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Precipitation characteristics in a powder metallurgy (AI-4 wt% Cu)-SiC whisker composite 
were investigated using transmission electron microscopy, differential scanning calorimetry, 
and macrohardness measurement. The results of macrohardness measurement show that the 
peak ageing is significantly retarded in the SiC whisker-reinforced AI-Cu alloys. It is shown 
that the suppression of 6" formation plays an important role in the retarded age hardening. The 
suppression of 0" formation is attributed to a high density of dislocations dueto the difference 
in the thermal contraction between the whiskers and matrix. Numerical analysis was performed 
to estimate the misfit strain generated during cooling near the whiskers. The results indicate 
that a high density of dislocations should be developed by the relief of the misfit strain. 

1. In t roduct ion 
It has been reported recently [1 5] that the pre- 
cipitation characteristics of an aluminium metal ma- 
trix were significantly altered by the introduction of 
various reinforcements. An accelerated ageing phe- 
nomenon has been reported in the 6061 AI-23 vol % 
B4C p compqsite [1] and in the 2124 Al-15 wt% 
SiC w composite E2]. Subscript p and w denotes partic- 
ulate and whisker, respectively. It was suggested [1, 2] 
that a high density of dislocations generated by the 
differential thermal contraction between the matrix 
and the reinforcement plays an important role in the 
accelerated ageing. The suppression of the GP zone 
formation has been reported in sintered aluminium 
powder (SAP) type A1 Cu-Si/A1/O 3 [3] and 
A1-Cu/AI20 a [4], and in the 6061 A1-6 alumina fibre 
composite [5]. The most probable cause of such 
a phenomenon was suggested to be the lack of 
quenched-in vacancies following the solution treat- 
ment, due to the availability of a large number of 
vacancy sinks at reinforcement-matrix interfaces. 
However, the precipitation characteristics of the alu- 
minium metal matrix could be affected by other ef- 
fects. Nutt and Carpenter [6] reported the interfacial 
segregation of magnesium and the heterogeneous 
distribution of matrix phases in the 15vo1% SiC 
whisker-reinforced 2124 aluminium alloy. 

In subsequent studies [7, 8] on the SiC whisker- 
reinforced 7091 and 2024 aluminium alloys, we have 
clearly found that the control of matrix properties is 
very important in enhancing the properties of com- 
posites. Through differential scanning calorimetry 
studies we observed the accelerated precipitation of 
2024 aluminium alloy and concluded that systematic 
studies on the precipitation behaviour of aluminium 
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alloy reinforced with SiC whiskers are needed to 
control the properties of the composites. In this study 
we investigated the precipitation characteristics of SiC 
whisker-reinforced A1-Cu alloys processed by P/M 
techniques. Particular attention was focused on the 
precipitation behaviour of 0" and 0', which play an 
important role in the matrix strengthening of 
A1-Cu-SiC whisker composite. The age-hardening 
behaviour of the processed material was studied using 
macrohardness measurement, differential scanning 
calorimetry (DSC), and transmission electron micro- 
scopy (TEM). In addition, numerical analysis was 
undertaken to evaluate stress and strain fields near 
whiskers developed during cooling by the differential 
thermal contraction between whiskers and matrix. 

2. Materials and experimental 
procedures 

The materials used in this study were A1-4 wt % Cu 
unreinforced and reinforced with 5, 10, 15 wt % SiC 
whiskers. The chemical composition of the matrix 
material is given in Table I. The aluminium alloy 
powders were prepared by inert gas atomization. The 
SiC whiskers were purchased from Tateho Chemical 
Co. Japan, which were processed using a pyrolytic 
process involving silicon and carbon obtained from 
ground rice hulls. The average dimensions of the 
whiskers were 0.5 pm diameter and 50 gm long before 
processing. Gas-atomized 230 mesh A1-4 wt % Cu 

T A B L E  I Chemical composition of the matrix material (wt %) 

