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Residual stress effect on impact properties of 
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The effects of residual stress on the impact properties of the unidirectionally reinforced P 1 00 
Gr/6061 AI metal matrix composites with different thermal histories have been investigated 
using an instrumented impact test method and scanning electron microscopy. The cantilever 
impact generally causes tensile failure at the notch and compressive loading on the opposite 
side of the specimen. The specimens with yield tensile matrix residual stresses have planar 
fracture surfaces and low impact energy due to the contribution of tensile residual stress. The 
specimens with small residual stresses have moderate impact energy because debonding 
between fibre and matrix or fibre/matrix separation also serves as an additional mechanism for 
energy absorption. The specimens with higher compressive matrix residual stresses have the 
largest maximum load of all the specimens with the same matrix treatment. The specimen with 
matrix compressive yield residual stress has the maximum impact energy owing to a stepwise 
fracture surface. It can be concluded that good impact properties of composite materials can 
be obtained by choosing a suitable thermal history to modify the deleterious tensile matrix 
residual stress. 

1. I n t r o d u c t i o n  
Metal matrix composites (MMC) provide a relatively 
new way of strengthening metals and they are recog- 
nized to have the potential for high-temperature ap- 
plic, ation while maintaining usable levels of fracture 
strength. However, a residual thermal stress can build 
up because of a difference in thermal expansion co- 
efficients of the fibre and the matrix when cooling from 
high processing temperatures. Owing to the large 
thermal mismatch in the fibre longitudinal direction, 
the thermal stress can be large enough to cause yield- 
ing in the matrix. For example, the combination of 
graphite fibres with slightly negative coefficient of 
thermal expansion (CTE) and aluminium matrix with 
high positive CTE leads to a plastic flow in the matrix 
and large internal stresses in the constituents even for 
a relatively small temperature change [1]. The estima- 
tion of residual stress is required to evaluate the 
performance of MMC. There have been a few studies 
[2-5] to e~timate the thermal residual stresses. Some 
research has focused on experimental measurements 
of residual stresses [6-8]. It is well recognized that the 
state of stress affects the performance of these com- 
posites. The effect of the thermally induced residual 
stresses on the yield behaviour has been discussed by 
Wakashima et al. [9]. However, there has been very 
little work reported on the effects of residual stresses 
on dynamic responses of MMC materials. 

Understanding the impact response of composites 
has become an area of great academic and practical 
interest [10 14]. It is well known that the mechanical 
properties and the fracture mechanisms of composites 
with residual stresses are different from those of mater- 
ials without residual stresses, because of the super- 
imposition effect of the residual stresses with the 
applied stresses. In addition, fibre composites are 
highly susceptible to internal damage caused by im- 
pact loading. It is therefore necessary that this effect 
should be studied in more detail. 

The impact response of composites reflects a failure 
process involving crack initiation and crack growth in 
the elastic/plastic matrix, fibre breakage and pull-out, 
delamination, and debonding. The instrumented im- 
pact test is potentially a more useful tool for evalu- 
ating the dynamic response of materials mainly be- 
cause the traditional Charpy and Izod impact tests 
could not provide such information. The force- 
displacement curves of the test specimen during im- 
pact can be recorded by a computer-controlled data 
acquisition system and then analysed. The shape of 
the curve provides information on the initiation, yield- 
ing, and propagation energy during impact. 

The purpose of the present study is to investigate 
the effects of thermal residual stresses on the impact 
properties of MMC P 100Gr/6061A1 using an instru- 
mented impact tester. The test specimens with various 
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residual stresses can be obtained via heat treatments 
of the aluminium matrix composite. Scanning electron 
microscopy :is,applied to study the microstructural 
failure mechanisms. 

2. Experimental procedure 
A unidirectionally reinforced double-ply pitch P 100 
Gr/6061 A1 MMC plate for this study has a total 
thickness of 0.81mm, with 6061 A1 face sheets of 
thickness 0.1 mm on both sides. Fibre volume fraction 
of the composite, Vt, is about 40%. A detailed descrip- 
tion of residual stress estimation by X-ray diffraction 
was presented elsewhere [15, 16]. The specimen num- 
ber, thermal histories, and residual stresses are shown 
in Table I. 

