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Abstract 

The spray-deposited Si-Al CE9F alloy is a new material used for space applications involving temperature 

gradient. Thermal stresses arise and may affect the mechanical integrity of the components. It is therefore 

necessary to assess the critical temperature gradient to avoid failure. Hence this paper deals with the effect of 

temperature on the mechanical properties of the Si-Al CE9F alloy from -50°C to 130°C: Young’s modulus, 

coefficient of thermal expansion and Weibull’s parameters of the material to account for its brittle fracture 

behaviour through the Weibull’s model. The experiments indicate a linear dependence of the Young’s 

modulus with temperature and show that the coefficient of thermal expansion and the Weibull’s parameters 

are almost constant in the temperature range [-50°C, 130°C]. From these results, an example of application 

schematizing a clamped plate under temperature gradient is studied to create abacus of probability of failure. 

These abacuses provide sizing guidelines and show the impact of the equivalent volume, highlighting the 

critical temperature gradients. 

Keywords: Brittle behaviour; Thermoelastic analysis; Weibull’s model 

 

1. Introduction 

The space applications of spray-deposited Si-Al materials are mainly chip boxes to protect the on-board 

electronic devices from the aggressive outdoor environments. It is essential to ensure the hermetic role of the 

housing to protect the electronic devices. These latter acts as a heat source inside the box whereas the outer 

temperature changes depending on the position of the satellite. The temperature variations are generally slow 

enough to consider them as a sequence of thermal steady states. Once in orbit, the thermomechanical stresses 

due to temperature gradients are the only loads applied on chip packaging in normal use. That is why studying 

the impact of the temperature gradients on the rupture is an important design issue. Building abacus of design 

falls within the scope of the present paper. 

At the same time, satellite electronics needs a packaging allowing an efficient heat dissipation to prevent 

premature failures of semiconductor devices: temperature should not exceed 40°C. To reduce the stresses at 

the chip/box interface, the coefficient of thermal expansion (CTE) of protection boxes is required closely 

matched to GaAs or Si’s ones, the main materials of computing chips [1]. Moreover, good mechanical 

properties and a low density are required as well. The family of spray-deposited hypereutectic Si-Al alloys 

combines all these requirements [2][3]: it makes them attractive for those applications and they are already 

applied in optical housing, chips packaging, sensors carriers and lens holders for laser systems. 

This family of materials was recently studied [4] and contains several grades with different Si-Al ratios (CE7, 

CE9, CE11, CE13 and CE17). The present paper only deals with Si-Al CE9F, designed by Sandvik Osprey™, 

an alloy containing 60 wt% of silicon and 40 wt% of aluminium. This material is characterized by a low 



coefficient of thermal expansion (α=9.10
-6

 K
-1

), a high thermal conductivity (130 W.m
-1

.K
-1

) and a low density 

(2460 kg.m
-3

). 

The thermal properties of this material and its family are well-known due to previous studies about the 

temperature effect on the thermal properties [5][6], especially the linear variations of heat capacity [7], 

conduction and diffusivity with positive temperatures. The hypereutectic Si-Al alloy can be made by several 

processes: sintering [8], direct metal deposition [9] or spray-deposited by atomization. Depending on the 

process, the microstructure [10] and the thermomechanical properties can change significantly. The family of 

the studied spray-deposited Si-Al are made by atomization by Sandvik Osprey™. The major influencing 

parameters of the process of atomization [11] (for example: pressure during hot compression step to decrease 

the porosity [12] and Gas/metal mass flow ratio [13]) were evidenced and analysed to obtain the desired 

specific microstructure and the corresponding material properties. The specific two-phase microstructure of 

spray deposited hypereutectic Si-Al alloys was studied as well [14][15]. Nevertheless, the knowledge of its 

mechanical properties and their variation with temperature is limited. Few studies [16][17] already present the 

values of Young’s modulus and flexural strength but do not consider the temperature effect on mechanical 

properties. Moreover, the main feature of the mechanical behaviour of this material is its brittleness. It is 

therefore necessary to study the Si-Al CE9F within the framework a brittle fracture theory to introduce the 

notion of probability of rupture. 

