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[ Abstract] The residual stress in a 20% SiC,,/ 6061A1 composite as-extruded was investigated by using X-ray stress mea

surement method. It was found that, high residual stress existed in the composite and residual stress distribution in each

direction are not uniform. Relaxation process of residual stress in the composite was dynamically measured during anneal-

ing at high temperature. It is verified that the relaxation of residual stress obeys the power law at high temperature. With

the creep mechanism, the relaxation behavior of residual stresses at high temperature was analyzed. The results show

that, the stress exponent and activation energy for stress relaxation of the composite are obviously higher than those of the

matrix alloy.

[ Key words] SiC-whisker; AFmatrix composite; residual stress; stress relaxation; X-ray diffraction

[ CLC number] TB331

[ Document code] A

1 INTRODUCTION

Aluminum matrix composite reinforced with sili-
con carbide whisker ( SiCy/Al) as a new type of
structural material not only has certain advantages
such as high specific strength, high specific modulus,
low coefficient of thermal expansion ( CTE) and so
on, but also can be secondarily shaped by the conven-
tional working method. So this composite can be of
potentiality to be widely applied in many industrial
fields' " . Through the development and research for
many years, the SiCy/Al composite has applied in
several engineering areas, and several types of
aerospace structural parts have been successfully fabri-
cated with this composite, which presents a good de-
veloping future.

In general, the thermal residual stress and macro
residual stress existed in the SiC,/Al composite at
same time. Firstly, due to a mismatch in CTE be
tween the reinforcement and matrix, when the tem-
perature changes the thermal residual stress between

4 Secondly, due to

the two phases is unavoidable! *
the secondary working, the inhomogeneity of macro
plastic deformation in the composite must induce the

. 5
macro residual stress'’!.

The two types of residual
stress can affect the composite properties harmfully,
but only the macro residual stress is a key factor af-
fecting the dimensional stability of material. The con-
ventional method of stress relieving is to anneal the
material at high temperature, but only a limited num-

ber of literatures about this subject for composite ma-
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terial have been reported. Therefore, the macro
residual stress in a 20% SiC,,/ 6061A1 ( SiCy, reinforced
6061 aluminum alloy of which whisker volume frac
tion is 20% ) as extruded and its high temperature re-
laxation process were investigated by the method of
X-ray stress measurement, and the relaxation behav-
ior of residual stress at high temperature was analyzed
using the creep mechanism.

2 MATERIAL AND EXPERIMENT

The 20% SiC,,/ 6061A1 composite was fabricated

by the squeeze casting, in which the pouring temper-
ature and the solidification temperature of the
6061AFliquid are 800 C and 600 C respectively.
Then the original composite ascast was extruded
with an extrusion ratio of 1: 20 at 450 ‘C, and a com-
posite tube was obtained. The outer and inter diame-
ter of the composite tube are 34 mm and 20 mm re-
spectively.

Fig. 1 gives the scheme of X-ray stress measure-
ment. In this figure the point O is the position of
stress measurement, P and O stand for the incident
direction of X-ray, ®and W for two of space angles,
0y and Oy for the longitudinal residual stress and
transverse residual stresses respectively. According to
the basic principle of X-ray stress measurement[6],
two tensors of residual stress can be expressed as fol-
lows,

Oy = K[0(200 o¢)/0(sin® W)] (1)
0= K[O(20a ¢)/0(sin® ¥)] (2)
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Fig. 1 Scheme of X-ray stress measurement

for 20% SiC,,/ 6061A1 composite tube

where 20 is the diffraction angle of matrix in com-
posite, K is the constant of X-ray stress measure
ment.

It must be pointed out that the field of the ther
mal residual stress between two phases of discontinu-
ous whisker reinforced composite characterizes a tri-
axial stress field near the surface of the compos-
it "® it can not obviously affect the 0(20)/
O(sin® W), although it can led to the movement of
diffraction peak. In addition, the macro residual
stress field of the composite presents some behaviors
of plane stress field near the surface of the composite,
it can greatly affect the 0(20)/0(sin®> ¥). So the
stresses in Kqns. (1) and (2) are two tensors of
macro residual stress of the composite.

The residual stresses of 20% SiC,,/ 6061A1 com-
posite asextruded were measured with the X-ray
stress analyzer of X-350 type. The parameters and
conditions of stress measurement are given as follows:
tube voltage 26 kV, tube current 8 mA, radiated area
2mm X 2mm, diffraction plane Al(222), CrKqradi-
ation. A cross correlation method was used for deter
mining peak positions. With the method of machining
and corrosion in 20% NaOH solution, the composite
tube was peeled off from its outer surface ply by ply
to measure the distribution of residual stress, mean-
while the relieved stress due to the material peeled
was corrected. The correcting method of relieved
stress in the material is the same as that in Ref. [ 6] .
Each ply peeled off from the composite surface is of a
thickness about 1mm. The composite was annealed at
high temperature, and the relaxation process of resid-
ual stress was dynamically measured at the same
tmme.