Cu Cr Fe Mg Mn Si AI 

3.98 0.06 0.44 0.08 0.05 0.07 rem. 
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Figure 1 The variation of macrohardness as a function 
of ageing time for the SiC whisker-reinforced and 
unreinforced A1-4wt% Cu aged at 433 K. (�9 
unreinforced, (A) 5% SiC, (0) 10% SiC, (V) 15% SiC. 

powders were mixed with 5, 10, 15 wt % SiC whiskers 
dispersed using a supersonic stirrer in buthanol. After 
3 h mixing in a rotating mill, the powders blended 
with SiC whiskers were filtered using an aspirator and 
dried for 10 h at 463 K in the oven. The powders were 
then hot pressed at 75 kgf cm-2  for 15 min at 863 K. 
For  comparison purposes, a monolithic A1 4 wt % 
Cu was synthesized identically from the same powder 
batch. The dimensions of the hot-pressed materials 
were 40 mm diameter and ~ 30 mm long. The mater- 
ials, cut in the form of small blocks, were solution 
treated for 2 h at 793 K, quenched in ice-water and 
then artificially aged in a silicone oil bath at 433 and 
468 K for various times. Because of the possibility of 

room- tempera tu re  ageing, all of the specimens were 
Stored in a freezer after solution treatment and artifi- 
cial ageing. 

Vickers hardness measurements on heat-treated 
specimens were made using a diamond pyramid in- 
dentor and a 5 kgfload. At least six hardness measure- 
ments were made for each ageing condition to ensure 
accurate results. Specimens for DSC analysis were 
prepared in the form of discs of 5 mm diameter, 
0 .4mm thick and were investigated using a heat- 
compensation type ULVAC DSC 7000 with a plug-in 
DSC cell. All of the DSC runs began at room temper- 
ature, ended at 803 K and were made at a constant 
heating rate of 5 K min -  '. Alumina of approximately 
equal mass was used as reference material. The specific 
heat- temperature  curve was normalized for the unit 
mass of metal matrix. TEM specimens were prepared 
from 0.4 mm thick plate cut using a jeweller's saw and 
were mechanically polished to a thickness of about 
50 gm. Final thinning was carried out using an ion 
mill, operating at 4 kV, and ion current of 5 to 15 mA 
and a sample inclination of 15 ~ to the ion beam. The 
unreinforced materials were thinned in a twin jet 
polisher with a 10% perchloric acid, 90% methanol 
using a potential of 25 V at a temperature of about  

- 25 ~ To investigate the dislocation in the matrix, 
some of the SiC whisker-reinforced materials were 
also prepared by the same techniques. The thin foils 
were examined in detail using Jeot 200CX transmis- 
sion electron microscopy operating at 160 kV. 
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3. Experimental results 
3.1. Vickers hardness measurements 
Fig. 1 shows the variation of macrohardness as a 
function of ageing times for the whisker-reinforced 
and unreinforced A1-4 wt % Cu aged at 433 K. As 
expected, it can be found that the hardness of mater- 
ials, solution treated and water quenched, increases 
evenly with the increasing reinforced SiC whisker 
content. However, there are noticeable differences in 
age-hardening behaviour between the reinforced and 
unreinforced materials. Whereas the peak ageing time 
is about  12 h in the unreinforced material ,  the whis- 
ker-reinforced materials exhibit maximum hardness 
after 1 to 2 d ageing. Another interesting feature of this 
figure is the noticeable difference in the magnitude of 
age hardening. The amount  of age hardening is about 
30 H v in the whisker reinforced materials, which is 
smaller than that in the unreinforced material by 
20 H v. The variation of the peak ageing time as a 
function of reinforced SiC whisker content was not 
discernible. 