The present paper investigates the failure of parts made of such a brittle material under stationary thermal 

gradients. The calculus of the probability of rupture depends on the applied temperature gradient and on the 

temperature dependent material properties. A preliminary characterization of the CE9F elastic properties in 

the temperature range of the intended space application, [-50°C, 130°C], is thus mandatory and will be 

performed in a first part. A second part of this paper is devoted to the assessment of the material strength in 

the same temperature range, and the results are processed in the framework of the Weibull’s theory. In the last 

part, a case study involving a temperature gradient is analysed through the brittle fracture theory to determine 

the probability of rupture as a function of applied surface temperatures. 

2. Material and methods 

2.1.1. Microstructure 

Spray deposited Si-Al CE9F alloy is prepared by atomization process developed by Osprey Metals Ltd [6]. 

A Si-Al powder mix is heated up to 1450°C. The melt is then atomised by a N2 gas flow. The spray is 

intercepted by a support to progressively build-up a billet. Once spraying is ended, the still semi-solid billet is 

subjected to hot isostatic pressing at the temperature of binary Al–Si eutectic (577°C) to reduce the residual 

porosity lower than 0.1 vol.% [18][11][15]. 

This process creates a two-phase microstructure: a globular primary silicon phase with a diamond-like 

crystallographic structure, in light grey in Figure 1, and an interpenetrating secondary ductile aluminium 

phase, the dark grey phase in Figure 1. The Al-rich phase contains some impurities of iron in small 

concentrations. The microstructure is fine enough to consider the material as homogenous for volumes higher 

than 10
-3

 mm
3
. 



 

Figure 1: SEM picture showing the two-phase microstructure of Si-Al CE9F alloy 

A preliminary study on fracture surfaces shows that the Si-Al alloy has a brittle behaviour. Indeed, SEM 

pictures of fracture surfaces highlighted cleavage planes, as can be seen in Figure 2 and represented by 

striations. These cleavage planes, present in the silicon phase, are a specific feature of brittle fracture. That is 

why the mechanical samples were designed according to the standard EN-843 – “Mechanical properties of 

monolithic ceramics”. This protocol of mechanical tests also follows the same standard ensuring the 

repeatability of testing campaigns. 

 

Figure 2: SEM picture showing the cleavage planes, special feature of brittle fracture 

2.1.2. Elasticity properties 

The study of temperature effect on the mechanical properties is completed by two types of additional 

measurements. The first one is an acoustic resonance to analyse the variation of the Young’s modulus over the 

temperature following the standard ASTM E1876. This non-destructive method is based on the propagation of 

a sound wave in a material [19]. The sample is struck by a hammer and the produced sound is recorded, 

analysed through Fourier’s transforms to obtain the Eigen frequencies of the sample. They depend on the 

material properties, especially the Young’s modulus which can then be obtained from the Eq (1), where m is 

the mass of the sample and 𝑓𝑟 is the first eigenfrequency. 



𝐸 = 0.9465 (
𝑚(𝑓𝑟)2

𝑏
) (

𝐿3

ℎ3) 𝐴  (1)  

L, b and h are respectively the length, the width and the thickness of the sample. A is a complex constant 

calculated from the geometry and the Poisson’s ratio (υ). The value of this last parameter is determined with 

the acoustic resonance too, but with a torsional setup at 20°C. The Poisson’s ratio of 0.235, measured at room 

temperature is supposed to remain constant over the temperature. Nevertheless, the acoustic measurements 

were only made at positive temperatures because of using an experimental device that is not adapted for 

negative temperature. The temperature rate is fixed at 1°C/min. 

A dynamic mechanical analysis (DMA) is performed in addition to the acoustic resonance from -50°C to 

60°C too. The sample is loaded in 3 points bending with an amplitude of 50µm and a frequency of 1Hz. The 

temperature rate is fixed at 14°C/min. 