3 RESULTS AND DISCUSSION

The distribution of residual stress in the extruded
tube of 20% SiC,/6061A1 composite is shown in
Fig.2. It can be seen that high stresses exist in this
composite. Near the inner surface (r= 10) and outer
surface (r= 17) of the tube, the longitudinal residual
stress ( O») is compressive, while the transverse

residual stress ( 0j;) is tensile. On the contrary near
the middle area of the tube, the longitudinal residual
stress is tensile, while the transverse residual stress is
compressive. This obvious inhomogeneity of residual
stress in composite is mainly due to a difference of
plastic deformation in different areas of the material
during hot extrusion. Since the symbol of two stress
tensors is opposite to each other, the Mises effective
stress must be at a high level, and it is very harmful
for the composite.
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Fig. 2 Distribution of residual stress ( 0)
in radial direction ( r) of 20% SiC,,/ 6061A1

composite as extruded

In order to explore stress relieving mechanism
for the composite by annealing technology, it is nec
essary to investigate the relaxation behavior of residu-
al stress at high temperature. Fig. 3 gives the relax-
ation process of the longitudinal residual stress near
the outer surface of the extruded composite tube at
high temperature. It can be found that with increase
of annealing time at high temperature, the relaxation
of residual stress in the composite obeys the form of
power law. The higher the annealing temperature,
the more obvious the relaxation extent of the residual
stress is.

Due to the residual stress, the stress reliving and
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Fig. 3 Residual stress ( 0x») of
20% SiC,,/ 6061A1 composite as-extruded vs

annealing temperature ( 7') and time (t)
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creep phenomenon must occur in some area of the

[9]

composite at high temperature' ', and the relation be-

tween creep rate (d &>/ dt¢) and residual stress ( 0x)

of the composite can be expressed as follows''" |

d&y/di = A(0xn)"exp/[- Q/RT] (3)
where & is the creep strain, ¢ is the time, s; A is
a constant, n is the stress exponent, () is the creep
activation energy also named relaxation activation en-
ergy of composite, J*mol™ ' R=8.31Jmol” '*K™'
is the gas constant, T the absolute temperature, K.

The elastic strain of the composite would obtain
a decrement of d &; when the creep strain also named
plastic strain obtains an increment of in some area,
and the residual stress would be reduced at the same
time. The relation between residual stress change
(d0») and creep strain change (d &) of the compos-
ite can be expressed as!''!,

- dOy =< dé& (4)

To combine Eqns. (3) and (4), the follow equa
tion can be obtained,

d0y/dt = B(0xn)"exp/[- Q/RT] (5)
where B is a constant.

The integration of Eqn. (5) can give Eqn. (6) as
follows,

1/(0p)" 1= 1/( )™ =
Bt(n- 1)exp/- Q/(RT)] (6)

where 0, is the residual stress in the composite at
beginning (t= 0), Oy the residual stress in the com-
posite after the relaxation at any time (¢).

According to Eqn. (6), a regression analysis for
the datum in Fig. 3 can be carried out by using the
computer program. The regression analysis results are
given as follows: the constant B= 1.82x 107 °, the
stress exponent n= 8.6, and the activation energy
for stress relaxation Q= 195kJ*mol™ '. Those results
show that, the stress exponent and activation energy
for stress relaxation of the composite are obviously
higher than those of matrix alloy[ 12

It is well known that the creep behavior and
stress relaxation at high temperature are usually relat-
ed to the motion and climb of dislocation in materials.
Due to the reinforcement of whiskers, the stress ex-
ponent and activation energy for stress relaxation will
increase when the resistance to motion and climb of
dislocation in materials increase, so that it leads to
that the stress exponent and activation energy for
stress relaxation of composite are obviously higher
than those of matrix alloy.

Therefore when selecting the annealing technolo-
gy of stress relieving for the composite, the annealing
temperature of the composite will be higher than that
of matrix alloy, while the annealing time of the com-
posite will be longer than that of matrix alloy.

With Eqn. (6) and the values of R, n, B and

Q above indicated, the follow equation can be ob-

tained,
1/(0p)" %= 1/(05)"° =
0. 0138 ¢ exp/— 23466/ T] (7)

Eqn. (7) stands for the relaxation principle at
high temperature for residual stress in the 20% SiC,,/
6061A1 composite asextruded, and is also the theo-
retical foundation to select the annealing technology of
stress relieving for this composite. It can be found
from this equation that, if the annealing temperature
increases and annealing time lengthens, the residual
stress of the composite can be fully reduced.

Fig. 4 gives the distribution of residual stress in
the 20% SiC,/ 6061A1 composite after annealing at
450 C for 6 h. This figure shows that although there
is a certain degree of residual stress in the composite,
the residual stress level reduces markedly and the dif-
ference between two tensors of residual stress obvi
ously decreases, meanw hile the distribution of residu-
al stress is also improved after annealing. Because the
residual stress decreases and its distribution improves,
the properties especially dimensional stability of the
composite will be certainly enhanced.
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Fig. 4 Distribution of residual stress ( 0) in
radial direction ( r) of 20% SiC,/ 6061Al

composite as-annealed at 450 C for 6 h
4 CONCLUSIONS

From the X-ray stress measurement in this pa-
per, it is verified that the high residual stresses exist
in the 20% SiC,/ 6061A1 composite as-extruded, and
the distribution of residual stress in each direction is
not uniform. During the annealing at high tempera-
ture for stress relieving, the relaxation of residual
stress obeys the form of power law at high tempera-
ture. With the creep mechanism, the relaxation be
havior of residual stress at high temperature is ana-
lyzed. It is found that, the stress exponent and acti
vation energy for stress relaxation of composite are
obviously higher than those of matrix alloy. The re-

laxation behavior of residual stress at high tempera
7.6
)

ture can be expressed as an equation of 1/( Oy



* 732 »

Trans. Nonferrous Met. Soc. China

Oct. 2001

1/(99) 7%= 0. 0138 ¢ exp[ — 23466/ T], which is
the theoretical foundation to select the annealing tech-
nology of stress relieving for this composite.
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