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Abstract: The elastoplastic properties of TiC particle-reinforced titanium matrix composites
(TiC/TMCs) at high temperatures were examined by quasi-static tensile experiments. The specimens
were stretched at 300 °C, 560 °C, and 650 °C, respectively at a strain rate of 0.001/s. scanning electron
microscope (SEM) observation was carried out to reveal the microstructure of each specimen tested
at different temperatures. The mechanical behavior of TiC/TMCs was analyzed by considering
interfacial debonding afterwards. Based on Eshelby’s equivalent inclusion theory and Mori-Tanaka’s
concept of average stress in the matrix, the stress or strain of the matrix, the particles, and the effective
stiffness tensor of the composite were derived under prescribed traction boundary conditions at high
temperatures. The plastic strains due to the thermal mismatch between the matrix and the reinforced
particles were considered as eigenstrains. The interfacial debonding was calculated by the tensile
strength of the particles and debonding probability was described by Weibull distribution. Finally,
a meso-mechanical constitutive model was presented to explore the high-temperature elastoplastic
properties of the spherical particle-reinforced titanium matrix composites by using a secant modulus
method for the interfacial debonding.

Keywords: titanium matrix composite; constitutive model; interfacial debonding; high temperature;
elastoplastic properties

1. Introduction

Titanium matrix composites (TMCs) become ideal materials for auto industry [1] and shipbuilding
industry [2,3], with high specific strength, high specific modulus, and high temperature resistance.
TMCs are mainly divided into two categories, continuously reinforced titanium matrix composites
and particle-reinforced titanium matrix composites. Among them, particle-reinforced TMCs develop
rapidly due to isotropic characteristics, high temperature properties, as well as low cost compared
to the continuously-reinforced TMCs [4]. In order to achieve excellent properties, it is essential for
reinforced particulates to have superior mechanical properties and also combine stably with the matrix
materials [5]. Several ceramic particles were proposed as titanium reinforcements: SiC, B4C, TiAl, TiBy,
TiN, TiC, and TiB [5-8]. Particularly, TiC was an excellent choice for its high modulus, strength, stiffness,
hardness, and compatibility with titanium matrix [9,10]. According to the literature, TiC/Ti bulk
nanocomposites have been significantly studied by Gu et al. [11,12], which systematically presented
the influence of TiC on Ti matrix phase, densification, microstructure, and strengthening mechanisms.
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A series of theory about particulate-reinforced composites taking account of particle size effects,
damage evolution and debonding damage was carried out by K. Tohgo [13-16]. The coupled effects of
the temperature and strain rate were studied by Song et al. [17,18], and a modified Johnson-Cook model
was proposed to predict the dynamic behavior of TiCp/Ti. Recently, the combination of macroscopic
and mesoscopic methods have been widely used to investigate dynamic mechanical behaviors and
constitutive model. Meso-mechanical damage theory considers the variation of stiffness/compliance
tensor as one measure of the damage, so how to determine the effective elastic modulus of the damaged
materials becomes a key problem.

Main meso-mechanical theories are outlined as follows: Eshelby’s equivalent inclusion
theory [19,20], self-Consistent theory [21,22], Mori-Tanaka’s theory [23], differential schemes [24],
Hashin-Shtrikman Bounds [25,26], and so on. The elastoplastic behavior of the particle-reinforced
composite with damage is widely explored by using the first-order stress moment, second-order stress
moment, secant modulus method, and incremental method [27-29], the damage patterns include
crack or hole in the matrix, interfacial debonding, particle fracture, and so on. In our previous
work [30], a one-dimension dynamic constitutive model based on Eshelby’s equivalent inclusion
theory and Mori-Tanaka theory was established, by adding micro-crack nucleation and growth model.
A three-dimensional interfacial debonding model to predict the stress-strain responses of weakly
bonded composites was proposed by Lissenden [31], which was based on a modified Needleman type
cohesive zone model. Considering progressively weakened interface, an elasto-plastic multi-level
damage model was developed to predict the effective elasto-plastic behavior of particle-reinforced
metal matrix composites in the work of Lee and Pyo [32]. According to Xia and Wang [33],
a micromechanical model based on the analysis of localized deformation bands was provided to
predict the toughening of dual-phase composites. However, there is little literature on the elastoplastic
behavior of particle-reinforced composite at high temperatures. Whether the models widely used
at room temperature still effective at high temperatures in new materials still have not identified
by research.

