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Effect of temperature on tensile, compressive, and shear 
strengths of composites

Victor Birman 

Professor Emeritus of Mechanical Engineering, Missouri University of Science and Technology, Rolla, 
Missouri, USA 

ABSTRACT 
The paper is concerned with the prediction of longitudinal and transverse 
tensile and compressive strengths as well as the in-plane shear strength of 
a fiber-reinforced composite material subject to an elevated temperature. 
Additionally, the effect of temperature on the tensile strength of particu
late composites is considered. The premise is that since the longitudinal 
compressive, transverse and shear strengths of uniaxial laminae are 
affected by the matrix to a larger degree than the longitudinal tensile 
strength and the matrix degradation due to an elevated temperature pre
cedes that of the fibers, the former strengths degradation will be more 
pronounced than the reduction of the longitudinal tensile strength. This 
assumption is verified on the example of a SiC/Ti-6Al-4V composite. It is 
demonstrated that a difference in the effect of temperature on the rate of 
reduction of the longitudinal tensile strength versus the reduction of longi
tudinal compressive strength, transverse and shear strengths remains lim
ited at moderate temperatures but increases as temperature approaches 
the matrix melting value. Considering particulate composites, we analyze 
both Ti-6Al-4V and polymeric matrix materials. The strength of particulate 
materials considered in the paper at elevated temperatures is mostly dic
tated by the strength of the matrix that is highly sensitive to thermal 
environments.
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1. Introduction

Temperature affects the properties of all materials found in nature. However, its effect on the 
mechanical response of structures is sometimes disregarded in the analysis. In numerous relatively 
recent studies this shortcoming has been addressed and a large number of papers include the 
effect of temperature on the properties of materials, e.g., [1–18]. For a brief review of these 
papers, see [19]. These studies considered isotropic and composite materials and addressed 
numerous aspects of the analysis, including strength, stiffness, dynamic problems, and 
micromechanics.

Experimental, analytical, and numerical studies demonstrated that the strength of composites 
decreases at elevated temperatures. An example of such investigations is the study of the flexural 
strength of carbon fiber reinforced polymers in three-point bending tests in the range of tempera
ture from −100 �C to 100 �C [20]. A finite element study of the transverse strength of composites 
at elevated temperatures included the coating of the fibers in the analysis and demonstrated that 
the strength decreases at elevated temperatures due to the failure of the coating/matrix interface 
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and the matrix [21]. However, the effect of temperature on the material properties was not con
sidered in this investigation. Experimental research considering the effect of temperature on the 
strength and fatigue of silicon fiber, Ti-24Al-11Nb matrix composites in comparison to typical 
aerospace nickel-based superalloy, titanium alloy and titanium-aluminum alloy was undertaken in 
[22]. While unidirectional SiC-aluminum composites had a clear advantage over metallic counter
parts, composite laminates did not possess such benefits reflecting a need in a skillful tailoring of 
laminated structures. The detrimental effect of the content of oxygen in the matrix of SiC-fiber, 
titanium matrix alloy on the high-temperature tensile strength was investigated in [23]. A study 
on the effect of several parameters on the longitudinal tensile strength of short-fiber polymeric 
matrix composites at elevated temperatures was undertaken in [24]. The analytical solution pre
sented in this paper accounted for residual thermal stresses, probabilistic fiber length Weibull dis
tribution, and fiber orientation. Transverse tensile strength of SiC fiber, Ti-6Al-4V composites at 
elevated temperatures was studied by FEA in [25] where it was demonstrated that while residual 
stresses affect the stress corresponding to the onset of fiber-matrix debonding, the collapse stress 
was little influenced by these stresses.

In this paper, we analyze the effect of temperature on the strength of a unidirectional compos
ite lamina and on the strength of particulate composites. In the former composites, we concen
trate on the comparison of thermal effects on five different strengths, including longitudinal and 
transverse tensile and compressive strengths, and the shear strength in the planes parallel to the 
fibers. In particulate composites, we analyze longitudinal tensile strength.

Numerical examples are presented for SiC fiber, Ti-6Al-4V metal matrix laminae since metal 
matrix composites are extensively used in high-temperature applications. Particulate composites 
considered in this paper had both metallic (Ti-6Al-4V) and four different polymeric matrices.

It is demonstrated in the paper that an elevated temperature results in a large reduction in 
matrix-dominated strengths, i.e., the strength under longitudinal compression, transverse tensile 
and compressive and in-plane shear loadings. The longitudinal tensile strength dominated by 
fibers is reduced to a comparable degree in the range of considered temperatures. However, the 
matrix-dominated strength degradation becomes more prominent as the temperature approaches 
the melting point of the matrix, while the longitudinal strength remains relatively high because of 
the residual strength of the fibers.

In particulate materials, the tensile strength is compromised by the failure of the particle- 
matrix interface and the subsequent cracking of the matrix. Thus, the properties of the matrix 
have a dominant effect determining the strength. It is demonstrated that a higher filler (particle) 
volume fraction results in a reduction of the strength in the entire range of temperatures as a 
result of the stress concentration around the particles. The strength decreases with temperature in 
all five particulate materials considered in the example.