 
Figure 3 : Variation of the Young’s modulus of spray deposited Si-Al CE9F from 20°C to 135°C 

Results obtained with both methods are shown in Figure 3. For both cases, a linear decrease of the Young’s 

modulus is observed when varying the temperature. For the acoustic resonance, it decreases of 2.42GPa every 

100°C and for the DMA, of 2.55GPa every 100°C. The Young’s modulus values are different between both 

methods. Indeed, the measurements of DMA depend on assembly, the frequency and the kind of solicitation 

whereas the acoustic resonance provides more intrinsic measurements. According to the results of Figure 3, 

the Young’s modulus is weakly affected by the temperature variation from -50 to 130°C. This shows a low 

effect of the temperature on the properties. 

2.1.3. Coefficient of thermal expansion 

The coefficient of thermal expansion (CTE) is measured by dilatometry. The test is performed to measure the 

CTE in the working temperature range: from -60°C to 150°C with a heating rate fixed at 14°C/min. 



 
Figure 4 : Thermal expansion of Spray-deposited Si-Al CE9F from -60°C to 150°C 

Over the working temperature, the thermal expansion behaviour is linear as can be seen in Figure 4. It means 

that the temperature does not affect the CTE. The same result was obtained by Adolfi [5] for high 

temperatures (until 450°C). It is noteworthy that the mean CTE value is 9.9.10
-6

 K
-1

. 

2.2. Methods 

2.2.1. Experiment 

As the spray-deposited Si-Al is homogeneous and isotropic, the 45x4x3mm
 
samples are cut without any 

preferential direction and with a diamond rotating disc, by ensuring the parallelism of the faces. For each 

testing temperature (-50°C, 20°C and 130°C), the samples were subjected to a 4-points bending test until 

fracture. The distance between upper loading points is fixed at 20 mm and the distance between lower 

supports at 40 mm. The tests were performed at a constant crosshead displacement rate of 0.5 mm/min. 

During the tests, the samples must be perpendicular to the supports. Strength value is retained only if the 

fracture occurs between the upper loading points.  

 

Figure 5: the 4-points bending test configuration according to the standard EN-843 

Then, the strength values were recorded and analysed through the Weibull’s theory, mainly used to account 

for the brittle behaviour of materials. 

2.2.2. A theory of brittle fracture: the Weibull’s law 

This theory assumes the presence of critical flaws leading to the brittle fracture [20][21][22]. However, there 

is no relationship between this theory and the material’s microstructure. The theory does not consider the size 

or the orientation of flaws but only the concept of “weakest link of a chain” where one flaw is enough to cause 

rupture. This statistical method is used to relate the probability of failure P to failure stress 𝜎 through Eq. (2). 

𝑃 = 1 − 𝑒𝑥𝑝 [−𝑉𝑒𝑞 (
𝜎

𝜎0
)

𝑚

] (2)  

20mm 

40mm 

3
m

m
 

F/2 F/2 



In Eq. (2), m is the Weibull modulus determined experimentally, Veq is the equivalent volume of the sample 

calculated according to the Weibull’s theory and 𝜎0 is the scale parameter. 

The model parameters are identified from the values of stress fractures by the maximum likelihood method 

[23]. As the linear regression, this method estimates the parameters of a statistical model but with a higher 

precision because it does not use the probability estimators, which can cause errors in the estimation of the 

parameters [24][23]. Finally, for each testing temperature, a couple of Weibull parameters is obtained. 

Although the first Weibull’s model was developed in 1939 [20], it is still used and improved as well 

(especially with the hazard rate function [25]) to better reflect more complex brittle fracture. Heterogeneity of 

flaw concentrations inside the material [25] or multiple flaw ruptures (competitive and non-competitive flaws 

[26]) are examples of recent studies, creating a link between the material’s microstructure and the theory. 

To analyse the impact of the temperature on the strength, parameters m, the Weibull modulus, and 𝜎0, the 

scale parameter, are identified at each temperature and compared. A significant variation in the value of the 

parameters would demonstrate the effect of temperature on strength. 