The drop-weight impact tests were conducted on a 
Dynatup Model 8200 with GRC 730-I automated 
data acquisition and analysis system. The striking tup 
and the anvil of the tester were designed according to 
the ASTM standard for Charpy test. The specimen 
dimensions were 80 mm long by 10 mm wide and a 
2 mm depth notch was machined at the centre of the 
length. The hammer and tup weighed 9.55 kgf. The 
impact velocity was set at 1.83 ms -z. The critical 
parameters which were used to compare the impact 
response of each material include: (a) maximum load, 
Pm; (b) energy absorbed to maximum load (end of 
damage initiation phase), Era; (c)total absorbed 
energy for through-penetration, E,; and (d) the energy 
absorbed in the propagation phase, Ep = E t - E m and 
the ductility index, DI, equal to Ep/Em. The measure- 
ment data are summarized in Table II and typical 
impact response of force-time diagrams are shown in 
Fig. 1. 

A Jeol 35 SEM using a 25 keV primary beam was 
used for the microstructural studies. The specific fea- 
tures in the micrographs of each tested specimen will 
be discussed in the next section. 

3. Results and discussion 
3.1. Residual stress effect 
The previous microstructural studies [15, 16] revealed 
that maximum residual stresses of the composite were 
determined by the yield strength of the aluminium 
matrix which was different from the monolithic alloy. 

The maximum residual stresses measured at any 
quenching temperature are approximately 100 and 
140 MPa for A1-T4 and A1-T6 treatments, respect- 
ively. The residual stresses measured in the aluminium 
alloy matrix were found to be in good agreement 
with the calculated results of Rice et al. [17] using 
finite element methods. The stress of the fibre is 
opposite to that of the matrix [18, 19]. For the case 
of uniaxial, uniform displacement, thermal stress 
changes in both phases. The approximate relationship 
between the matrix stress change, AOm, and fibre 
stress change, Acyf,  c a n  be expressed as 

ao t  V, -- a % ( 1  -- V,) (1) 

For these composites with Vf = 0.4, the residual stress 
of the fibres is opposite to that measured in the matrix 
with a magnitude of 1.5 times as large. It means that 
interfacial shear stress between fibre and matrix in- 
creases with the matrix residual stresses. For example, 
the residual stresses of specimen with T6-1 treatment 
are 140 and - 210 MPa for matrix and fibre, respect- 
ively. The stress difference is 350 MPa. For a specimen 
with T6-3 treatment, the stress difference is only 
15 MPa. In addition, interface debonding will occur if 
the interfacial bonding is not strong enough to with- 
stand the shear stress resulting in the pull-out phe- 
nomenon. All these cause the failure of the composite 
materials. Therefore, the residual stress of composites 
should be reduced to as low as possible. Owing to the 
superimposed effect of residual stresses on the applied 
load, the compressive residual stress has a retarding 
effect on fatigue crack growth [20, 21]. 

The cantilever impact on the specimens causes ten- 
sile failure at the notch and compressive loading at the 
surface opposite to the notch. The crack initiation and 
propagation occurs at the notch. Thus when com- 
pressive residual stresses are present in the matrix, the 
applied stress must overcome them first so that the 
fracture can take place. In contrast, tensile residual 
stresses in the matrix accelerate the fracture. 