Reflecting the numerical results, it is emphasized that strict control should be used in the man
ufacturing process of all composites. Such control is particularly important for fiber-reinforced 
materials subjected to compression during a lifetime where fiber misalignment can dramatically 
reduce the strength in the entire range of operating temperatures.

2. Analysis

2.1. Longitudinal, transverse, and in-plane shear strength-temperature relationships

2.1.1. Longitudinal tensile strength
The analysis of the longitudinal tensile strength has been presented in a number of papers, such 
as [24,26–31]. A comprehensive comparison between various methods is outside the scope of this 
paper, instead we concentrate on several approaches to the problem and compare the results to 
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check whether that they are in good agreement and predict the effect of temperature on the 
strength.

The first method considered in this paper was presented in the book [32]. Extrapolating this 
approach to account for the effect of temperature, one has to compare the ultimate tensile strains 
of the fibers and matrix:

eu
f Tð Þ ¼

su
f Tð Þ

Ef Tð Þ
, eu

m Tð Þ ¼
su

m Tð Þ
Em Tð Þ

(1) 

where su
f Tð Þ and su

m Tð Þ are the ultimate tensile strengths of the fiber and matrix, and Ef Tð Þ and 
Em Tð Þ are their moduli of elasticity, respectively. Note that Eq. (1) are written by the assumption 
that both the fiber and matrix are linearly elastic materials up to the ultimate tensile failure.

If the fiber fails first, the longitudinal tensile strength in the composite is obtained by

sðþÞL Tð Þ ¼ su
f Tð Þ Vf þ Vm

Em Tð Þ
Ef Tð Þ

 !

(2) 

where Vf and Vm are the volume fractions of the fibers and matrix, respectively.
On the other hand, if the matrix fails prior to the fibers, the ultimate tensile strength is

sðþÞL Tð Þ ¼ su
m Tð Þ Vm þ Vf

Ef Tð Þ
Em Tð Þ

 !

(3) 

It should be noted that Eqs. (2) and (3) disregard statistical aspects of the strength distribution 
in the fibers and matrix. These equations associate the ultimate longitudinal failure with a some
what simplified model where all fibers fail simultaneously neglecting stress transfer from broken 
to intact fibers. In the case where the fibers break prior to the matrix, the interfacial shear stress 
and the shear lag problem have to be analyzed to better assess the ultimate strength (e.g., [33]).

The Weibull distribution [34] of the fiber strength was assumed in [35] that presented a closed 
form formula for the strength of the composite material:

sðþÞL Tð Þ ¼ Vf
16s2

pmðTÞL0r
q

f 0ðTÞ
qþ 2ð Þd2

f

" # 1
qþ2

e− 1
qþ2 (4) 

where the matrix is assumed elastic perfectly plastic with the shear yield strength spmðTÞ; q is the 
Weibull modulus, L0 is the gauge length, df is the fiber diameter, and rf 0ðTÞ is the characteristic 
fiber strength measured at the gauge length. The results generated using this equations were in a 
good agreement with experimental data for carbon/epoxy composites. However, since the materi
als considered in this study were polymeric matrix composites, we cannot use it in the numerical 
analysis below concentrating on a metal-matrix material.

Extensive studies of the ultimate longitudinal tensile strength of unidirectionally oriented fiber- 
reinforced polymeric, metal-matrix, and ceramic composites were conducted by Curtin and his 
associates [31,36,37] employing the Weibull distribution of the fiber strength. In particular, a 
closed form expression for the ultimate tensile strength was obtained in [37]

sðþÞL Tð Þ ¼ Vf rf 0 Tð Þ
q

2

� � q

qþ1

1 − e−2
q

� �
þ Vmry Tð Þ (5) 

As was shown in [37], at q ¼ 10, the model predictions for a notch strength of Ti-1100 
matrix, SCS-6 SiC fiber composites were in close agreement with the Batdorf model [38]. The dis
crepancy with the experimental results was small. Thus, this value of the Weibull modulus was 
adopted in the subsequent calculations.
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The characteristic fiber strength proportional to the critical fiber bundle stress at the gauge 
length L0 in the above equation is

rf 0 Tð Þ ¼ r
q

f Tð Þ
s Tð ÞL0

rf

 ! 1
qþ1

(6) 

where rf ðTÞ is the stress carried by a bundle of fibers, rf is the fiber radius, s Tð Þ is the interfacial 
sliding resistance. In [36], for Nicalon/CAS composites, rf ¼ 7:5 lm, s Tð Þ ¼ 20 MPa:

It was also shown in [37] that the results obtained by the modified rule of mixtures were in reason
ably good agreement with those generated by the alternative theories predicting the ultimate longitu
dinal tensile stress that was within 10% of those available from other theories and overestimating the 
experimental results by about 20%. The above-mentioned modified rule of mixtures is

sðþÞL Tð Þ ¼ Vf rf 0 Tð Þ þ Vmry Tð Þ (7) 

However, the results generated by the modified rule of mixtures were larger than those 
obtained by Eq. (5) that yielded the predictions that were closer to the experimental data.