3. Results and discussion 

Results obtained at 20°C are presented in Figure 6. The calculated Weibull curve matches properly with the 

experimental results of 4-point bending tests. A Pearson’s chi-squared test or the so-called χ² test [27], was 

performed to check if the experimental distribution matches with the  Weibull’s theory. With a value of 1.60, 

the χ² test can be considered as valid. 

To valid the relevance of using the Weibull’s model for the spray-deposited Si-Al CE9F, it was necessary to 

highlight the volume effects and to show that they follow the equivalent volume of the Weibull’s theory. 

The 3-point bending’s Weibull curve is calculated from the 4-point bending’s curve at 20°C. The theoretical 

stress distribution of 3-point bending is obtained by Eq. (3) using both equivalent volumes (𝑉𝑒𝑞 4𝑝𝑡𝑠 and 

𝑉𝑒𝑞 3𝑝𝑡𝑠) and the experimental stress distribution of 4-point bending test. 

𝜎3𝑝𝑡𝑠 = 𝜎4𝑝𝑡𝑠 (
𝑉𝑒𝑞 4𝑝𝑡𝑠

𝑉𝑒𝑞 3𝑝𝑡𝑠
)

1
𝑚⁄

 (3)  

For the same probability of failure, the strength value is higher in the case of the 3-points bending than in 4-

points because the equivalent volume is lower in the first configuration. This volume effect explains why the 

determinist approach cannot be employed to design with brittle materials. Experimental 3-points bending tests 

were performed according to the standard EN-843. Then, the strength values were analysed with the 

maximum likelihood as it had already been done for 4-point bending tests. 

The Figure 6 presents the experimental 4-point bending strength value and its calculated Weibull curves. The 

predicted 3 points bending Weibull curve is calculated from the effective volume equation and the 4-points 

bending curve. The squares represent the strength of the experimental 3-points bending test. 



 

Figure 6: Experimental 4-points bending tests, prediction of the 3-point bending tests from 4-point bending values and experimental 3-

point bending tests highlighting the volume effects 

The χ² test [27] was calculated to identify if the experimental 3-point bending curve match with the predicted 

Weibull’s curve as was done previously. Although the graph shows a gap between both distributions, 

especially for the low applied stresses, the χ² test (1.24) reveals and validates that the 3-point bending strength 

distribution follows properly the predicted Weibull curve. 

Highlighting volume effects and predictive capabilities show the relevance of using the Weibull’s model for 

the spray deposited Si-Al CE9F alloy. So, the 4-point bending campaigns at -50°C and 130°C were performed 

following the same method. 

For each testing temperature, the dispersion of stress fracture values was low. Table 1 sums up the mechanical 

results of 4-point bending tests. The average stresses are the same, irrespective of the temperature levels. 

Nevertheless, there is a significant difference in the minimum stresses: the dispersion is higher at 20°C than at 

the other temperatures. It is important to note that the experimental average stresses are in the same order of 

magnitude as those observed in previous studies: 210MPa [17] and 220MPa [7]. A small difference is 

observed and is probably due to the different sizes of samples between the studies: the sizes are unknown in 

the previous ones. Another explanation can be the values of the process parameters. Indeed, the studies [6] 

about the atomization process show the influence of the parameters on the microstructure of spray-deposited 

Si-Al and on the thermomechanical properties. As all the parameter values are not known, the difference 

between the average failure stresses can be a result of variations of process parameter values. 

Temperature -50°C 20°C 130°C 

Average failure 

Stress (MPa) 
283 282 282 

Max Stress (MPa) 303 295 299 

Min Stress (MPa) 255 234 265 

Number of 

Samples 
20 29 30 

Table 1: Sum up of 4-point bending strength 

The strength values distributions were analysed through the maximum likelihood method to obtain the 

Weibull parameters at each temperature and to represent the strength distribution in the brittle fracture 

framework. 



 

Figure 7: Experimental Weibull distributions of 4-point bending tests for the 3 testing temperatures 

As seen in Figure 7, the three distributions of failure stresses follow a unimodal Weibull’s curve, which means 

that the fracture is led by one kind of flaw, either in surface or in volume. For a given probability of failure, 

the strength spreads in a stress range lower than 10MPa, considering all the tests at all temperatures. This is 

not significant compared to the 30MPa shift of the Weibull’s curve at 20°C under the volume effect between 

the 4 and 3-point bending seen in Figure 6. The Weibull parameters and the corresponding curves are 

calculated on the one hand for each temperature and on the other hand for a distribution containing all 

experimental values (i.e. for all temperatures). 