In the current paper, the elastoplastic behavior of TiC particle-reinforced composite with interfacial
debonding at high temperatures is discussed by means of Mori-Tanaka’s mean field theory in
conjunction with Eshelby’s equivalent inclusion theory. A meso-mechanical constitutive model is
proposed to predict the mechanical properties of the composite at high temperatures by considering
the interfacial debonding.

2. Experimental Procedure

2.1. Materials

The material of titanium matrix composite reinforced with 3% TiCp was provided by Northwest
Institute for Nonferrous Metal Research, which was manufactured by the pre-treatment melt process.
The composition of the titanium matrix alloy was Ti-6Al-2.55n-4Zr-0.5Mo-1Nb-0.45Si, which could
be used at high temperature ranging from 600 °C to 620 °C with excellent strength and oxidation
resistance maintained above 600 °C. The reinforced particle dispersed homogeneously in the matrix
which had an average diameter of about 5 um [34] and no brittle phase existed. The interfacial reaction
layers between the particle and the matrix were stable and the reaction zone width was below 3 um,
by which perfect ductility at room temperature and strength ratio above 650 °C were demonstrated.

2.2. Specimen Preparation

Specimens for quasi-static tensile tests were machined by linear cutting, which were in a shape of
flat dumbbell with holes at both ends to be clamped. The thickness was 3 mm and the schematic of the
specimens was presented in Figure 1.
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Figure 1. Specimen for quasi-static tensile test (unit: mm).

2.3. Quasi-Static Tensile Tests

The quasi-static tensile tests at elevated temperatures were carried on WDW-300 electronic
universal testing machine (Jinan East Testing Machine Co., Ltd., Jinan, China). The temperature and
measurement were controlled by GW-1200A controller and high-temperature furnace, respectively,
during testing. The tests was conducted at deformation temperatures of 300 °C, 560 °C, and 650 °C
with the same strain rate of 1073 s~1. The heat should be preserved for 5-10 min to ensure a uniform
temperature in the test piece after the specimens were heated to the experimental temperature. Each
experimental condition was repeated at least three times, and the average was taken from two valid
experimental data of good reproducibility to be the final result. SEM tests were performed by a
BCPCAS4800 scanning electron microscope (JEOL Co., Ltd., Tokyo, Japan) to observe the fracture
morphology of each specimen stretched at different temperatures.

2.4. Experimental Results

2.4.1. Microstructure

The images in Figure 2 exhibit the fracture microstructure of TiC/TMCs composites samples
tested at different temperatures. The results reveal that the failure of the composites is dominant
by the interface debonding, particle cracking, and ductile fracture of the matrix. It can be seen that
with the temperature rises up, the dimples of fracture surface tend to be more uniformly distributed.
The sizes of dimples are getting to be larger and deeper when the experimental temperature increases
from 300 °C to 650 °C. This demonstrates that the TiC/TMCs composites show better plasticity at
elevated temperature.

Figure 2. SEM images of TiC/TMCs composites: (a) 300 °C; (b) 560 °C; and (c) 650 °C.

2.4.2. Stress-Strain Relationship

Figure 3 shows the results of the quasi-static stress-strain curves for the titanium matrix composite
at different temperatures. According to the tests, it is obvious that the TiC/TMCs composites
demonstrate temperature sensitivity. The flow stress decreases with increasing experimental
temperature at the same strain rate. From the data at 300 °C and 560 °C, the typical strain hardening
curve can be obtained, but the flow stress of the latter rises more slowly than the former. For the
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stress-strain curve at 650 °C, the flow stress dropped with increasing strain which indicates that
the temperature softening effect is greater than strain hardening. As for the ductile properties,
the composite exhibits better ductility with the increasing temperature, which means elongation
is positively correlated with temperature.
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Figure 3. Stress-strain curves for the TiC/TMCs composites under quasi-static tensile at
different temperatures.

3. Meso-Mechanical Theory for Multiphase Composite

3.1. Average Stress of the Reinforcement and the Matrix

Let us consider an n-phase composite, and we shall refer to the matrix as phase 0, the particle as
phase 1, and damaged particle (void) as phase 2. Based on Mori-Tanaka theory, a uniform far-field
stress o is exerted on the composite and its boundary. Take the matrix as comparative material and then
the average strain e” of the comparative material will satisfy Equation (1) under the same external force:

o=1Lg: (EO—Eg> @

where L and ¢}, are the stiffness tensor the plastic strain of the matrix, respectively.