Finally, a very simple formula for the estimation of the tensile longitudinal strength was sug
gested in https://www.doitpoms.ac.uk/tlplib/fibre_composites/strength.php for the case where the 
matrix ultimate strength is much lower than that of the fibers so that the strength of the compos
ite is determined by the strength of the fibers. In this case, disregarding the probabilistic distribu
tion of the strength of the fibers, the ultimate strength of the composite is

sðþÞL Tð Þ ¼ Vf su
f Tð Þ (8) 

Note that this equation may be quite useful for the estimate of the strength of composites 
operating close to the melting temperature of the matrix where the contribution of the latter to 
the strength becomes negligible. Furthermore, this equation can be modified by characterizing the 
strength of the fibers as a probabilistic quantity.

2.1.2. Longitudinal compressive strength and in-plane shear strength
In this paper, we consider composites with brittle fibers. Accordingly, the principal mode of fail
ure is kinking. The compressive composite stress resulting in kinking was evaluated by Budiansky 
[39], and further discussed in [40]. These results are extrapolated here to emphasize that the 
properties are temperature dependent:

sð−ÞL Tð Þ ¼
G Tð Þ

1þ /G Tð Þ
�

sy Tð Þ
(9) 

where G Tð Þ is the shear modulus of the composite, / is the maximum initial misalignment angle 
of the kink in radians, and sy Tð Þ is the shear yield stress of the composite material. If the mis
alignment is absent and the kink is normal to the load direction, / ¼ 0 and the formula con
verges to the result suggested by Rosen [41]. On the other hand, if the misalignment is large, 
/Gm Tð Þ

.

sy Tð Þ
� 1 and the formula for the compressive strength is reduced to the result suggested 

by Argon [42]. In numerical examples in this paper, we consider a band of longitudinal compres
sive strength with the angle of fiber misalignment varying from 0 to 5�.

The shear yield stress of the composite can be determined using the matrix shear strength div
ided by the shear stress concentration factor [32]:

sy Tð Þ ¼
sshear

m ðTÞ
ks Tð Þ

(10) 
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where

ks Tð Þ ¼
1 − Vf 1 − Gm Tð Þ

.

Gf Tð Þ

� �

1 −
ffiffiffiffiffiffi
4Vf
p

q

1 − Gm Tð Þ
�

Gf Tð Þ

� � (11) 

The shear modulus of the composite can be obtained by one of the numerous micromechanical 
methods. In particular, the Halpin-Tsai method [43] that was shown to be quite accurate [44] yields

G Tð Þ
Gm Tð Þ

¼
1þ g Tð ÞVf

1 − g Tð ÞVf
(12) 

where

g Tð Þ ¼
Gf Tð Þ

.

Gm Tð Þ
− 1

Gf Tð Þ
�

Gm Tð Þ þ 1
(13) 

Among other studies relevant to the longitudinal compressive strength is a comparison of the 
methods used to predict the compressive strength of fiber-reinforced composites [45] that experi
mentally demonstrated the advantage of the Budiansky-Fleck model, i.e., Eq. (9).

Note that the solution presented above does not include the probabilistic aspect that can influ
ence the prediction of the strength. This is a probabilistic distribution of the initial fiber misalign
ment. Mentioned here is a comprehensive review of probabilistic models employed in the 
analysis of the strength of polymeric matrix composites [46]. The probabilistic strength problem, 
i.e., the effect of a random fiber misalignment, was considered in [47] using experimental meas
urements conducted on a carbon/epoxy material to determine a power spectral density function 
used to evaluate the misalignment and the Monte Carlo method to specify the strength. Due to 
the lack of data for the metal matrix composite considered in numerical examples, this solution is 
not discussed here.

2.1.3. Transverse tensile strength
One of the models evaluating this strength is based on the evaluation of the stress concentration 
or strain concentration factor in the isotropic matrix adjacent to the fiber-matrix interface [32]. 
According to the approach utilizing the maximum stress failure criterion,

sðþÞT Tð Þ ¼
1

krðTÞ
su

m Tð Þ − rrm Tð Þ
� �

(14) 

where rrm is a residual stress in the matrix.
The result based on the maximum strain failure criterion is

sðþÞT Tð Þ ¼
1 − �m Tð Þ

krðTÞ 1þ �m Tð Þð Þ 1 − 2�m Tð Þð Þ½ �
su

m Tð Þ − erm Tð ÞEm Tð Þ
� �

(15) 

The stress concentration factor in these equations is

kr Tð Þ ¼
1 − Vf 1 − EmðTÞ

Ef ðTÞ

� �

1 −
ffiffiffiffiffiffi
4Vf
p

q

1 − EmðTÞ
Ef ðTÞ

� � (16) 

The other approach based on the elasticity solution was presented in the recent paper [48]. 
According to the analysis in this paper, the transverse tensile strength of the material undergoing 
a uniaxial transverse tension can be calculated as
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sðþÞT Tð Þ ¼
1

1þ �mðTÞð Þ 1 − 2bðTÞð Þ 1 − 5:8cðTÞV3
f

� � ry Tð Þ (17) 

where

b Tð Þ ¼
Gm Tð Þ − Gf Tð Þ

Gm Tð Þ þ Gf Tð Þ 3 − 4�m Tð Þð Þ

a Tð Þ ¼
Gm Tð Þ 3 − 4�f Tð Þ

� �
− Gf Tð Þ 3 − 4�m Tð Þð Þ

Gf Tð Þ þ Gm Tð Þ 3 − 4�f Tð Þ
� �

c Tð Þ ¼
a Tð Þ − bðTÞ

1 − bðTÞð Þ − bðTÞ 1 − a Tð Þð Þ
(18) 

In Eqs. (17) and (18) the fiber is assumed isotropic, and �f Tð Þ and �m Tð Þ are the Poisson 
ratios of the fiber and matrix, respectively.