 
Figure 8: General calculated Weibull curve and experimental strength distributions for the 3 testing temperatures 

Figure 8 presents the experimental strength distribution and the Weibull curve calculated by considering all 

strength values obtained for the three considered temperature levels. The experimental strength values seem to 

fit very well the general Weibull distribution. Table 2 presents both Weibull parameters for each temperature 

and for the general Weibull curve seen in Figure 8. 

Temperature -50°C 20°C 130°C [-50; 130°C] 

Weibull 

modulus m 
27.9 29.8 29.4 29.4 

Scale parameter  

𝜎0 (MPa) 
304 303 300 302 

Table 2: Weibull parameters for the 3 testing temperatures and for all experimental values 

The Weibull parameters are almost the same for all testing temperatures. The gap between the Weibull 

modulus at -50°C and its value at 20°C may be explained by the low number of samples. Indeed, the 

estimation of the Weibull parameters requires a lot of experimental samples to decrease the estimation error as 

much as possible. Previous studies [28][29] consider that with over 30 strength values, this estimation error 



can be neglected. The Weibull parameters are not properly estimated below 30 samples. Hence, the estimation 

error is higher for the identification at -50°C than for the identification at 20°C because only 20 samples were 

tested at -50°C. In this study, the Weibull modulus and the scale parameters at 20°C (29 strength values) and 

130°C (30 strength values) have almost the same values as the parameters of the global Weibull curve 

identified using 78 strength values and therefore corresponding to the lowest estimation error (assuming that 

the temperature dependence can be neglected). 

These results show the independence of material’s strength to working temperature in the [-50°C; 130°C] 

temperature range. Despite this high Weibull modulus value, the significant gap between the minimum and 

the average stress requires to consider a probabilistic model. Indeed, in the Weibull’s model, the probability 

zero does not exist: even for very low loads there is still a risk of fracture. 

4. Case study: clamped plate under thermal gradient 

The space applications of the Si-Al CE9F material are mainly chip boxes. The electronic devices inside the 

box are a heat source whereas the outer temperature possibly changes from -50°C to 130°C. In a first rough 

analysis, the components made of homogeneous and isotropic spay-deposited Si-Al can be schematized by a 

rectangular plate clamped at its edges and subjected to a through thickness thermal gradient. The objective of 

this case study is to estimate the probability of rupture due to the thermal gradient, in order to assess the 

necessity to take such a loading case into account. 

T1

T2

x

z

L

H

 

Figure 9 : Schematization of the case study 

In a steady state analysis, assuming that the thermal conductivity of the material does not depend on 

temperature, the part is subjected to a linear temperature field, such that 𝑇(𝑧) = 𝑇1 +
(𝑇2−𝑇1)

𝐻
𝑧. In static 

equilibrium and with the theoretical boundary conditions described in Figure 9, the plane stress approximation 

holds and the stress tensor �̿� reduces to Eq. (4). Assuming small strains and an additive decomposition of 

strain tensor into an elastic (generalised Hooke’s law) and a thermal part with a constant coefficient of thermal 

expansion α, both components, 𝜎𝑥 and 𝜎𝑦, of the stress tensor are expressed by Eq. (5). 

�̿� = [
𝜎𝑥 0 0
0 𝜎𝑦 0

0 0 0

] 

 

(4)  

𝜎𝑥 = 𝜎𝑦 = −
𝛼𝐸(𝑇)(𝑇 − 𝑇0)

(1 − 𝜐)𝐻
𝑧 

 

(5)  

The parameter 𝑇0 represents the reference temperature of thermal expansion. For such a multiaxial stress field, 

the equivalent stress is calculated according to Freudenthal’s theory [21], Eq. (6), based on the principle of 

independent actions, which states that the influence of one flaw do not interact with other ones [30]. 