Due to the existence of the reinforcement, the average strain is actually different from ¢
and perturbation stress ¢ and perturbation strain € are generated by the interaction between the
reinforcement, so the average stress of the matrix is:

0

G(O):0+6:L0:(80+E—55) )

Since the elastic property and the coefficient of thermal expansion of the reinforcement is different
from that of the matrix, the average stress of the reinforcement is expressed as:

0(1):0+6+0ft: L1:(80+E+sft—£f—oc’{)
-1 =~ Pt p ®)
:LO:(LO to+ete —Asl—oq‘—ei‘)
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o =045+ th = Ly: (so—i-%f—i- egt—ﬁg—oc;) =0
4)
=1ILg: (L61:6+E+agt—AsE—cx2*—e§)

where, o} and ¢!' indicate the average stress difference and the average strain difference between the
rth phase and the matrix, ¢ is the eigenstrain of the rth phase, &} is caused by the different coefficient
of thermal expansion between the rth phase and the matrix:

off = (of — o )ATS;; = o' (5)

=5 (s;‘—i—Asf—i—oc;*) r=1,2 (6)

where o is the thermal expansion coefficient of the rth phase.
By using Equations (2), (3), (6), we have:

off =Lo: (S—1): (e +8ef +ay) r=12 @)

where S is the Eshelby tensor and I is the four order unit tensor.
The average stress of the composite meets the volume mixing ratio, namely:

o= foo' + fpolV + foo® ®)

where fo + fp + fo = 1.
Substitute Equations (2) and (3) into Equation (8), we have:

&= —(fol" + fool') ©)
and:
&= (I=8)[fy(ef + A + o) + foles + Aeh + 05)] (10)
Let X = ¢f + Ael + o, Y = &5 + Aeh + o and substitute Equation (10) into Equation (4), we get:
X+ (1-8)"Lgt
y = X I=S) Ly o (11)
1—fu
Substituting Equation (10) into Equation (3), we have:
X = {LO + (L1 — Lo) : [s — (s - 1)} }-1 : 1{%(&) SLy) Lyt oty (Aaf + oqﬂ 12)
={(1=fo— f)[(L1— Lo) : S+ Lo] + fyly} ' : { Lo—Ly): Lyt o+ (1= fo)ly : (Asf +oq)]
and:

el ={(1=fo— Fp)[(La—Lo) : S+ Lol + fyla} "+ [(Lo— L) s Lgt o4 (1= fo— fp) (Lo— L) : (S— D) : (8ef +of )| (13)

Y= {(1=fo—fp) (L1 —Lo) : S+ Lo+ fypla} s {[(Li = Lo) : S+ Lol : (1= 8) " s Ly s o+ fyla: (A +o) ) (14)

&5 ={(1=fo— fp)[(L1 = Lo): S+ Lol + fyLa} "+ {[(La = Lo) : S+ Lol :(1=8) " 1 gt s o+ folla + (Bef + o))

(15)
(1= fo— F) (L1 — Lo) : S+ Lol + fyLa] : (Asg + oc;)}
Substituting Equations (1), (10)-(12) into Equations (2) and (3), respectively, we get:
o0 =0t Lo: (1) (FX+£Y) = po+ fLlo: (-5 (16)

(1= fo—fp)l(Li—Lo) : S+ Lol + fyla} 't [(Lo—La) : Lyt s o4+ (1= fo)Lu : (Ae] + )|
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oW =0+Lo:(I-8): (—(1—fp) X+ foY) = %ﬁo— 171{1’;;”% :(I-9) 17
(1= fo— Fp)(L1 = Lo) : S+ Lo+ fypla} s [(Lo— L) : g s o+ (1= fo)Lu ¢ (Bef + o )|
3.2. Effective Stiffness Tensor of the Composite
The stress-strain relationship can be written as:
e=L"1:0 (18)

The average strain of the composite is the sum of the strain:
£ = fog(o) +fp£(1) +f‘0£(2)

Substitute e(®) = 0 +F — eg, e =0 454+ eft — af — o and @ =045+ agt — ag — o into
Equations (18), (6), (10), we have:

€= L(;l 1o+ fpe] + foes (19)
Substituting Equations (13) and (15) into Equation (19), we get:
e=Ly' o+ fpef + foes = Lot o+ fu{ (1= fo = fp) (L1 — Lo) = S + Lo
+fpla} i [(Lo—L1) t Ly o+ (1= fo— fy) (Lo—La) = (S 1) :
(Af«f + “i‘)} +fo{ (1= fo— fp) [(L1 = Lo) : S+ Lol + fyL1} ' : (20)
{([(Li=Lo): S+ Lo) s (1=8) " L5 s o+ fyla : (Ae] + o)
—{(1=fo— ) [(L1 = Lo) : S+ Lo] + foLa} : (Aa§+a;)}

The stiffness tensor of the composite at high temperatures can be derived from Equation (20):