Finally, it is worth noting that a simple expression for the transverse strength was found in a 
good agreement with experimental data in https://www.doitpoms.ac.uk/tlplib/fibre_composites/ 
strength.php:

sðþÞT Tð Þ ¼ su
m Tð Þ 1 − 2

ffiffiffiffiffi
Vf

p

r" #

(19) 

As is evident from Eqs. (15), (17), and (19), at the matrix melting temperature the transverse 
tensile strength drops to zero (residual stresses and strains are equal to zero at the melting tem
perature). Physically, this reflects an observation that composite laminae cannot transfer trans
verse loads in the absence of the matrix.

2.1.4. Transverse compressive strength
In the paper [48] transverse compressive strength was obtained as

sð−ÞT Tð Þ ¼
si Tð Þ
ffiffiffiffiffiffiffiffiffiffiffi
gi Tð Þ

p
2

1 − bðTÞ

� �

(20) 

where

gi Tð Þ ¼ −7:71 0:14þ b Tð Þ
� �

V3
f þ 6:63 0:01þ b Tð Þ

� �
V2

f þ 0:16 3:00þ b Tð Þ
� �

Vf

− 0:76 −0:24þ b Tð Þ
� �

(21) 

In Eqs. (20), si Tð Þ is the strength of the fiber-matrix interface and b Tð Þ is defined in 
Eq. (18). At the matrix melting temperature, si Tð Þ ¼ 0 and the composite strength is reduced 
to zero.

2.1.5. Tensile strength of particulate composites
A simple formula based on a comparison with experimental data was suggested in [49]. 
Modifying this formula to account for the effect of temperature we obtain:

r þð Þc Tð Þ ¼ su
m Tð Þ 1 − 1:21V

2=3
f

� �

(22) 

where Vf is the filler (particle) volume faction.
This prediction was found in excellent agreement with experimental data for six particulate 

composite materials: resin matrix with voids, SAN matrix (styrene acrylonitrile) filled with carbon 
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particles, PPO (polyphenylene oxide) matrix with glass particles, glass/epoxy, SAN (styrene 
acrylonitrile resin) matrix with glass particles, and ABS (acrylonitrile butadiene styrene) matrix 
with glass particles. All particles considered in this paper were spherical. Note that as follows 
from Eq. (22) the strength of a composite with spherical inclusions cannot exceed that of the 
pristine matrix.

Note that Eq. (22) is derived without taking into consideration the properties of spherical 
inclusions. The reason is that the filler particles are assumed detached from the matrix at the 
breaking strain, i.e., this equation analyzes the matrix material with holes, without accounting for 
the contribution of the filler at the composite breaking strain.

A simple formula for the strength of a particulate composite material accounting for the filler- 
matrix adhesion was suggested in [50]:

r þð Þc Tð Þ ¼ su
m Tð Þ

EcðTÞ
EmðTÞ

1 − V
1=3
f

� �

(23) 

However, as was demonstrated in [51], this formula does not predict the strength of polymeric 
composites available from experiments. A different formula, based on fitting of the predicted and 
experimental strength values was proposed in [51]:

r þð Þc Tð Þ ¼ su
m Tð Þ

1 − Vf

aþ bVf þ cV2
f

(24) 

where a, b and c are fitting coefficients.
The problem with using Eq. (24) is that the fitting coefficients are specified for each particular 

material, i.e., this equation is not universal. For example, an excellent agreement was achieved for 
polyester resin matrix and CaCO3 particles composites using a¼ 1.00, b¼ 2.20, c ¼ −5.41, while 
for vinylester/CaCO3 materials, the agreement between experimental strength and the strength 
predicted by Eq. (24) was obtained using a¼ 1.00, b¼ 0.38, c ¼ −1.90. However, for each differ
ent material we have to generate a new set of experimental data to specify the fitting coefficients.

Accordingly, we employ Eq. (22) in the analysis since it has been successfully experimentally 
verified on six composite materials.

2.2. Properties of representative materials considered in numerical examples

The fiber-reinforced composite material selected for the numerical analysis consist of a titanium 
alloy matrix (Ti-6Al-4V) and silicon carbide fibers (SiC). The temperature-dependent relation
ships between the moduli of elasticity and the Poisson ratio of the titanium alloy and silicon car
bide (SiC) are [52]:

Titanium Ti − 6Al − 4Vð Þ : Em ¼ 122:7 − 0:056T GPað Þ �m ¼ 0:289þ 32 � 10−6T (25) 

Silicon carbide SiCð Þ : Ef ¼ 416:3 − 0:021T GPað Þ �f ¼ 0:171 − 3:044 � 10−6T (26) 

In these equations, temperature is measured in degrees K. The modulus of elasticity of the 
titanium alloy calculated by Eq. (25) is equal to zero if T¼ 2172 K. This corresponds to tempera
ture 1899 �C, while the reported melting range of this material is within 1538 �C−1649 �C 
(Technical Data Sheet, https://www.atimaterials.com/). This reflects a nonlinear relationship 
between the modulus of elasticity of Ti-6Al-4V and temperature when the latter approaches the 
melting point. In the absence of such a relationship for the matrix material, we present the rele
vant examples below for temperature increasing from the room temperature to an operational 
value that is well below the melting point of Ti-6Al-4V.

