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Effect of fiber distribution on residual thermal stress
in titanium matrix composite®
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Abstract: Residual thermal stresses (RTS) of SCS6 SiC/ T+ 24AF11Nb composite were analyzed by using finite ele-
ment method (FEM). Three models of fiber array in the composite and the effect of fiber distance on the RTS were dis-
cussed. In all the three models compressive stress was found in the radial direction and tensile stress in the tangential direc-

tion. It is pointed out that, in real composite system, hexagonal fiber geometry is superior because the distribution and the
magnitude of the residual stress are similar to those in single fiber model. In square fiber geometry, it is easier to make the

matrix crack due to the larger residual tangential stress. RTS becomes very large and changes violently when the fiber dis-

tance is less than 15 Hm or so, therefore too high fiber volume is apt to result in matrix crack.
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1 INTRODUCTION

With the rapid development of aerospace indus-
try, more and higher demands have been presented on
materials. The continuous SiC fiber reinforced titani-
um matrix composite is regarded as the ideal material
of next generation aerospace engines in many devel
oped countries, and more attention has been put on
them for its superior properties at elevated tempera
ture!' ! and its designability of flexibility.

It is well known that different fiber geometry
and fiber volume can be derived from different com-
posite fabrication condition, for example, fiber vol-
ume may reach 80% by fiber coating method. Some-
times the properties of composite are not changed reg-
ularly, and RTS in composite generated when they
are cooled from the processing temperature to room
temperature due to the coefficient of thermal expan-
sion (CTE, a) mismatch!*! between the fiber and
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[ ], is one of the main reasons. To some extent
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matrix
a great deal of investigation'’ ' already make people
know the distribution and influencing factor of RTS
around the interface. However, the effect of different
fiber geometries on RTS is seldom involved, especial-
ly the effect of fiber distance factor.

RTS of SCS-6 SiC/Tr24AF11Nb composite is
simulated by FEM in this paper. The objective is to
discuss the effect of fiber geometry and fiber distance
on RTS, and then to find better fiber geometry and
appropriate fiber volume in composite from the per

spective of RTS in order to provide technical supports
for composite fabrication.

2 FINITE ELEMENT MODEL

Firstly, three typical fiber geometries are shown
in Fig. 1. Although the single fiber model can't be re-
peated infinitely to compose the entire material vol-
ume, it can be compared with the other two models
as the reference. Commonly, square fiber geometry
can be derived from foilfiber-foil layer technique, and
hexagonal fiber
method! > VI

geometry from fiber coating
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Fig. 1 Fiber geometry in composites
(a) —Single fiber model; (b) —Square fiber geometry model;
(¢) —Hexagonal fiber geometry model

In general, finite element model of composite
should meet three basic requirements: 1) the model
must have appropriate dimension which can demon-

strate the size relationship between the reinforcement
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and the matrix at least; 2) the model must character
ize periodicity of composite; 3) interface between
fiber and matrix should be bonded perfectly. A ccord-
ing to the symmetry of fiber array in the composite,
analytical unit cells can be taken out from the shadow
parts in Fig. 1. The corresponding finite element
models (called 1/4 fiber model) are shown in Fig. 2,
in which generalized plane strain state is assumed.
Fig.2(b) exemplifies the schematic diagram of finite
element mesh with the specified boundary conditions.
X-displacement on the Y-axis and Y-displacement on
the X-axis are kept zero to maintain the symmetry
condition. Since the research emphasis are stress distri-
bution near the interface and the effect of fiber array on
RTS in the engineering perspective, and in order to sim-
plify the calculation, the other two sides are supposed to
be free boundary condition.
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Fig.2 Schematic diagram of 1/4 fiber model

for finite element analysis

(a) —Single fiber model; (b) —Square fiber geometry model;
(¢) —Hexagonal fiber geometry model