L =150+ fp{ (1= fo— fy) (L1 — Lo) : S+ Lo] + fyLa} ' [(Lo — L) : L
+(1=fo—fp)(Lo—L1): (S=1): of : 07 + fu{ (1= fo— fp)[(L1 — Lo) : S
+Lo]+ fola} i {[(L1 —Lo) : S+ Lo} :(1=8) ™" L5 + fyLa : (e} + o) 071}

(21)
- -1 -
=Ly +{(1— fo = fp) (L1~ Lo) : S Lol + fyla} " {fp [ (Lo — L) : Ly

+(1=fo—fp)(Lo—L1): (S=1): o : 0] + fof{[(L1 — Lo) : S+ Lo] :

(I-8)"" Lyt 4 fply @ o : 0_1}}
4. Elastoplastic Analysis of the Composite
4.1. Constitutive Model of the Matrix

The elastoplastic relationship of the matrix can be described by modified Ludwik equation:
o = o§°) +h (55 ) ! (22)

(0)

where, o5 is the yield stress of the matrix; # and n are material parameters determined by uniaxial
tensile test.
Under monotonic loading, the secant modulus Ej of the matrix is expressed as:

(0) 1
(o}
0 £6 -+ £g 050) sg (23)

E0o® ¥ ST ()’
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where, ¢f and sg are the elastic strain and the plastic strain of the matrix, respectively.
Under three-dimensional stress, by replacing ¢{?) and sg with Mises effective stress ¢(0)* and
effective strain eop ¥, formula (22) can be rewritten as:

50 = 5O 4 h(eg*)" (24)
where: )
« /3 (0 (0 pr 2 p(0) p(0)\2
o = (Sol ofﬁ) e = Gl eh ) (25)
GE]Q)/ is the stress deviator of the matrix.

The secant bulk modulus and shear modulus of the matrix are expressed as:

- E W= b (26)
07 3(1-205)" 0 2(1+0))

where v indicates the secant Poisson’s ratio.
Due to plasticity incompressibility, the secant bulk modulus kj, is equal to the elastic bulk modulus

ko, so, we have:
1 EZ /1
s - _ 0= _
vy = 3k, (2 Uo) (27)

In general, the elastoplastic behavior of the matrix under monotonic loading can be described by
the secant Young’s modulus Ej and two elastic constants Eq and vy.

4.2. Stress for the Reinforcement and the Matrix and the Secant Tensor of the Composite under Force
Boundary Conditions

When the matrix is in the elastoplastic stage, the modulus changes with the deformation, so the
modulus of the matrix takes the secant value indicating by superscript S. According to Equations (16)
and (17), the stress for the matrix and the reinforcement can be written as:

fr 1s .
o0 = Aeot L5 (1-5): {(1- fo - fy) 8)
(- 13) 55+ +pr1 [ Lok (1 fo)la s (A + )]
o‘(l): 1jfUG—1_1JE);)fPL6(I_S){(1_f7)_fp) (29)

[(Ly—L§) : S+ L3+ folg} [(Lg L)L o4 (1= fo)Ly : (Ae] + oq)]
According to Equation (21), the secant tensor of the composite is given:
@) = (1) "+ {0 fo = ) (L= 13) S+ L] + fpla} o [(L— L)

S(L) T H (1= fo— fp) (L —L1) : (S — 1)+ o] + fo{ [(L1 — L§) : S+ L] (30)
H(I=8) (L) T+ fply o)

where:
= (2k5, k§ — ud, k§ — 1§, kS + 1), 205, 218 (1)
Ly = (2k1, k1 — py, k1 — p, kg + e, 20, 21) (32)
L, = (0,0,0,0,0,0) (33)
I=(1,0,0,1,1,1) (34)

BS (XS BS (XS s
_ =y - v = ¥ = = S S
S—(30(,3 2/3 2/3+2/B/B (35)
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1+
(Xs: 0 , BS
3(1—19)

_ 2(4-50)
-~ 15(1-1)) (36)

4.3. Interfacial Debonding Model

In order to descript the propagation of the interfaces, Weibull statistical distribution is introduced
to discuss the cumulative probability of the interfacial debonding.