The ultimate tensile strength of Ti-6Al-4V depends on temperature as reflected in Technical 
Datasheet of Carpenter Technology “Titanium Alloy Ti 6Al-4V”. The relationship between the 
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strength and temperature up to 350 �C is almost linear and it is approximated as

su
mðTÞ ¼ 936:8 − 0:642T (27) 

where the strength is measured in MPa, and the temperature is in degrees Celsius. In numerical 
examples this relationship is extrapolated to 500 �C.

The matrix yield stress is smaller than the ultimate tensile strength since Ti-6Al-4V demon
strates a noticeable strain hardening. Thus, we use an approximate formula based on the analysis 
[53]:

ry Tð Þ ¼ 800 − 0:5T (28) 

where the strength is measured in MPa, and temperature is in degrees Celsius.
The tensile strength of SiC fibers as a function of temperature does not change much in the 

temperature range suitable for SiC/titanium matrix composites. In the study [54] the tensile 
strength of Nicalon fibers was found as a function of temperature and time of exposure defined 
by the Larson-Miller parameter

q ¼ T log t þ 22½ � (29) 

where t is time of exposure in hours, and T is temperature in degrees Kelvin. Assuming the time 
of exposure equal to one hour and temperature varying between 20 �C and 400 �C, we obtain a 
linear relationship:

su
f ðTÞ ¼ 3, 016 − 0:79T (30) 

In Eq. (30), the strength is in MPa, and temperature is measured in degrees Celsius. Shear 
strength of Ti-6Al-4V is available from [55]. Using the data presented in this paper for the rate 
of loading equal to 1.8�103 1/s and extrapolating it as a linear function of temperature in the 
range from 25 �C to 300 �C, we obtain

sshear
m Tð Þ ¼ 427:26 − 0:16T (31) 

where the stress is in MPa, and temperature is in degrees Celsius. This relationship has been 
extrapolated to 500 �C in the following analysis.

The data of the effect of temperature on the interfacial strength is adopted from [56] and [57] 
where it was demonstrated that the strength of the interface between a SiC fiber and Ti 6Al-4V 
matrix is a linear function of temperature. The interfacial shear stress is represented by

sshear
i Tð Þ ¼ 150 − 0:175T (32) 

where the stress is measured in MPa, and temperature is measured in degrees Celsius. The radial 
yield stress si Tð Þ is obtained by doubling the value calculated by Eq. (32) following the recom
mendation in [56].

Following the results in [37], the Weibull parameter q ¼10 was adopted in computations. 
Characteristic fiber strength in Eqs. (5) and (7) is replaced with an experimental value available 
from Eq. (30).

Matrix materials considered in the analysis of the effect of temperature on the strength of par
ticulate composites include Ti-6Al-4V, two polymeric adhesive materials, and polyester and vinyl
ester resins. Adhesive materials represent an interest since their properties could be improved by 
adding nanoparticles.

The ultimate strength of epoxy adhesive XN1244 was found representing experimental data by 
a quadratic equation [58]:

su
mðTÞ ¼ 66:522þ 0:160T − 0:00373T2ðMPaÞ (33) 
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Eq. (33) is generated to approximate experimental strength values in the range from the room 
temperature to 150 �C. At higher temperatures, the strength of XN1244 sharply drops, so this 
temperature is unlikely to be exceeded in practical applications.

The thermal properties of the second adhesive epoxy considered in this paper are adopted 
from [59]. According to experimental data in this paper, the strength versus temperature relation
ship can be represented by a bilinear law. At a relatively slow loading rate, this law can be 
approximated by

T ¼ 200C − 400C: su
m Tð Þ ¼ 66:87 − 0:530TðMPaÞ

T ¼ 400C − 600C: su
m Tð Þ ¼ 71:59 − 0:652TðMPaÞ (34) 

The relationship between the tensile strength and temperature of polyester resin in the range 
from 20 �C to 60 �C found in [60] was nonlinear. This relationship can be approximated by a 
quadratic function

su
m Tð Þ ¼ 31:000þ 0:625T − 0:01625T2ðMPaÞ (35) 

The tensile strength of a vinylester resin was experimentally measured as a function of tem
perature in [61,62]. In this paper, we use the measurements in [62] at a very slow loading strain 
rate of 0.0001 (1/s) (data used is taken from Table 1 of this reference) approximating it by a 
quadratic equation:

su
m Tð Þ ¼ 97:3 − 0:548T − 0:00123T2ðMPaÞ (36) 

3. Numerical examples

Longitudinal tensile strengths of SiC/Ti-6Al-4V composites are shown as functions of temperature 
in Figures 1 (Vf ¼ 0.2) and 2 (Vf ¼ 0.5). All theories compared in these figures predict an identi
cal trend, i.e., a reduction of the strength with a higher temperature. Remarkably, the results 
obtained by Eqs. (2) or (3) and Eq. (7) were in a close agreement. This could be expected since 
these equations represent various interpretations of the rule of mixtures for composites with a 
uniform fiber strength. However, the results obtained by Eq. (5) were more conservative as could 
be anticipated since they account for the Weibull distribution of the fiber strength. The results 