3.2. Ca lo r ime t r i c  m e a s u r e m e n t s  
Fig. 2 shows the results of the calorimetric measure- 
ments as a function of SiC whisker content for the 
solution-treated and water-quenched materials. The 
endothermic reaction started at 360 K is due to the 
reversion of G P  zones, which means the formation of a 
G P  zone at below 360 K. The two exothermic reac- 
tions, which exhibit peaks at 458 K and 523 K, are due 
to the precipitation of metastable phases (primarily 0" 
and 0'). The endothermic reactions above 600 K are 
due to the dissolution of 0", 0' and the growth of 
precipitates 0. This precipitation behaviour is modi- 
fied by the SiC whisker reinforcement as shown in 
Fig. 2b, c and d. When the material is reinforced with 
SiC whiskers, it is noticeable that the first exothermic 
peak decreases as the reinforced SiC whisker content 
increases. However, a difference in the peak temper- 
ature on the DSC curves is not discernible. 

The results of DSC measurements on the materials 
artificially aged for various times are shown in Figs 3 
and 4. The exothermic reaction at about  458 K is not 
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Figure 2 The results of the differential scanning calorimetry for the 
solution-treated and water-quenched materials. (a) AI-4 wt % Cu; 
(b) A1-4wt% Cu, reinforced with 5 w t %  SiC whiskers; (c) 
AI-4 wt % Cu, reinforced with 10 wt % SiC whiskers; (d) A1-4 wt % 
Cu, reinforced with 15 wt % SiC whiskers. 

found after 3 h ageing at 433 K (Fig. 3b). The endo- 
thermic reaction by the reversion of GP zones almost 
disappeared after 6 h ageing at 433 K in the un- 
reinforced material (Fig. 3c). In the whisker-reinforced 
material, this reaction finished earlier than in the 
unreinforced material (Fig. 4b). After 12 h ageing at 
433 K, which corresponds to the peak ageing time for 
the unreinforced material, the second exothermic peak 
at 523 K slightly decreases in both materials. This 
result indicates that the maximum age hardening is 
obtained by the precipitation of 0" and 0' in the 
unreinforced material, which corresponds to that ob- 
tained by the X-ray method [-9, 10]. The results of 
DSC measurements for both the materials aged for 
over 12h at 433 K exhibited a similar behaviour 
(Figs 3d and 4c and d). Notice that the second exo- 
thermic peak at 523 K almost disappeared after 2 days 
ageing at 433 K. It corresponds to the peak ageing 
time in the whisker-reinforced materials. This indic- 
ates that the age hardening is attained by the pre- 
cipitation of 0' in the whisker-reinforced material. 

3.3. Transmission electron microscopy 
Both the whisker-reinforced and unreinforced mater- 
ials exhibited precipitate-free microstructure in the 
solution-treated and quenched state as shown in 
Fig. 5. The density of dislocations is much higher in 
the matrix of the whisker-reinforced materials than 
that in the unreinforced material (Fig. 5a and b). The 
dislocations generated from whiskers are also notice- 
able as shown in Fig. 5c. 

Microstructural developments of the unreinforced 
material during the artificial ageing are demonstrated 
in Fig. 6. The densely precipitated 0" in the matrix and 
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Figure 3 The results of the differential scanning calorimetry for the 
unreinforced A1-4wt% Cu, artificially aged at 433 K. (a) As- 
quenched; (b) aged for 3 h; (c) aged for 6 h; (d) aged for 12 h. 

_ 0 . 2  L ~ "  

- 0.4 

i 

7 
O~ 

v 

0.4 

0.2 
0 

- 0 . 2  

- 0.4 

0.4 

0.2 

0 

- 0 . 2  

- 0.4 

- 0 . 4  

{ d }  ~ ~ 0.2 

-- 0 
{d} 

- 0.2 

- 0 . 4  
I I I I I I I I I I 

400 500 600 700 800 

Temperature (K) 

Figure 4 The results of the differential scanning calorimetry for the 
15 wt % SiC whisker-reinforced A1-4 wt % Cu, artificially aged at 
433 K. (a) As-quenched; (b) aged for 6 h; (c) aged for 12 h; (d) aged 
for 48 h. 