Secondly, multr-fiber model should be built in
order to find out the effect of fiber distance on RTS
because 1/4 fiber model can't characterize the influ-
ence of surrounding fibers. Fig. 3 shows the schemat-
ic diagram of a multrfiber model for square fiber ge-
ometry. According to the symmetry of composite,
the shadow part in Fig. 3(a) is taken out as analytical
unit cell. The assumption and boundary conditions of
multrfiber model are similar to those of 1/4 fiber
model, as shown in Fig. 3(b).
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Fig. 3 Schematic diagram of a multrfiber model
(a) —Fiber geometry; (b) —Finite element model

3  MATERIAL PROPERTIES AND FABRICA-
TION CONDITIONS

RTS is caused by the inherent properties of the
composite and influenced by the fabrication condi-

tions. Tables 1 and 2 show the properties of SCS-6
SiC fiber and T+24AF11Nb matrix used in finite ele-
ment analysis''*. The fiber is modeled as a linear e
lastic material and the matrix as an elastic plastic
strain hardening material with temperature dependent
properties. In addition, the composite is consolidated
at 196 MPa and 920 C for 1 h, the fiber volume

fraction of composite is supposed to be 35% .

Table 1 Properties of SCS-6 SiC fiber

t/°'C o/ (100°C ") E/GPa U/ (kg'm ?)
25 3.53 400  0.25 2 550
203 3.62 400  0.25 2 550
400 3.87 400  0.25 2 550
500 4.03 400  0.25 2 550
702 4.36 400  0.25 2 550
900 4.59 400  0.25 2 550

Table 2 Properties of Tr24AF11Nb matrix

1/ C “’.,é_l?; * BIGPa l\%a Ao ‘Zl(_k;‘)%'
23 9.0 110 372 2.3 0.26 4200
200 9.36 100 407 3.0  0.26 4200
£25 103 76 370 2.2 0.26 4200
600 10.5 86 291 1.29 0.26 4200
650 10.6 68 270 0.67 0.26 4200
815 1.0 43 165 0  0.26 4200

4 RESULTS AND DISCUSSION

4.1 Effect of fiber geometry on RTS

Fig. 4 shows the distribution of radial and tan-
gential RTS in single fiber model. For a composite
system whose matrix contracts larger than the fiber
under a uniform reduction, residual radial stress is
compressive stress as shown in Fig. 4(a). Maximal
compressive stress about 106 MPa is homogeneous in-
side the fiber and extends to the interface next to the
matrix. Consistent with the compressive radial stress
is the state of tensile tangential stress in the matrix as
shown in Fig. 4(b). The maximal tensile tangential
stress is about 191 M Pa near the interface next to ma-
trix. At the same time tangential stress inside fiber is
compressive. Therefore there is a larger tangential
stress gradient at the interface. Many microcracks
perpendicular to the interface would be found if the
fabrication conditions were not appropriate, especially
when the fiber distance was shorter. Obviously, the

large tangential stress gradient''” and the maximal
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tensile tangential stress near the interface are the im-
possible main reasons for matrix cracking.
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Fig.4 Residual stress nephogram of
single fiber model( Pa)

(a) —Radial stress; (b) —Tangential stress

The single fiber model is an ideal model and its
RTS distribution is almost with regularity, but in fact
this kind of fiber geometry don t exist in real compos-
ite system. Square and hexagonal fiber geometry are
the emphasis of this research because they are close to
practical cases.

Compared with the single fiber model, the RTS
of square fiber geometry model is very irregular, es-
pecially near the interface. The stress magnitude
varies with the location as shown in Fig. 5. The radial
stress is primarily compressive as shown in Fig. 5(a) .
In diagonal direction there exists maximal compres-
sive radial stress of about 114 MPa in the vicinity of
the interface, and in horizontal or vertical direction
the relative small compressive radial stress is about
85. 8 MPa. Because stress distribution is inhomoge-
neous, the interface is liable to separate in horizontal
or vertical direction when the composite is sustained
transverse load. As for the tangential stress shown in
Fig.5(b), the maximal tensile stress is about 221
MPa at the interface next to matrix. Furthermore, in
horizontal or vertical direction the zone as well as the
magnitude of maximal stress is larger than that of the
single fiber model. In other words, matrix cracks
perpendicular to the interface tend to extend in the
direction of the line that connects centers of two near
est fibers.