Figure 1. Longitudinal tensile strength of SiC/Ti-6Al-4V composites. Fiber volume fraction is Vf ¼ 0.2. Curve 1 is obtained by 
Eqs. (2) and (3). Curve 2 is obtained by Eq. (5). Curve 3 is obtained by Eq. (7). Curve 4 is obtained by Eq. (8).
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obtained by Eq. (8) are most conservative, but they are probably inaccurate since both the contri
bution of the matrix outside of the vicinity to the matrix melting temperature as well as the prob
abilistic distribution of the strength of the fibers are neglected. However, a modification of this 
equation could be adopted in the vicinity to the matrix melting temperature accounting for the 
probabilistic fiber strength distribution. Similar to the observation in [37], the modified rule of 
mixtures (Eq. (7)) predicted a higher strength than Eq. (5). A larger fiber volume fraction results 
in a higher strength as could be expected considering that the fibers carry the major share of the 
longitudinal tensile load. A reduction of the strength in the range of temperature from 0� to 
500 �C predicted by Eq. (5) is in the range from 18% to 23%.

Longitudinal compressive strengths of SiC/Ti-6Al-4V composites are presented in Figures 3
and 4 for two different fiber volume fractions as functions of temperature and the angle of mis
alignment of the fibers. While the strength decreases with an elevated temperature for all consid
ered fiber orientation misalignments, from 0� to 5�, there is an abrupt drop in the strength in the 
range from 0� to 3�. The effect of an even larger misalignment, i.e., the difference between the 
cases of 3� and 5� is relatively smaller. The phenomenon is demonstrated in the inserts in 
Figures 3 and 4 evaluated at 0 �C, 100 �C and 500 �C. A similarly abrupt reduction in the strength 
as a result of fiber misalignment was also previously reported for carbon/epoxy in [32]. An 
important practical conclusion from Figures 3 and 4 is that control of the manufacturing process 
is vitally important for composites subjected to compression during lifetime since even a small 
fiber misalignment can drastically reduce the strength. Furthermore, a misalignment of fibers 
should be treated as a probabilistic phenomenon, and a probabilistic model predicting the longi
tudinal compressive strength of composites might be preferable to deterministic counterparts. 
Note that a reduction in the strength in the investigated range of temperature was about 27% and 
19% for Vf ¼ 0.2 and 0.5, respectively, for perfectly aligned fibers, i.e., this reduction is close to 
the reduction observed in the case of longitudinal tensile strength.

The shear yield strength of the composite is shown in Figure 5 for two fiber volume fractions. 
As can be observed, this strength is actually higher in the case of a smaller fiber volume fraction. 
The reason is an increasing shear stress concentration factor in the case of a larger fiber volume 
fraction. The reductions in the shear yield strength as temperature increases from 0 �C to 500 �C 
are about 23% for both fiber volume fractions.

Figure 2. Longitudinal tensile strength of SiC/Ti-6Al-4V composites. Fiber volume fraction is Vf ¼ 0.5. Curve 1 is obtained by 
Eqs. (2) and (3). Curve 2 is obtained by Eq. (5). Curve 3 is obtained by Eq. (7). Curve 4 is obtained by Eq. (8).
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Transverse tensile strengths of composites are shown as functions of temperature in Figures 6
and 7. The scatter between the predictions obtained by various methods is evident. However, all 
theories predict a very significant drop of the strength as a result of an elevated temperature. The 
strength is a little higher at a smaller fiber volume fraction (Figure 6). The physical reason is that 
transverse strength is mostly dictated by the matrix and at a smaller fiber volume fraction there 
are fewer vulnerable regions of stress concentration at the fiber-matrix interface where fracture 
originates. Also, the stress concentration factor is higher in the composite with a larger fiber vol
ume fraction, similar to the case of the in-plane shear. In spite of a large mismatch between the 
theories, the strength decreases linearly with temperature according to all considered methods. 
Note that the reduction in the strength due to temperature increasing from 0 �C to 500 �C is 
larger than in the case of the longitudinal tensile strength varying between 25% and 40%, depend
ent on the theory used for the calculation and the fiber volume fraction. This reflects on the 
mechanism of the stress transfer: while longitudinal tensile stresses are mostly transferred by the 
fibers, transverse stresses are transferred through the matrix that is affected by temperature more 
than the fibers.

Transverse compressive strength is displayed in Figure 8. It is interesting to note that while a 
higher fiber volume faction caused a reduction in the transverse tensile strength, the trend 
observed in Figure 8 is opposite. This reflects the observation that while fracture originating from 
the fiber-matrix interface caused the loss of strength in the former case, it does not occur under 
compression. Instead, the loss of strength is probably due to crushing of the matrix. Out of all 
strengths considered here the reduction of transverse compressive strength with temperature was 

Figure 3. Longitudinal compressive strength of SiC/Ti-6Al-4V composites. Fiber volume fraction is Vf ¼ 0.2. The fiber misalign
ment angle is equal to 0� , 3� , and 5� . The lower figure demonstrates the change in the strength as a function of the angle of 
misalignment at three different temperatures.
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the most prominent (about 63% for Vf ¼ 0.2 and 59% for Vf ¼ 0.5). Note that the transverse 
compressive strength of SiC fiber, titanium matrix composites is much higher than their tensile 
strength. This has been confirmed in the previous experiments (e.g., [63]).

