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Unidirectional fiber-reinforced SiC/Al composite was fabricated by hot pressing. The
residual stress in the composite generated by heated treatment, sub-zero treatment, or
pre-loading was measured by X-ray diffraction. In addition, tensile tests were carried
out for the composite, and the effect of the residual stress on the tensile behaviors
was evaluated by both the experimental investigation and the calculation analysis
based on the the rule of mixture (ROM) taking the residual stress into account. The
experimental results showed that the residual stress had great influence on the tensile
stress when the tensile stress was small; while the influence became weaker and
weaker with the increase in tensile stress and almost disappeared when the tensile
stress reached the ultimate tensile strength. Furthermore, the residual stress almost
had no effect on Young’s modulus of the SiC/Al composite. The calculation analysis
based on the ROM taking the residual stress into account was found to be a simple
and effective way to evaluate the effect of residual stress on the tensile behaviors of
the SiC/Al composite.

Keywords: fiber-reinforced composite; residual stress; tensile behavior; hot pressing;
rule of mixture

1. Introduction

During the fabrication process, such as forming or heat treatment, of fiber-reinforced
metal matrix composites (MMCs), residual stress is inevitably produced due to the
different thermal expansion coefficients between the matrix and the reinforcements. It is
well known that residual stress has a great influence on many properties of fiber-rein-
forced MMCs, such as mechanical property, fatigue property, and corrosion resistance,
among others. Considerable works have been reported on the formation and analysis,
[1,2] the models,[3] the measurement,[4,5] the computer simulation,[6,7] the interface
[8,9] of the residual stress in fiber-reinforced MMCs. Though some studies about the
effects of residual stress on the mechanical properties of fiber-reinforced composites
including compressive strength,[10] yield strength,[11] tensile strength [12] of fiber-rein-
forced MMCs have been done, the work about the residual stress and its effect on the
tensile behaviors of fiber-reinforced SiC/Al composite has been reported scarcely.
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In the present study, fiber-reinforced SiC/Al composite was fabricated by hot press-
ing. Residual stress was produced by heat treatment, sub-zero treatment, and unidirec-
tional pre-loading. Tensile tests were carried out to investigate the residual stress and its
influence on the tensile behaviors. The residual stress was measured by grazing inci-
dence X-ray diffraction (GIXD). Besides, the combination of experimental investigation
and the calculation analysis based on the rule of mixture (ROM) taking the residual
stress into account was applied to evaluate the residual stress.

2. Experimental and calculation analysis method
2.1. Fabrication and post-treatments of the SiC/Al composite

A1050 aluminum plate with a thickness of 0.2 mm was used as the matrix material of
the SiC/Al composite. SiCcvyp fiber (produced by chemical vapor deposition), fabricated
by Textron Specialty Materials (type SCS-2, diameter: 140 um), was used as the rein-
forcement. The SiC/Al composite was fabricated by the following process. Firstly, the
A1050 aluminum plate was cut into pieces of 30mm x 70 mm, which were then
annealed at 573K for 30 min in air. Secondly, U-shaped grooves with interspaces of
0.5 mm were made on one surface of the aluminum plate by pressing the stainless steel
wires with a diameter of 140 pm into the Al plate. Thirdly, SiCcyp fibers with a length
of 70mm were put into the grooves, and then, another SiC fiber was placed between
the two fibers, which had existed in the grooves. After that, one sandwich layer SiC/Al
preform was obtained by overlapping one pure Al plate with the same dimension on
that Al plate arranged with the SiC fibers. Finally, three preforms were superimposed
and processed by hot pressing in air. The temperature, pressure, and holding time of
hot pressing were 893 K, 56 MPa, and 40 min, respectively.

Figure 1 shows the cross-section microstructures of the SiC/Al composite fabricated
by the hot pressing. It can be seen that the SiC/Al composite has a microstructure of
unidirectional three-layer SiC fiber, and the interlayer spacing of SiC fibers was about
0.25 mm (Figure 1(a)). However, the inter-fiber spacing is heterogeneous. The heteroge-
neous distribution will have effect on the tensile behavior. The effect will be discussed
in the following section. The SiC fiber volume fraction (V;) was about 9.2%. From
Figure 1(b), there is no obvious gap between SiC fibers and Al matrix on their
interface. It means that the SiC/Al composite should have a strong interface bonding.