3.2. Impact response 
Golovoy et al. [22] investigated the impact response 
of laminate composites and indicated that tensile fail- 
ure is the major mechanism in the initiation stage. 
Fracture propagation involves both tensile and shear 

T A B L E  I Res idua l  stresses of g raph i te  fibres in P100/6061 A1 ma t r ix  wi th  var ious  the rmal  his tories  

Specimen Solu t ion  t r ea tment  Ageing t r ea tment  Quench ing  ~ Res idual  
n u m b e r  t empera tu re  (~ stress (MPa)  

(~ (h) (~ (h) 

T4-1 530 2 N o n e  20.0(RT) 93 

T4-2 530 2 N o n e  - 78.5 3 
T4-3 530 2 N o n e  - 117.0 - 46 

T4-4 530 2 N o n e  - 196.0 - 78 
T6-1 530 2 160 18 20.0(RT) 140 

T6-2 530 2 160 18 - 78.5 30 
T6-3 530 2 160 18 - 117.0 - 6 
T6-4 530 2 160 18 - 196.0 - 30 

" F o u r  different t he rma l  

(20 ~ 
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histories  were used wi th  var ious  quench ing  t empera tu res  after age ing  t r ea tmen t  and  then back  to r o o m  tempera tu re  
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Figure 1 The force-time-impact response diagrams of specimens (a) T4-1, (b) T4-4. 
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T A B L E  II The effect of residual stress on the composite impact properties 

Specimen M ax i mum t m E m Ep E t DI 
number  load (N) (ms) (J) (J) (J) 

T4-1 180.58 0.350 0.0758 0.2144 0.2902 2.8298 
T4-2 195.60 0.350 0.0691 0.5798 0.6489 8.3957 
T4-3 199.34 0.350 0.0817 0.3697 0.4514 4.5238 
T4-4 199.52 0.400 0.1045 0.5500 0.6545 5.2610 
T6-1 189.63 0.350 0.0733 0.2567 0.3300 3.5001 
T6-2 192.61 0.325 0.0764 0.4839 0.5603 6.3308 
T6-3 193.10 0.450 0.0973 0.4599 0.5572 4.7266 
T6-4 217.47 0.350 0.0853 0.2981 0.3834 3.4947 

failure, which is simply by successive delamination 
along planes parallel to the midplane. This statement 
can be used to explain partially the impact response of 
some specimens with large propagation energy, Ep. 
From Table II, the residual stress free specimens T4-2 
and T6-3 show significantly higher absorption energy 
than the specimens T4-I and T6-1 with yield tensile 
residual stresses in the matrix. The lower impact 
energy mode is caused by the larger tensile matrix 

residual stresses. This can be demonstrated by obser- 
ving the side fracture surface of the specimens (see 
Fig. 2). The differences in the macrographs of the 
fracture surfaces in Fig. 2 clearly show the influence of 
residual stress on the impact response of the present 
composite materials. With large matrix tensile stress, 
the fracture is planar but with near free or large 
compressive matrix stresses, more shear fracture is 
observed. 
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Figure 2 Side fracture surfaces with T4 and T6 treatments. 

It has been argued by Jang et al. [23], that the 
matrix should be the dominant factor with only a 
small amount of fibre breakage prior to maximum 
loading. Near the maximum loading and soon after 
that, fibre breakage dominates. This suggests that 
extensive fibre breakage occurs at the end of the 
initiation phase of the impact loading. The con- 
siderable tensile residual stress in the matrix can 
promote the initiation stage of fracture at the crack tip 
to reduce the maximum impact loading of composite 
materials. Fig. 3 indicates the effect of matrix residual 
stress on carrying load. As the strain increases, the 
crack tip, the tensile yielded matrix no longer will 
carry additional load, resulting in excess stress in the 
fibre. This leads to fibre breakage in a colinear manner 
with the crack resulting in the planar fracture surface 
shown in Fig. 4. When the matrix has a compressive 
yield residual stress, it can carry a significant fraction 
of the load at the crack tip and the fibres which are in a 
tensile residual stress condition will fracture non- 
colinearly with cracking. The net result is a great deal 
of shear deformation and fibre pull-out along the 
continuous fracture path (Fig. 5). For intermediate 
residual stress level, a mixture of the two failure 
mechanisms was observed. All the above would be 
equally true for T4 and T6 treatments. 

f 
i [ol 

/ 
l / i  

.~ 0 

/ 

Strain 

Figure 3 Matrix residual stress effect on the matrix stress strain 
curve (a) compressive residual stress; (b) free residual stress; (c) 
tensile residual stress. 