the inhomogeneously precipitated 0 on the grain 
boundary are shown in transmission electron micro- 
graphs of the unreinforced material aged for 5 h at 
433 K (Fig. 6a). Although inhomogeneously nucleated 
0' on dislocations and 0 on grain boundaries were 
found in the matrix, the magnitude was very small. 
The microstructure of the unreinforced material aged 
for 5 h at 468 K consisted of the precipitates 0' in the 
matrix and 0 on grain boundaries (Fig. 6b). 
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Figure5 Transmission electron micrographs for the solution- 
treated and water-quenched materials, which show no precipitates 
in the matrix. (a) Matrix of the AI 4 wt % Cu; (b) matrix of the 
15 wt % SiC whisker-reinforced A1-4 wt % Cu; (c) matrix of the 
15wt% SiC whisker-reinforced AI-4wt% Cu (dislocations 
developed from the whisker are shown). 

The microstructure of the 15 wt % SiC whisker- 
reinforced material aged for 5 h at 433 K is shown in 
Fig. 7. These figures show that the microstructure 
consisted of the precipitate 0' in the matrix and O on 
grain boundaries. An important feature of this figure is 
that there does not appear to be 0" in the matrix 
(Fig. 7a and b). Although no preferential nucleation of 
the precipitates near the interface between the whisker 
and matrix is found, there is some evidence of in- 
homogeneous nucleation of 0' (probably on disloc- 
ations) in the whisker-rich regions (Fig. 7b). 

4. Discussion 
4.1. The suppression of 0" formation in SiC 

whisker-reinforced AI-Cu alloy 
Papazian et  al. [11] have reported that the pre- 
cipitation sequence was not affected by SiC reinforce- 
ments in the 2124 aluminium alloy but the volume 
fraction of GPB zones was decreased with increasing 
SiC reinforcement. They suggested that the decrease in 
the volume fraction of GPB zones is due to the 
increased quench sensitivity by SiC reinforcements. In 
this work, however, we could not find such a quench 
sensitivity in the SiC whisker-reinforced materials. 
Transmission electron micrographs showed no pre- 
cipitates for the SiC whisker-reinforced materials in 
the solution-treated and quenched state (Fig. 5b, c). 
No evidence of age hardening for the reinforced ma- 
terial can be seen in the solution-treated and quenched 
state (Fig. 1). 

The present work clearly indicates that the peak 
ageing time in the whisker-reinforced A1-Cu metal 

Figure 6 Transmission electron micrographs of the A~4wt  % Cu, solution treated and artificially aged at various temperatures. 
(a) Isothermally aged for 5 h at 433 K; (b) isothermally aged for 5 h at 458 K. 
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Figure 7 Transmission electron micrographs of the A1 4 wt % Cu, solution treated and artificially aged for 5 h at 433 K. Inhomogeneously 
nucleated 0' are shown in the matrix. Notice that 0" precipitates are not shown in the matrix. (a) 0' precipitates in the matrix; (b) SiC whisker 
and 0' precipitates. 

matrix composite is significantly retarded as shown in 
Fig. 1. Another interesting feature is that the magni- 
tude of hardening by artificial ageing is much smaller 
in the whisker-reinforced material than that in the 
unreinforced material. The reason for these features 
may lie in the differences in the DSC curves and 
transmission electron micrographs for the reinforced 
and unreinforced materials. The DSC measurements 
for solution-treated and quenched materials show that 
the first exothermic reaction at about 458 K gradually 
disappears as the content of reinforced whisker in- 
creases (Fig. 2). As shown in Fig. 3, the maximum age 
hardening in the unreinforced material is obtained by 
the precipitation of the first exothermic phase and the 
partial precipitation of the second exothermic phase 
(about 30%). However, the maximum hardening in 
the whisker-reinforced material is obtained primarily 
by the precipitation of the second exothermic phase 
(Fig. 4). Transmission electron micrographs for the 
materials aged for 5 h at 433 K show such evidence. 
Whereas 0" is precipitated densely in the matrix of the 
unreinforced material, it is not found in the matrix of 
the whisker-reinforced material (Fig. 7). Through 
these observations we could conclude that the first 
exothermic reaction shown in the DSC curve of the 
unreinforced material is by the precipitation of 0" and 
its formation is suppressed by the introduction of SiC 
whiskers. 

