standard test specimen made 
from a refractory can be used to predict the failure probability of a realistic steel casting refractory 
component. 

The MgO-G nozzle FEA model may be modified to be more representative of actual service. 
For instance, temperature profile boundary conditions could be applied to both the internal and 
external surfaces of the nozzle, and thermal conductivity and heat capacity properties could be 

ANSYS, Inc., Canonsburg, PA. 
The multiaxial fracture criterion uses the stress gradient as input. This gradient is independent of stress because 
the material is linear elastic. Consequently, any load may be applied as long as linear elasticity exists. 
If MgO-G strength data were generated using different specimen geometries (e.g., a diametral compression 
specimen and a flexure specimen), then the data from both could be combined or pooled to increase the numbers of 
total MgO-G strength data points whose net effect would be more confidence in the failure probability prediction 
of the nozzle component. 



accounted for to predict the transient and steady-state stress in the nozzle. If probabilistic strength 
data as a function of temperature were available, then the failure probability of the nozzle under 
realistic service conditions could be determined. For example: 

If this new service stress were too high, then one could revisit the nozzle FEA model to 
modify the geometry with the intent of lowering service stress. This process could be 
iteratively performed until an optimum nozzle design (Le., a minimum or acceptable 
failure probability) and acceptable service stress state were determined. 
If this new service stress were relatively low, and a less conservative design would be 
more cost-effective, then this FEA model also could be iteratively modified until an 
optimum nozzle design and acceptable service stress state were found. 

IV. Closing Remarks 

The results and discussion from the present study suggest that probabilistic life design is 
applicable for use with refractory components used in steel casting. Firstly, the strength 
distributions for a MgO-G refractory were well-represented by a two-parameter Weibull 
distribution. Secondly, if thermal shock resistance is dictated by avoiding the onset of crack 
initiation, then the described probabilistic life prediction algorithm should also be applicable. 
Thirdly, the analysis outputs a failure probability for a specific service stress, which is a more 
realistic design criterion for ceramic and brittle material component design than a deterministic 
approach. Lastly, if data were available which describe the strength distribution of a refractory zh 
service conditions, and the service conditions were known so a representative FEA model could be 
created, then probabilistic life design could be used for optimizing the refractory component’s 
design and to promote longer and more predictable service lifetimes. 

Summary 

The failure probability of magnesia-graphite components was predicted using a probabilistic 
life design approach. The room temperature strengths of a magnesia-graphite refractory pre- 
exposed to 1000, 1300, and 1550°C were fitted to a two-parameter Weibull distribution. The 
strength data distributions were then combined with finite element analysis of two components and 
an appropriate multiaxial ceramic failure criterion to predict the failure probabilities of each. The 
two components were [i] a 25.4 x 25.4 x 152 mm (1 x 1 x 6 in.) magnesia-graphite prismatic 
bar subjected to three-point flexure using a 101.6 mm (4 in.) span, and [ii] a vertically suspended 
magnesia-graphite nozzle component 203 O.D. x 101.6 I.D. x 1524 mm length 
(8 O.D. x 4 I.D. x 60 in. length). The latter exercise illustrated how laboratory-generated 
strength distributions may be used to predict the failure probability of an actual refractory 
component used in steel casting, while the former exercise provided useful information in regards 
to the strength-dependence on size between two common specimen geometries used for refractory 
strength tests. The results indicate an approach of probabilistic life design is applicable to 
refractory component design for the steel casting industry. 
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