Assuming that pure tensile stresses are always critical, a rupture in the vicinity of a flaw is caused by one 

principal stress irrespective of the other principal stresses [31]. 

𝑃 = 1 − 𝑒𝑥𝑝 [− ∫ (
𝜎𝑒𝑞

𝜎0
)

𝑚

𝑑𝑉]  𝑎𝑛𝑑 𝜎𝑒𝑞 = (𝜎𝑥
𝑚 + 𝜎𝑦

𝑚)
1/𝑚

 

 

(6)  

The Weibull’s law and the corresponding parameters are used to link the probability of rupture with the 

imposed temperature gradient. Eq. (7) provides a generic expression of the probability of rupture. The 



integration range depends on the imposed boundary conditions: as the material undergoes a brittle fracture, 

only the tensile stresses are considered to compute the probability of failure and the compression stresses are 

excluded from analysis. It is worth noting that for a temperature above 𝑇0, the stress is negative and thus not 

considered. In the particular case where both inner and outer temperatures are above 𝑇0, the probability of 

rupture is zero. 

𝑃 = 1 − 𝑒𝑥𝑝 [− ∫ 2𝐿² (
𝛼𝐸(𝑇)(𝑇0 − 𝑇)

(1 − 𝜐)𝜎0𝐻
𝑧)

𝑚

𝑑𝑧] 

 

(7)  

The way to calculate the integral depends on the value of T1 compared with T0 and T2. Different cases are 

considered depending on the relation between both temperatures. As a first approximation, the mechanical 

properties, Young’s modulus E and CTE α, of the spray-deposited Si-Al can be considered as constants and 

independent of the temperature. This hypothesis will simplify the equations of the analytical case. 

The first analytical case corresponds to T1>T0>T2. The origin of the coordinate frame is positioned at the T0 

isotherm, where the tensile stress is zero. 

The coordinates corresponding to the inner and outer surfaces of the plate are expressed in this coordinate 

frame, Eq (8). 

𝑇(𝑧) = 𝑇0 +
(𝑇2 − 𝑇1)

𝐻
𝑧  

 

 

(8)  

In Eq (8), 𝑇 = 𝑇2 at 𝑧2 =
𝑇2−𝑇0

𝑇2−𝑇1
𝐻 and 𝑇 = 𝑇1 at 𝑧2 =

𝑇1−𝑇0

𝑇2−𝑇1
𝐻. 

Eq. (7) reduces to Eq. (9) after integration on the subdomain where T<T0, i.e. between 0 and z2. 

𝑃 = 1 − 𝑒𝑥𝑝 [−
2

𝜎0
𝑚 𝜎𝑚𝑎𝑥

𝑚
𝑉

𝑚 + 1

(𝑇2 − 𝑇0)

(𝑇2 − 𝑇1)
] (9)  

 𝜎𝑚𝑎𝑥 =
𝐸𝛼(𝑇0 − 𝑇2)

(1 − 𝜐)
 

 

(10)  

In the particular case where T1=T0, the probability of failure can be written: 

𝑃 = 1 − 𝑒𝑥𝑝 [− (
𝜎𝑚𝑎𝑥

𝜎0
)

𝑚 2𝑉

𝑚 + 1
]. 

 

(11)  

When the electronic devices are turned off, the temperature inside the packaging can decrease below the 

reference temperature. This situation introduces the following case T2<T0 and T1<T0 

The T0 isothermal line is not inside the material but there is a linear variation of tensile stresses along the 

thickness. In this case, both stress components follow Eq. (12) and the integration of Eq. (7) over the whole 

part thickness results in Eq. (13). 

𝜎(𝑧) =
−𝐸𝛼

(1 − 𝜐)
[
𝑇2 − 𝑇1

𝐻
𝑧 + (𝑇1 − 𝑇0)] 

 

(12)  

𝑃 = 1 − 𝑒𝑥𝑝 [−
2𝑉

𝜎0
𝑚 (

𝐸𝛼

1 − 𝜐
)

𝑚 [(𝑇0 − 𝑇2)𝑚+1 − (𝑇0 − 𝑇1)𝑚+1]

(𝑇1 − 𝑇2)(𝑚 + 1)
] 

 

(13)  

In the particular situation where both temperatures are equal and below the reference temperature, the plate is 

subjected to uniform stress field. The equivalent volume is thus equal to the total volume of the box. 