To obtain the same initial residual stress condition and surface condition, the surface
of the SiC/Al composite was polished by about 10pum. Then, the specimens were
heated at 823 K holding for 5min. After that, different cooling rates were adopted to
produce different residual stress conditions (shown in Table 1). In the case of pre-load-
ing (sample VI), the specimen was loaded along the direction of SiC fibers. That gave
the specimen a stress of 95.9 MPa which is about a quarter of the yield strength
(383.4MPa) of the SiC/Al composite. According to the pre-experiments, the matrix
could yield but the SiC fibers would not damage under the above pre-loading.

2.2. Measurement of the residual stress and the tensile tests

The residual stress along the fiber direction and the right angle direction was measured
by GIXD. The measurement conditions of X-ray diffraction are listed in Table 2. To
remove the oxide film on the sample surface, the surface was polished uniformly before
X-ray analysis. The residual stress, o, was calculated using the Equations (1) and (2).
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Figure 1. The cross-section microstructure of the SiC/Al composites.

Table 1. Post-treatments of the SiC/Al composites.

Sample number Post-treatments
1 823 K x 5 min annealed
1T 823 K x 5min air cooling
1 823 K x 5 min water quenched
v 77K x 10 min sub-zero treated
\Y 176 K x 10 min sub-zero treated
VI Pre-loading (95.9 MPa)
o = —KM (1)
K = Ecot0,/2(1 +v) (2)

where K is the stress factor, M is the slope of 20-sin®y diagram, M=3(20)/d(sin*y), E
is Young’s modulus, and v shows Poisson’s ratio, while 0 represents the diffraction
angle of (422) plane of the Al matrix, and 0y represents the diffraction angle of (422)
plane when the Al matrix has no residual stress. In the present investigation, the 26,
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Table 2. Measurement conditions of X-ray diffraction.

X-ray diffraction items Measurement condition

Characteristic X-ray Cu-Ka

Tube voltage and current 40kV, 35mA

Measuring method Para-focusing Q-diffractometer

Irradiated area 20 mm x 20 mm

Diffraction plane Al (422)

Counting time (sec) 5.00

Angle interval (deg) 0.08

¥ (deg) 0.00, —19.00, —23.00, —29.00, —34.00, —40.00, —43.00, —45.00

diffraction angle of (422) plane of pure Al plate, which was annealed at 823 K and
holding for 30 min, can be substituted by 137.799°. Young’s modulus £ and Poisson’s
ratio v were substituted by 69.5 GPa and 0.33, respectively.

Tensile tests were carried out at room temperature by a tensile testing machine (Shi-
madzu, AG-5000ES). The tensile specimens have a dimension of 70 mm x 6 mm x 1 mm.
A constant tensile speed of 0.05 mm/min and a gauge length of 10 mm were adopted. A
strain gauge was applied to the center along the tensile direction of each tensile specimen.
To understand the strength of the SiC fiber in the SiC/Al composites, tensile tests of the
SiC fibers, which were extracted by dissolving the matrix with 10%NaOH water solution,
were also carried out. Besides, to obtain the parameters of mechanical properties of the Al
matrix, tensile tests were performed for pure Al specimen with the same dimension as the
SiC/Al composite specimen.

2.3. Calculation based on the ROM taking the residual stress into account

In the present study, the residual stress was introduced into ROM to evaluate the effect
of the residual stress on the tensile behaviors during the tensile tests. Firstly, it was sup-
posed that the residual stresses of both the matrix and fiber, o,,,, and oy, follow ROM.
It was presumed that the relationship between the stress and strain of the matrix follows
n-power hardening rule. The residual strain of the matrix and fiber, ., and eg, can be
calculated by ROM.

o5V + om(1 = V) (3)
and
EresVi+om(1 —V5) =0 (4)
Then, the fiber residual strain is
e = —{om (1 = Vi) /EcVr} (5)

And the residual strain of the matrix is

emr = Ome/Em  (Ome <0y) (6-1)

tmr = (O /K" (0 < 0y) (6 —2)
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Table 3. Parameters used in the ROM calculation.