It is assumed that when the interfacial debonding happened between the matrix and the
reinforcement (particle), the particle cannot bear any load and can be equivalent to a hole. By assuming
that the tensile stress in the particle controls the debonding and the initial propagation strength along
ii direction meets the Weibull statistical distribution P;; [35], we have:

Y

m
Pl-i(oﬁ)) —1—exp [— (151)] . i=1,2,3 (37)

where, P;; (crﬁ)) is the ratio of the damaged particles to all particles, i.e., the debonding probability.
s and m are scale parameter and shape parameter of the Weibull function. Thus, the volume fraction of
the damaged particle on the composite is:

NONK
fan(crﬁ)) =f1{1—exp[— (E)] } (38)

The probability density of the damaged interface can be written as:

oy oo (S
Pll("n):sexp<s> HSN )

The relationship between the critical debonding strength of the interface o, and the two parameters
s and m is given as [36]:

e 1
o = /0 o\ pdoll) = 5T <1 + m) (40)

When the critical debonding strength of the interface o and the loading exerted on the particle
are known, the volume fraction of the debonding particle can be obtained by Equation (37).

4.4. Elastoplastic Stress-Strain Relationship

The damage constitutive relation can be expressed by Equation (30). When the matrix is in the
plastic stage, L{ is not a constant and changes with the deformation process. At the same time, volume
fraction f, and f, are also changing. So, in order to obtain the stress-strain relationship, L and f;
of each stage should be calculated firstly. The numerical calculation is performed according to the
following procedure: (1) calculate the effective elastic modulus L of the material and taking as the
initial value; (2) for a given o, determining ¢ and o from Equations (28) and (29); (3) set o,
and m, deriving f, from Equation (37) (f, = fi — f,) and then obtaining the effective stress of the
matrix from ¢(0). If () is bigger than the elastic limit Géo) of the matrix, L should be calculated from
Equations (23), (26), (27), (31); and (4) increasing ¢ and calculating L® from the new LY, then repeating
the whole process.

It is assumed that the elastic modulus of the TiC particle does not change with the changes in
temperature and the elastic modulus of the matrix decreases with the increase of temperature. In order
to obtain the elastic of the matrix at different temperature, we assume that the elastic modulus of
the matrix decreases linearly with increasing temperature. Based the known elastic modulus of the
matrix, the elastic modulus at different temperatures can be obtained. The elastic modulus and yield
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stress of the matrix at room temperature was experimentally determined. By assuming that there
are linear relationships between elastic modulus and temperature, and yield stress with temperature,
respectively, the elastic modulus and yield stress of the matrix at different temperatures was calculated,
which was shown in Table 1.

Table 1. The elastic modulus and yield stress of the matrix at different temperatures.

Temperature R.T. 300 °C 600 °C 650 °C 700 °C
Ey/GPa 113 71 25 20 15
0% /MPa 1050 670 590 540 420

5. Comparison of Numerical Predictions with Experimental Results

When the uniaxial tensile stress 011 is exerted on the particle-reinforced titanium matrix composite
at high temperatures, the material parameters of the composite is listed as follows: vy = 0.35,
E; = 460 Gpa, v1 = 0.188, f1= 0.03, h = 60 Mpa, n = 045, 0. = 2.00\"), m = 5. The stress-strain
curves of the composite at three different temperatures (T = 300 °C, 560 °C, 650 °C) are shown in
Figure 4.
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Figure 4. Cont.
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Figure 4. Comparisons of stress-strain curves of TiC/TMCs composites with the theoretical results and
test results at different temperatures: (a) 300 °C; (b) 560 °C; and (c) 650 °C.

From Figure 4, it can be seen that the numerical predictions agree well with experimental results,
which demonstrate the assumption that the elastic modulus decreases linearly with the increase
of the temperature. The debonding model adopted in the current paper can be used to predict
the elastoplastic behavior of the composite at elevated temperatures. There is little discrepancy of
initial elastic modulus and yield stress, which may be caused by that the theoretical model did not
consider the particle cracking and ductile fracture. Nevertheless, in the plastic section of the curve,
the theoretical model prediction is not accurate enough, which needs further study.

6. Conclusions

Based on Eshelby’s theory and Mori-Tanaka theory, the stress of the reinforcement and the matrix
and the effective stiffness tensor of the composite under force boundary conditions are deduced.
By using the assumption that the interfacial debonding is controlled by the tensile stress on the particle
and the cumulative probability of the interfacial debonding is described by the Weibull function,
a meso-mechanical constitutive model is proposed to investigate the elastoplastic properties of the
particle-reinforced titanium matrix composite by using the secant modulus method. A good agreement
between the numerical predictions and the experimental results is obtained, which demonstrate
that the model and the method adopted in the current study is reliable and reasonable. When
particle-reinforced titanium matrix composites were used at high temperatures, such as in aerospace
and automobile industries, this model can be used to predict the mechanical properties so as to provide
the theoretic basis for the design of structural parameters.
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