Figure 4. Longitudinal compressive strength of SiC/Ti-6Al-4V composites. Fiber volume fraction is Vf ¼ 0.5. The fiber misalign
ment angle is equal to 0� , 3� , and 5� . The lower figure demonstrates the change in the strength as a function of the angle of 
misalignment at three different temperatures.

Figure 5. Shear yield strength of SiC/Ti-6Al-4V composites with fiber volume fractions equal to Vf ¼ 0.2 and Vf ¼ 0.5.
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The comparison of a relative loss of strength in five different cases considered above indicates 
that transverse strength decreases with temperature at a higher rate than the longitudinal and 
shear strengths. This is due to a temperature-induced degradation of the matrix. Rather surpris
ingly, a reduction of the shear strength is of the same order as that of the longitudinal tensile 
strength. The situation drastically changes as temperature approaches the matrix melting value 
and the only remaining strength is the fiber-dominated longitudinal tensile strength as is illus
trated below.

Tensile strengths of several particulate composites as functions of temperature and volume 
fraction of the particles are depicted in Figures 9–13. While the volume fractions of silicon par
ticles embedded in Ti-6Al-4V matrix are chosen equal to 0.2 and 0.5, (Figure 9) and 0.3 and 0.5 
in polymeric particulate composites (Figures 12 and 13), in epoxy adhesives particle volume frac
tions are equal to 0.1 and 0.2 (Figures 10 and 11). This is because high volume fractions of inclu
sions embedded in epoxy adhesives are unlikely.

Figure 6. Transverse tensile strength of SiC/Ti-6Al-4V composites. Fiber volume fraction is Vf ¼ 0.2.

Figure 7. Transverse tensile strength of SiC/Ti-6Al-4V composites. Fiber volume fraction is Vf ¼ 0.5.
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In all cases demonstrated in Figures 9–11 and 13 a higher particle volume fraction resulted in 
a reduced tensile composite strength. This is the result of stress concentrations in the matrix 
along the particle-matrix interface. The situation is different in the case of polyester matrix with 
embedded CaCo3 particles (Figure 12) where particles increase the strength at temperatures over 
45 �C. The reason for the different behavior of these composites should probably be considered at 
the micromechanical level analyzing local stresses at the particle-matrix interface and fracture 
propagation in the vicinity to this interface.

It is remarkable that some of the results demonstrated above were generated using linear rela
tionships between the properties and temperature for inclusions and matrix. For example, for 
SiC/Ti-6Al-4V composites, the moduli of elasticity and the Poisson ratios of the fibers and matrix 
are given by Eqs. (25) and (26), the tensile strength of the matrix is determined by Eqs. (27) and 
(28), while its shear strength is determined by Eq. (31), and the ultimate tensile strength of the 
fibers is provided by Eq. (30). All these equations are linear. However, as is discussed below, the 
melting temperature of Ti-6Al-4V is smaller than the value that results in a reduction of its 

Figure 8. Transverse compressive strength of SiC/Ti-6Al-4V composites. Fiber volume fractions are Vf ¼ 0.2 and Vf ¼ 0.5.

Figure 9. Tensile strength of particulate SiC/Ti-6Al-4V composites. The filler (particle) volume fractions are Vf ¼ 0.2 and Vf ¼ 0.5. 
Particle-to-matrix adhesion is neglected.
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stiffness determined from Eq. (25) to zero. This implies that while the property-temperature rela
tionships of this material remain linear in the moderate temperature range, they are nonlinear at 
higher temperatures. We do not have a complete information about the effect of high tempera
ture approaching the melting value on the properties of titanium matrices and SiC fibers. Thus, 
the examples presented above are limited to the temperature range where the properties are linear 
functions of temperature.

Compare the longitudinal tensile strength to compressive longitudinal and in-plane shear 
strengths of SiC/Ti-6Al-4V at the matrix melting temperature, i.e., in the range of 1538 �C– 
1649 �C corresponding to 1811K–1922K (see discussion after Eq. (26)). In this range of tempera
tures, the fibers retain strength since according to Eq. (30), their strength is reduced to zero only 
at 3,818 �C. Therefore, even if the fiber strength-temperature relationship becomes nonlinear at 
high temperatures, it is apparent that the matrix fails first. Using Eq. (26) we calculate the moduli 

Figure 10. Tensile strength of particulate epoxy adhesive XN1244. The filler (particle) volume fractions are Vf ¼ 0.1 and Vf ¼

0.2. Particle-to-matrix adhesion is neglected.

Figure 11. Tensile strength of particulate epoxy adhesive. The filler (particle) volume fractions are Vf ¼ 0.1 and Vf ¼ 0.2. 
Particle-to-matrix adhesion is neglected.
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of elasticity of the fibers at temperatures equal to 1811K and 1922K that are equal to 378 GPa 
and 376 GPa, respectively. Since the stiffness of the matrix is reduced to zero at the melting tem
perature, the in-plane shear strength of the composite also becomes equal to zero, according to 
Eq. (10). The longitudinal compressive strength is calculated by Eq. (9) that is modified by divid
ing the numerator and denominator by the shear modulus of the composite yielding. Then this 
strength at the melting temperature is equal to zero. This is a logical conclusion since even 
though the fibers are in theory capable of carrying the load even at the matrix melting tempera
ture, they cannot resist compression and buckle due to their very small stiffness. Predictable, the 
tensile strength of particulate composites is reduced to zero at the matrix melting temperature as 
follows from Eqs. (22) and (23).