Oy (MPa) E,, (GPa) K (MPa) n E; (GPa) Ve (%)
232 69.5 192.3 0.262 421 9.2

Then, the residual stress of the composite during the tensile tests can be evaluated
by substituting the residual strain of the matrix and fiber into the ROM as shown in
Equations (7-1) and (7-2) and making the composite strain (e.) increase with a step of
0.001% till 1.0%.

0. = EtVi(ee +en) + En(1 — Vi) (ec + &m)  (0m <oy) (7-1)

oc = EtVi(eo +en) + (1 — Vi){K(ec + &m)"}  (0m >0y) (7-2)

where E is elastic modulus, while ¢ and ¢ show strain and stress, respectively. Also, the
subscripts f, m, ¢, y, and r mean fiber, matrix, composite, yield, and residual, respec-
tively. The tension stress and the compression stress are indicated by marking with plus
or minus sign. Besides, parameters used in the ROM for the calculation analysis are
shown in Table 3.

3. Results and discussion
3.1. Residual stress of the SiC/Al composites

The diagrams of 20—sin®y for three typical post-treatments were shown in Figure 2. It
can be seen that there is a good linear relationship between 26 and sin*y. The residual
stress was calculated by substituting the slope of curve to Equation (1). According to
Equation (1), it can be known from Figure 2 that residual stress will be increased when
the slope becomes greater; besides, the slope of curve has reverse sign with the residual
stress, in other words, negative sign of the slope of the curve means tension stress.

The residual stresses along the fiber direction and the right angle direction for each
post-treatment specimen were obtained and shown in Table 4. It can be found that the
value of the residual stress along the fiber direction was much greater than that along
the right angle direction; besides, the value of the residual stresses was increased as the

1382 | sample _(.)_ %II
1381 number O IV
138.0 }
13798~
1378 F
137.7
137.6 |

137.5

20(°)

0.0 0.1 0.2 0.3 0.4 0.5
sin?y

Figure 2. The relationship between 20 and sin’y.
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Table 4. Post-treatments and the relative residual stress of the SiC/Al composites.

Residual stress (MPa)

Sample number Post-treatments The fiber direction The right angle direction
1 823 K X 5 min annealed 11.2 3.9
I 823 K x 5Smin air cooling 20.6 4.7
1 823 K x 5 min water quenched 41.8 12.4
v 77K x 10 min sub-zero treated —355 —-17.7
\% 176 K x 10 min sub-zero treated —18.8 5.4
VI Pre-loading (95.9 MPa) —34.3 1.5

cooling rates during post-treatments increased from 11.2 to 41.8 MPa for heat treatment
and from —18.8 to —35.5MPa for sub-zero treatment. Also, it is noticeable that the
residual stresses of the some specimens were higher than the yield stress (about
30 MPa) of the Al matrix.

In the cases of heat and sub-zero treatments, it is easy to understand that the resid-
ual stress originated in different thermal expansion behavior between the fiber and
matrix. The larger the difference of thermal expansion coefficients between the Al
matrix and SiC fiber, the greater the residual stress produced in the post-treatments.
While in the case of pre-loading, the residual stress should result from the plastic defor-
mation of the Al matrix and the elastic recovery of the SiC fiber.

3.2. Effect of the residual stress on tensile behaviors based on experiments

Figure 3 represents a stress—strain curve of the SiC/Al composites from the tensile tests.
There is a point on the curve, at which the slope had a sudden change due to the yield
of the SiC/Al composite during the tensile test.