3.3. Microstructural failure analysis 
In general, the possible operating microfailure mech- 
anisms during impact loading include matrix crack- 
ing, fibre matrix debonding, fibre breakage, and fibre 
pull-out. The work of fracture includes (i) a small 
contribution from the fracture energy of fibre and 
matrix, (ii) the debonding energy and (iii) the pull-out 
energy. From the studies by Kelly [24] and Outwater 
etc. [25], it is shown that the work done on separating 
fibres and matrix can make a major contribution to 
the total energy of fracture. The mechanism of pull- 
out is a more significant one than the debonding 
mechanism as an energy absorber. However, debond- 
ing must occur before pull-out, but can be a result of 
noncolinear fibre breakage. These observations are in 
agreement with the impact test of the matrix tensile 
residual stress specimens which have the lowest max- 
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Figure 4 Fracture surface of specimen T6-1. 

imum loading and initiation energy. The micrographs 
of T6-1 and T4-1 specimens have similar fracture 
pattern as shown in Fig. 4, on the microstructural 
level. The fracture surface is planar. Owing to the 
matrix yield tensile residual stress effect as discussed 
previously, the fibres break before extensive separa- 
tion of the fibres from the matrix leading to a smaller 
amount of pull-out and thus less absorbed energy 
[24, 25]. 



Figure 5 Fracture surface of specimen T4-4. 

Figure 6 Fracture surface of specimen T6-4. 

The micrographs of specimens T4-3, T6-2 and T6-4 
with intermediate residual stresses show a mixture of 
the two failure mechanisms, a planar fracture surface 
and a stepwise fracture surface. There are some long 
pull-out fibres on less planar fracture surfaces which 
can be observed in Fig. 6. This indicates that debon- 
ding and pull-out mechanisms play some roles in the 
fracture processes and probably result in an increase 
of impact energy. For the nearly free residual stress 
specimens T6-3 and T4-2 (Fig. 7), dimple-like fracture 
surfaces with relatively short fibres extruding are ob- 
served. The appearance seems to lie between the two 
extremes of planar and shear deformed fracture 
surfaces. 

4. Conclusions 
Several important conclusions can be drawn. First, the 
specimen with yield tensile matrix residual stress has a 
planar fracture surface and low impact energy due to 
the yield tensile residual stress. Secondly, the speci- 
mens with higher compressive matrix residual stress 
have largest maximum load of all the same matrix 
treatment specimens. The specimen T4-4 with matrix 
compressive yield residual stress has the maximum 
impact energy owing to a stepwise fracture mech- 
anism. Thirdly, specimens with relatively small re- 
sidual stress have moderate impact energy because of 
a mixture of failure mechanisms of planar and step- 
wise fracture surfaces. Finally, it can be concluded that 
good impact properties of composite materials can be 
obtained by selecting an appropriate thermal treat- 
ment so that the deleterious tensile residual thermal 
stress can be reduced or even eliminated. 

Figure 7 Fracture surface of specimen T4-2. 

On the contrary, the specimen T4-4 with large 
compressive matrix residual stress has a stepwise frac- 
ture surface shown in Fig. 5. As described earlier, the 
matrix can carry some of the applied load. Meanwhile 
the fibre tensile stress will increase until the matrix 
reaches the yield stress state. Just as shown in Fig. 3, 
the fracture strain of T4-4 is larger than that with yield 
tensile residual stress in the matrix. From the view- 
point of statistics, the possibility of fibre breakage at 
various positions will increase and produce noncolin- 
ear fibre breakage in the fracture surface. This results 
in a great deal of shear deformation and fibre pull-out. 
The force-time impact response diagram of specimen 
T4-4, shown in Fig. lb, also indicates the stepwise 
fracture mechanism. 
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