The situation is different when we analyze the longitudinal tensile strength since it is mostly 
contributed by the fibers. Since at the melting temperature the matrix does not contribute to the 

Figure 12. Tensile strength of particulate polyester resin with CaCO3 particles. The filler (particle) volume fractions are Vf ¼ 0, 
0.3 and 0.5. Particle-to-matrix adhesion is accounted for.

Figure 13. Tensile strength of particulate vinylester/CaCO3. The filler (particle) volume fractions are Vf ¼ 0, 0.3, and 0.5. Particle- 
to-matrix adhesion is accounted for.
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resistance of the load, we are justified using Eq. (8). The tensile strengths of the fibers in this 
equation in the temperature range from 1538 �C to 1649 �C are estimated from Eq. (30), neglect
ing a possible nonlinearity in the strength-temperature relationship at high temperatures. 
Accordingly, we calculate the values of 1801 GPa and 1713 GPa at 1538 �C to 1649 �C, respect
ively. The corresponding composite strength can now be calculated from Eq. (30) by multiplying 
these values by the fiber volume fraction.

Therefore, we can observe that the effect of temperature on the matrix-dominated strengths of 
composites is of the same order as this effect on the strength dominated by the fibers, i.e., the 
longitudinal tensile strength, in the moderate temperature range. However, at high temperatures 
approaching the melting temperature of the matrix the difference between two above-mentioned 
classes of the strength becomes evident. While the material is still capable of carrying longitudinal 
tensile stresses until the fibers fail, the strengths dominated by the matrix contribution are 
reduced to zero.

4. Conclusions

1. Effect of temperature on strengths of unidirectional fiber and particulate composites is ana
lyzed by several available theories. Numerical results are presented for a representative metal 
matrix SiC fiber unidirectional composites and for several particulate composites.

2. The effect of the inclusion volume fraction is considered for both fiber-reinforced and par
ticulate composites.

3. It is shown that although several theories yield broadly different strength predictions, all of 
them indicate that the strength decreases as a result of a higher temperature.

4. Longitudinal tensile strength increases in composites with a larger fiber volume fraction 
since the fibers carry a large share of tensile load.

5. Longitudinal compressive strength sharply decreases as a result of an even small fiber mis
alignment angle. A larger fiber volume fraction results in an increase in the strength since 
the fibers transfer a higher load than the matrix and their stiffness and strength are less 
affected by temperature. It is suggested that since the fiber misalignment after the process
ing is a random quantity there is a need in comprehensive statistical models accounting for 
the statistical phenomena to estimate the longitudinal compressive strength.

6. Yield shear strength is negatively affected by a larger fiber volume fraction as a result of a 
higher stress concentration at the fiber-matrix interface.

7. Transverse tensile strength can be estimated by a number of theories that predict signifi
cantly differing results. While the choice of the most accurate theory is outside the scope of 
this paper, it is observed that the drop in the transverse tensile strength as the result of an 
elevated temperature is larger than the corresponding drop for longitudinal strengths. This 
is a reflection of the mechanism of the load transfer that predominantly occurs through the 
matrix, rather than through the fibers. The effect of the fiber volume fraction is smaller 
than in the case of longitudinal tension.

8. Transverse compressive strength is affected by temperature to a larger degree than other 
strengths. An increase in the fiber volume fraction is beneficial for this strength.

9. Tensile strengths as functions of temperature were considered for five particulate compo
sites. One of them was SiC/Ti-6Al-4V and four others were polymeric matrix composites, 
including two adhesives. In all cases, the strength decreased with temperature as could be 
predicted from Eqs. (22) and (23). The presence of particles (or a larger volume fraction of 
particles) resulted in a reduction in the strength, with the exception of CaCO3 particles, the 
polyester matrix composite at temperatures exceeding 45 �C. Physically, a reduction in the 
strength occurring at a larger particle concentration can be explained by a larger number of 
local stress concentrations occurring at the particle-matrix interface.
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10. A difference between the rate of temperature-induced decrease of fiber-dominated longitu
dinal tensile strength and matrix-dominated strengths (longitudinal compressive strength, 
transverse tensile and compressive strengths, shear strength) increases as temperature 
approaches the matrix melting range. At the matrix melting temperature the latter strengths 
drop to zero, while the lamina retains the longitudinal tensile strength.

11. It is recommended to develop and implement statistical models in the analysis of longitu
dinal compressive strength, possibly using a Weibull distribution of the angle of misalign
ment of the fibers. In particulate composites, a statistical model could also be useful 
reflecting a nonuniform distribution of particles throughout the material.
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