Fig. 5 Residual stress nephogram of

square fiber geometry model( Pa)
(a) —Radial stress; (b) —T angential stress

Fig. 6 shows the residual stress nephogram of
hexagonal fiber geometry model. It can be seen that
the distribution of residual stress, especially the com-
pressive radial stress, is relatively homogeneous and
almost similar to that of the ideal single fiber model
compared to the square fiber geometry model. Fur-
thermore, the maximal compressive radial stress ( see
Fig. 6(a)) and tensile tangential stress( see Fig. 6(b) )
are smaller than those of square fiber geometry mod-
el, which are about 108 and 196 M Pa, respectively.
Therefore to some extent the effect of fiber geometry
on RTS is obvious, and compared with square fiber
geometry, in composite hexagonal fiber geometry,
this effect is better and not liable to lead to matrix
cracking.

4.2 Effect of fiber distance on RTS

It is well known that the fiber volume in com-
posite can t increase infinitely. In other words, fibers
are not arranged too close, otherwise comprehensive
properties of composite will be degraded severely. In
this section, in order to investigate the effect of fiber
distance on RTS, the distribution of RTS in multr
fiber model is simulated when fiber distance is as-
sumed to be 1, 2, 4, 6, 8, 10, 15, 20, 25, 30, 35,
40, 50, 60, 70, 80, 100 Pm, respectively.
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Fig. 6 Residual stress nephogram of
hexagonal fiber geometry model( Pa)

(a) —Radial stress; (b) —Tangential stress

The distribution of RTS in multrfiber model is
shown in Fig. 7 when fiber distance is 70 HPm and
the fiber volume fraction is 35% . There exists similar
stress distribution with the square fiber geometry
model around the lower left-hand fiber. However,
because of the influence of the other fibers the maxi
mal compressive radial stress ( 127 MPa) and tensile
tangential stress ( 243 MPa) of the multrfiber model
are larger than those of the square fiber geometry
model under the same fiber volume fraction( See Fig.
5).

Fig. 8 shows the RTS of points a and b ( see
Fig. 7) near the interface as a function of fiber dis-
tance. It can be seen that the RTS is very large and
changes violently before the fiber distance reaches 15
Pm ( fiber volume fraction 62. 4%). Furthermore,
the radial stress of point a is largely tensile when the
fiber distance is less than 6 Um, that is different from
the distribution of RTS in square fiber geometry mod-
el and easily results in debonding of the interface.
And then the curve becomes even after fiber distance
exceeds 15 Pm. Therefore the fiber distance of 15 Hm
is a critical distance which had better not to be ex-
ceeded in composite.
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Fig. 7 Residual stress nephogram of multrfiber

model with fiber distance of 70 Bm( Pa)
(a) —Radial stress; (b) —Tangential stress
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Fig. 8 RTS of points a(™) and b(®) as
function of fiber distance in multrfiber model
(a) —Radial stress; (b) —T angential stress
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5 CONCLUSIONS

1) The stress distribution in hexagonal fiber ge-
ometry model is more homogeneous than that in
square fiber geometry model. Therefore the hexago-
nal fiber geometry is superior, and fiber coating
method is better than foilfiber-foil layer technique for

composite processing if only considering the factor of
RTS.

2) The variation of fiber distance remarkably in-
fluences the magnitude and distribution of RTS in
composite. Since there is a distinctive knee in the
curve between stress and fiber distance, the fiber dis-
tance had better not to exceed this threshold level,
that is to say, the fiber volume in composite can t be
increased infinitely.
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