𝑃 = 1 − 𝑒𝑥𝑝 [−
2𝑉

𝜎0
𝑚 𝜎𝑚𝑎𝑥

𝑚 ] 

 

(14)  

All these cases can be gathered into a three dimension graph and create an abacus of probability of failure as a 

function of both inner and outer temperatures for a given volume. For example, a clamped plate with 

dimensions 60x60x3mm was selected to build the abacus presented in Figure 10. 

  
Figure 10 : Calculated abacus of probability of failure as a function of inner and outer temperatures for 60x60x3mm clamped plate 

The probability of failure is the highest when both temperatures are lower than T0 and it reaches 1 at a uniform 

temperature of -150°C for both temperatures. Above -80°C, the probability of rupture stays under the value of 

10
-6

, limit often used for components made of brittle materials. However, the lowest temperature for the space 

applications of the spray deposited Si-Al alloy is only -50°C. In spite of the simplifying assumptions of the 

analytical model (constant mechanical properties, simple boundary conditions), the calculated abacus suggests 

that the components will support the thermal variations. 

  
Figure 11: Calculated abacus of equivalent volume as a function of temperatures for 60x60x3mm clamped plate 



  
Figure 12: Calculated abacus of maximum stress as a function of temperatures for 60x60x3mm clamped plate 

The equivalent volume also depends on the temperature field and reaches its highest value, the whole volume 

of the plate, when both inner and outer temperatures are equal. The comparison of Figure 10 with Figure 11 

and Figure 12 highlights that the probability of failure depends on both stress and equivalent volume: when 

the equivalent volume is high (reciprocally low) but the maximum stress is low (reciprocally high), the 

probability of failure stays low. A high probability of rupture occurs only when both reach their respective 

maximum. A rupture of the component is then highly probable when temperatures are negative and equal. 

Nevertheless, the geometry and the volume of different components vary widely depending on the 

applications. As seen before, the probability of rupture depends on the equivalent volume. Let introduce b, the 

ratio between two considered volume V1 and V2 with Eq. (15). 

𝑉2 = b𝑉1 
 

(15)  

The variation of volume in the case of the clamped plate can be described by this homothetic transformation. 

Indeed, it is worth noting that a change in each dimension (length, width and thickness) of the plate has the 

same effect on the value of the probability of failure and a homothetic transformation is enough to represent 

any variation of volume. The abacus of probability of failure of a second volume is calculated from the 

previous one, with the Eq (16). 

𝑃𝑉2
= 1 − [1 − 𝑃𝑉1

]
𝑏
 

 
(16)  

For example, with b=4, the probability of rupture reaches 100% risk of failure at -140°C and is under the limit 

of 10
-6

 at around -70°C. Figure 13 presents the probabilities of failure in the particular case of the Eq. (14) for 

different values of b and thus different global volumes. It shows that the impact of the equivalent volume is 

limited mainly due to a high value of the Weibull modulus. However, those variations should be considered 

for the design of large components. 



 
Figure 13: Calculated abacus of the probability of failure for different global volumes 

Another kind of abacus can be plotted, in the particular case of the Eq. (14) reducing to Eq. (17), linking for a 

fixed probability of failure, the volume of the plate with the maximal thermal gradient. 

∆𝑇 =
(1 − 𝜐)𝜎0

𝐸𝛼
(

−ln (1 − 𝑃)

2𝑉
)

1
𝑚⁄

 (17)  

  
Figure 14: Critical thermal gradient as a function of global volume of the plate for a fixed probability of failure 

The abacus of Figure 14 allows the plate to be sized, based on critical thermal gradient and for a fixed 

probability of failure. The value of the critical temperature gradient for a fixed probability of failure appears to 

vary slightly depending on the global volume. As it was shown previously, the high Weibull’s modulus of Si-

Al CE9F limits the impact of the equivalent volume on the probability and Eq. (16) reinforces this idea. 

