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Abstract: The finite element model, which considered the interfacial reaction layer was developed to evaluate interfacial shear

strength of titanium matrix composites (TMCs) and analyze the effect of interface reaction on interfacial mechanical properties. The

results show that the interfacial shear strength of SiC/Timetal-834 evaluated is about 500 MPa, and that the interfacial shear strength

increases as the interfacial reaction enhances. Moreover, the relationship between the thickness of the interfacial reaction layer and

the interfacial shear strength is built.
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SiC fiber reinforced titanium matrix composites (TMCs) are
the potential light-mass structural materials for use in aircraft
and aerospace industries because of their high specific
stiffness and specific strength. However, the serious interfacial
reaction, which significantly
mechanical properties of composites, appears between the

influences the interfacial
fiber and the matrix during fabrication or service of
composites at high the temperature“'“. It is an urgent problem
to analyze the effect of interfacial reaction on the interfacial
mechanical properties of TMCs.

The finite element modeling of the push-out test is
appropriate one to characterize interfacial mechanical
properties of composites. In modeling of the push-out test, it is
a critical issue to select an appropriate interface model. In
previous finite element studies, three types of interface models
have been used to describe interfaces, namely interphase layer
[>.61 791 and spring element
. The interphase layer model considers that the

model””™, cohesive zone model

model™”
interface is a distinct layer with specified thickness between
the fiber and the matrix, while the failure of interface is
difficult to realize. In contrast, the cohesive zone model and
the spring layer model are suitable for modeling the interface
failure behavior. However, the initial thicknesses of cohesive

elements and spring elements are zero''”. In reality, the inter-
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phase (i.e. interfacial reaction layer) has some thickness which
significantly affects the properties of composites!''.

In the current work, the interface model, which considers
the interfacial reaction layer and chemical bond strength, is
developed to evaluate the interfacial shear strength of TMCs.
Moreover, the effect of the interfacial reaction layer on the

interfacial shear strength is analyzed.
1 Finite Element Analysis

1.1 Finite element model considering interfacial reaction
The push-out test was analyzed using an axi-symmetric
cylindrical model, as shown in Fig.1. In the model, the main
interfacial reaction product TiC is taken into consideration!").
The height of the specimen is 500 um. The radius of SiC fiber
is 70 um. The radius of TiC is 76 um (implying the thickness
of the TiC is 6 um), and the radius of titanium matrix is 118
pm. Two groups of spring elements are used to describe the
chemical bond between SiC fiber and TiC and between TiC
and titanium matrix, respectively. Fig.2 is the details of the
spring elements. The elements of SiC fiber, interphase and ti-
tanium matrix are iso-parametric 4-noded quadrilateral ele-
ments. The element size chosen (in Z-direction) is 12.5 pm,
whereas the size in the R-direction is 7 pm. The interphase ele-
ment size in R-direction is 6 um, and in Z-direction is 12.5 pm.
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Fig.1 Axi-symmetric finite element model
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Fig.2 Details of spring model of the interface

1.2 Finite element modeling procedure

The finite element analysis consists of two steps: (1)
modeling of the cooling process of TMCs; and (2) modeling
of the push-out test process. When TMCs is cooled from high
temperature to room temperature, thermal residual stress is
induced due to the mismatch of the coefficient of thermal
expansion (a). In finite element analysis, this cooling process
is modeled using thermal load, and a reference temperature (7.
is assumed above which the composites is stress free. In
addition, the free end surface of the model can be simulated via
removing the existing tying constraint and spring elements!'>".

For the push-out test, the prescribing displacement is
applied to a rigid punch to push the fiber out completely. A
special subroutine is designed to control the interfacial failure.
The interface failure process is based on maximum shear
stresses failure criterion given by:

|z’| =7 €))
where T is the shear stress and t* is the interfacial shear
strength. When the interfacial shear stresses are larger than the
interfacial shear strength, the stiffness of the spring element is
reduced to zero, and the debonding appears under the control
of the subroutine. Once the interfacial debonding occurs, the
frictional sliding is introduced at the debonding interface. The
frictional sliding behavior of the interface is described by the
Coulomb’s law:

T, = UT )
where 7; is the interfacial frictional stress, u is the friction coef-
ficient and 7, is the radial residual stress at the sliding interface.