To find the effect of the residual stress on the tensile behaviors during the tensile
tests, the composite stresses were read out from strain—stress curve at the point of the
SiC/Al composite yield, the strain of 0.1, 0.2, 0.5%, and the ultimate tensile strength of
the SiC/Al composite for each of post-treatment specimens. The relationship between
residual stress and tensile stress is shown in Figure 4. It was found that there was an
approximately linear relationship between the tensile stress and the residual stress in the
case of the same strain condition; besides, the residual stress has different influence on

400

q, [T e
300 e

200

Tensile stress (MPa)

100

0 .
0.0% 02 0.4 0.6 08 & 10
Strain (%)

Figure 3. The stress—strain curve of the SiC/Al composites from the tensile test of the sample
V.
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Figure 4. The relationship between residual stress and tensile stresses of the SiC/Al composites
during the tensile tests.

the tensile stress of the SiC/Al composite at different tensile stress conditions. To be
exact, the residual stress had a great influence on the tensile stress when the tensile
stress of the SiC/Al composite is relatively small. Minus residual stress can increase
tensile stress while plus one can decrease tensile stress of the SiC/Al composite. For
example, the residual stress of —35 MPa can increase the tensile stress by about 20 MPa
for the o.,. However, the influence went down with the increase in tensile stress and
almost disappeared for the ultimate tensile strength of the SiC/Al composite (o). In
this condition, the effect of the residual stress on the tensile behavior can be neglected.

3.3. Effect of residual stress on tensile behaviors based on the ROM

The ROM taking the residual stress into account was used to analyze the effect of the
residual stress on the tensile behaviors of the SiC/Al composite. Figure 5 shows the
stress—strain curve of the SiC/Al composite for the sample IV from the ROM calcula-
tion. Comparing with Figure 3, it can be found that both the stress—strain curves from
the tensile tests and the calculation based on the ROM are very similar with each other.

The relationship between the residual stress and the tensile stress of the SiC/Al com-
posite obtained from the ROM is shown in Figure 6. Also, both the relationship between
the residual stress and the tensile stress of the SiC/Al composite from the tensile test and
the calculation from the ROM are compared. From the comparison, it can be found that

500

400

300

200

100 /

0 00 02 0.4 0.6 0.8 1.0 1.2
Strain (%)

Tensile stress (MPa)

Figure 5. The stress—strain curve of the sample IV from the ROM calculation.
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both of them are also very similar. However, the values of tensile stress from the ROM
were larger than these from the tensile tests. It should be due to the heterogeneous
distribution of the fibers (Figure 1(a)) and other influencing parameters.

Based on the above results, it can be concluded that the present calculation analysis
based on the ROM is a simple and effective method to evaluate the effect of the resid-
ual stress on the tensile behavior of the SiC/Al composite. Also, it can be confirmed
that the effect of the residual stress on tensile stress of the SiC/Al composite is
restricted in the region of small stress and decreased as tensile stress of the SiC/Al
composite increased. It can be considered that the influence of the residual stress on the
tensile stress of the composite is compensated by the tensile test. For the ultimate
tensile strength, the effect of the residual stress can be neglected.

As shown in Figure 3 above, E; and E, represent Young’s modulus of the compos-
ite before and after the yield, respectively. Figure 7 shows the relationship between the
residual stress and Young’s modulus of the SiC/Al composite. From the figure, it can

500 i
PR SR S— A

z 40 o
g S5
» 300 — . C01
§ M S i —o0— o,
2 200
E
S

100
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-40 -20 0 20 40
Residual stress (MPa)

Figure 6. The relationship between residual stress and tensile stresses of the SiC/Al composites
from the ROM calculation.
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Figure 7. The relationship between the residual stress and Young’s modulus of the SiC/Al
composites.
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be seen that the slopes of the curves of £; and E, were zero. That means Young’s
modulus did not change as the residual stress changed, in other words, the residual
stress almost had no influence on Young’s modulus of the SiC/Al composite. Besides,
the calculation result from the ROM also agreed with that from the tensile tests.

4. Conclusions

The experimental results revealed that the residual stress had a great influence on the
tensile stress when the tensile stress was small; however, the influence decreased as
tensile stress increased and finally almost disappeared at the ultimate tensile strength of
the SiC/Al composite. Compressive residual stress can increase tensile stress, and
tensile residual stress can decrease tensile stress. Furthermore, the effect of the residual
stress on Young’s modulus of the SiC/Al composite was found to be very small.

The calculation analysis based on the ROM taking the residuals stress into account
was in almost total agreement with the results obtained from the tensile tests. It can be
confirmed that the calculation analysis based on the improved ROM is a simple and
effective method to evaluate the effect of the residual stress on the tensile behaviors of
the SiC/Al composite.
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