In the previous work, the Young’s modulus was considered independent of temperature, but Eq. (7) accounts 

for this dependency. In the particular case, where T1=T2, Eq. (7) can be easily calculated and provides Eq. (18) 

when the Young’s modulus linearly depends on temperature, as it is the case for Si-Al CE9F. 

𝑃 = 1 − 𝑒𝑥𝑝 [−
2𝑉

𝜎0
𝑚 (

𝛼[𝐴(𝑇0 − 𝑇2) + 𝐸0](𝑇0 − 𝑇2)

1 − 𝜐
)

𝑚

] 

 

(18)  

In Eq. (18), 𝐸0 is the value of the Young’s modulus of Si-Al alloy at the reference temperature 𝑇0 (here 20°C) 

and A its variation calculated by acoustic resonance (around 0.0242 GPa/°C). 



 
Figure 15: Difference of probability of rupture between cases with a variable and a constant Young’s modulus 

As can be seen in Figure 15, the differences between the case considering the variation of Young’s modulus 

and the case with constant mechanical properties are significant, which means that the impact of the 

temperature on the mechanical properties of Si-Al CE9F modifies the probability of failure. For example, the 

critical temperature change for a limit probability of 10
-6

 and for a constant Young’s modulus is -98°C, 

different than the critical temperature change for a variable Young’s modulus, -96°C. As the value of Young’s 

modulus increases with negative temperatures, the maximal stress and the probability of failure increase. The 

other thermal cases have no simple analytical equation but can be calculated by digital approximation. As 

done before, the abacus of probability of failure as a function of both inner and outer temperatures for the 

same defined volume is plotted in Figure 16. 

  
Figure 16 : Calculated abacus of probability of failure as a function of inner and outer temperatures for 60x60x3mm clamped plate 

with the Young’s modulus as a function of temperature 

The abacus from Figure 16 and the abacus for a constant Young’s modulus from Figure 10 are different. The 

impact of the temperature on the mechanical properties affects the global probability of failure. 

The association of both variables, maximal stress and equivalent volume, controls the aspect of the abacus of 

probability of rupture. Nevertheless, this case study highlights the strong influence of the equivalent volume 

on the global probability of rupture. The exact value of maximal stress has finally a limited impact. Eq. (15) 

shows that two exact volumes but with different thickness and length and with the same surface temperature, 

have the same abacus of probability of rupture. In this case, the aspect ratio (thickness on length) does finally 

not impact the results. For a chosen probability and fixed volume, the maximal temperature change can be 

calculated and it allows the sizing of the plate. At last, the impact of the variation of the mechanical properties 

is the most important conclusion of this study. Indeed, the abacus of probability of rupture is strongly 

impacted by the linear variation of the Young’s modulus (comparison between the Figure 11 and Figure 16). 

Thereby, it is necessary to consider the variation of mechanical properties to predict more precisely the 

rupture and to design the applications with a better precision. In the present paper, the coefficient of thermal 



expansion of the Si-Al alloy does not depend on the temperature. However, for other brittle materials and to 

obtain a better precision, the variation of the coefficient of thermal expansion should be considered to modify 

the equations and to build improved abacus of probability of failure. 

5. Conclusion 

The present research shows the linear variation of the Young’s modulus of the Si-Al CE9F alloy in working 

temperatures [-50°C; 130°C] related to space applications. The relevance of using a Weibull’s model to 

describe the brittle behaviour of this material is demonstrated, as well. The study secondly highlighted that the 

Weibull parameters do not depend on the temperature in the considered temperature range. These 

experimental results allow design abacus on simplified cases, which give the probability of rupture as a 

function of temperature gradient. The study shows as well the importance to consider the effect of the 

temperature on the mechanical properties, even weak, to calculate properly the probability of rupture. This 

study and the methods used are relevant for any brittle material and can be applied to other applications with 

different thermomechanical loads. 
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