1.3 Material properties

SiC fiber and TiC are treated as perfectly isotropic elastic
materials. The matrix is assumed to be elastic-plastic material.
The property dependency on temperature is included in the
analysis. Table 1 shows the
thermo-mechanical properties of Timetal-834, TiC and SiC
fiber. E, v, and a represent Young’s modulus, Poisson’s ratio

variations of the

and thermal expansion coefficients, respectively.
2 Results and Discussion

2.1 Evaluation of interfacial shear strength

The push-out test was modeled using the finite element
method as described above. When the numerical analysis
load-displacement curve has a good agreement with the
experiment curve, the interfacial shear strength of TMCs can
be obtained. In this paper, SiC/Timetal-834 is taken as the
Fig.3
load-displacement curve of the push-out test for SiC
/Timetal-834'"!. The specimen of the push-out test is the same
as the finite element model. More information about the

model  material. shows the  experimental

push-out equipment and test procedure are given in Ref. [14].

Upon modeling the push-out test of SiC/Timetal-834, dif-
ferent interfacial frictional coefficients and the same interfa-
cial shear strength are assumed. The interfacial frictional coef-
ficients are assumed to be 0.2, 0.3 and 0.4 respectively. The
interfacial shear strength is assumed to be 450 MPa. Fig.4 pre-
sents the numerical analysis load-displacement curves for SiC/
Timetal-834. From Fig.4, it can be seen when the interfacial
frictional coefficient is assumed to be 0.3, the frictional force
evaluated by the finite element analysis is equal to the
experimental one. So the interfacial frictional coefficient of
SiC/Timetal-834 is equal to 0.3. Then, the push-out test is
modeled with different interfacial shear strengths and the same
interfacial frictional coefficient (#=0.3), as shown in Fig.5.
From Fig.5, it can be seen,when the interfacial shear strength
is assumed to be 500 MPa, good agreement is found between
the numerical analysis load-displacement curves and the ex-
perimental one. Therefore, the interfacial shear strength of
SiC/Timetal-834 is about 500 MPa.

It is noted that the interfacial shear strength of SiC/
Timetal-834 (re’;p = P.x/ndL) evaluated from the peak load is
only 140 MPa. The value evaluated by the finite element
method is four times as big as the one evaluated by the peak
load"”. The reason is that for the interfacial shear strength
evaluated by the peak load, the shear residual stresses and the

Table 1 Thermo-elastic parameters of Timetal-834, SiC, and TiC

Material E/GPa % a/ X 107-C!
Timetal-834, 28 ‘C 115 0.3 11.24
Timetal-834, 300 ‘C 96.4 0.3 11.24
Timetal-834, 530 'C 84. 0.3 11.24
TiC (all temperature) 440 0.19 7.6
SiC (all temperature) 469 0.17 4.0
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Fig.3 Load-displacement curves of the push-out test*)
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Fig.4 The numerical analysis load-displacement curves with diffe-

rent interfacial frictional coefficients
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Fig.5 The numerical analysis load-displacement curves with diffe-

rent interfacial shear strengths

frictional stresses are all ignored. The shear stresses acting on
the debonding interface is schematically shown in Fig.6. It is
indicated that the shear residual stresses (z.), the frictional
stresses (tr) and the shear stresses introduced by the applied
load (zp) result in the interface debonding. Therefore, the in-
terfacial shear strength can be expressed as:

*=1, 47, +7p 3)
Fig.7 presents the distribution of residual shear stresses of
SiC/Timetal-834. It can be seen that the residual shear stress is
about 300 MPa at the crack tip. The frictional shear stress
evaluated from the peak load (7, = Pn/ndL) is about 80 MPa.
According to equation (3), it can be deduced that the interfa-
cial shear strength of SiC/Timetal-834 is 520 MPa. The pre-
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Fig.6 Schematic of interfacial shear stress analysis
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Fig.7 The distribution of interfacial shear stress

diction from equation (3) is in good agreement with the finite
element result.
2.2 Effect of interfacial reaction on the interfacial shear
strength
According to the shear-lag theory, Tsai!"”! deduced an equa-
tion for evaluation of interfacial shear strength:

1
* oG )2 tan(al
4 Z——l[?’“] X (@) 1 “4)
LU E, 1
22 G 7 |2
2 n| -+ |+In| ™
G, i i
g
ZG‘ v ln[}’i]
o = E; ¢ %)
G, ln(r‘“J
1+ d 1n[’i]
Gm rf

where 7*is the interfacial shear strength, & is the applied
maximum stress, G, and G; are the shear modulus of matrix
and interface, respectively, E;is the Young’s modulus of fiber,
ri, rr and r,, are the radius of the interface, SiC fiber and
titanium matrix, respectively and [/ is the height of the
specimen. In (/ry) is equal to 0, because (ri/r) is about 1.
With the substitution of equation (5) and In(r/rp)=0 in
equation (4), equation (4) can be modified as:
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increase. G, and E; are constant.

In order to study the effect of interfacial reaction on the ap-
plied maximum stress (& ), the finite element models with
different interphase thicknesses are presented. The interphase
thicknesses are assumed to be 4, 6, 8, 10 and 12 pm, respec-
tively. Fig.8 shows the relationship between the interphase
thickness and the peak load. It is indicated that the peak load
increases with increasing of the interphase thickness, that is to
say, the applied maximum stress (& ) increases with enhanc-
ing of interface reaction. Therefore, according to equation (6),
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Fig.8 Variation of the peak load as a function of interphase thickness

we can deduce that the interfacial shear strength of TMCs
increases with enhancing of interface reaction.

3 Conclusions

1) The finite element model considering the interfacial
reaction layer is used to evaluate interfacial shear strength of
TMCs.

2) The interfacial shear strength of SiC/Timetal-834
evaluated by the finite element analysis is about 500 MPa,
while the shear strength evaluated by the peak load of the
push-out test is only 140 MPa.

3) Interface shear strength increases as interface reaction
enhances.

References

Gundel D B, Miracle D B. Comp Sci Tech[J], 1998, 58: 1571
2 Yang Y Q, Dudek H J, Kumpfert J. Mater Sci Eng A[J], 1998,
246: 213
3 Hoecker F, Karger-Kocsis J. Compos|[J], 1994, 25: 729
4 Warrier S G. Rangaswamy P, Bourke M A M. Mater Sci Eng A
[J], 1999,259 (2): 220.
Jayaraman K, Reifsnider K L. J Comp Tech Res[J], 1993, 15: 14
Robertson D D. J Comp Tech Res[J], 1992, 14: 3
Xu X P, Needleman A. Model Simul Mater Sci Eng[J], 1993, 1:
111
Geubelle P H, Baylor J. Compos Part B[J], 1998, 29: 589
9 Needleman A. Ultramicroscopy[J], 1992, 40: 203
10 Chandra N. Compos Part A[J], 2002, 33: 1433.
11 YangY Q, Dudek H J. Mater Sci Eng A[J], 1998, 246(2): 213
12 Ananth C R, Chandra N. Compos Part A[J], 1996, 27(9): 805
13 Zeng W D, Peters W M, Tanaka Y. Compos Part A[J], 2002, 33:
1159
14 Honda K, Kagawa Y. Acta Mate[J], 1996, 44: 3267
15 Tsai H C, Arocho A M, Gause L W. Mater Sci Eng A[J], 1990,
126: 295

~N N W

SRS R A SIC A 4EIEsa A E & MR R B V1585 R0

JEHEE 2, R !, B

JORNEY

(L VB TR, BEVY Ph2¢ 710072)
2. AR, i KR 030051)

B OF: PRS2 A BTTRERY, 3AT T St S N A AR T B DS KSR . A RTINS . S0y D) R S
T NG BRTIG R . JIF H, 3L T SIS J2 B PR RN St i B iR 2 ) 2% R

KA. emELEMEL FIRILOT, FmsTymg

fEZ A JEMEYE, 2, 1974 4F4, 4, Wb Tk RES¥p kRl 5 TRE22BE, BevE P64 710072, Hi&: 029-88486091, E-mail:

mnyuan@]126.com

1324