The suppression of 0" precipitation has been re- 
ported in the prestrained AI-Cu matrix [12, 13]. Al- 
though the reason for this is not yet clear, it was 
suggested by Graf  and Guinier [12] that 0" could only 
nucleate on { 1 0 0}M planes and these are so distorted 
in the pr~strained material that nucleation could not 
take place. In SiC whisker-reinforced materials, such a 

high strain could be generated by the differential 
thermal contraction between the matrix and reinforce- 
ment. A rough estimate indicates that the strain be- 
tween the aluminium metal matrix and the SiC whis- 
kers introduced by water quenching from 793 K is 
about 1%. The following calculation using finite ele- 
ment methods (FEM) will show that more strain could 
be generated during cooling. 

4.2. Estimation of the misfit strain generated 
during cooling 

Taya and Mori [14] have developed an analytical 
model to estimate the misfit strain and dislocation 
punching distance in the metal-matrix composites. 
The model, which used Eshelby's equivalent inclusion 
method, focuses on the relief of the residual stress field 
induced by thermal contraction mismatch through 
dislocation motion. Although the model could explain 
the dislocation generation by the relief of the residual 
stress, the estimate of the residual stress at whisker 
ends is considered to be low. Through a numerical 
analysis using a three-dimensional finite element 
method (FEM) for the discontinuous fibre-reinforced 
metal matrix composites, Jeong [15] reported a grea- 
ter stress concentration at whisker ends than by using 
Eshelby's equivalent methods. In the present work, we 
estimated the residual stress field and misfit strain 
induced by the thermal contraction mismatch using 
FEM. For  the purpose of this calculation, an idealized 
distribution of whiskers was assumed. The parameters 
appropriate for SiC whisker-reinforced A1-Cu com- 
posites, which are used in our calculation, are sum- 
marized in Table II. 

T A B L E I I Material properties used in calculation 

Elastic modulus Poisson's ratio Yield s t r e s s  Elasto-plastic tangent modulus 
(GPa) (MPa) (GPa) 

SiC whisker 580 0.19 - - 
AI-4 wt % Cu 72.4 0.33 350 7.24 
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Figure 8 The results of numerical analysis on the misfit stress and strain generated during cooling in the 20 vol % SiC whisker-reinforced 
A1-4 wt % Cu. (cylindrical model was assumed, EFCG: whisker). (a) Stress field around whisker, the direction and relative magnitude of the 
principal stress is shown (the line with no arrow means compressive stress and vice versa); (b) stress along the line GF (G: 0.0, F: 20.0); (c) 
effective strain along the line GF. 

The results of our calculation are shown in Fig. 8. 
They are similar to those of Taya and Mori [14], 
differing by greater stress concentration near whisker 
ends. The compressive stress field near whisker ends 
and the tensile stress field along the whisker-matrix 
interface are developed during cooling (Fig. 8a). The 
variation of effective stress and strain along the inter- 
face between the matrix and whisker is shown in 
Fig. 8b and c. The high concentration of stress and 
strain at whisker ends is noticeable. The effective 
strain at the interface exceeds the value needed for the 
plastic deformation of the matrix. Although the dens- 
ity of dislocations generated by the misfit strain could 

2 6 0 4  

not be estimated in our analysis, the plastic deforma- 
tion of the matrix near whiskers strongly indicates 
that there is a high density of dislocations and a strain 
in the matrix. The stress concentration at whisker ends 
also suggests that the dislocation is punched out at 
whisker ends during cooling. The implications of the 
analysis are supported by experimental observations 
in this work. Our TEM studies reveal a significantly 
higher density of dislocations in the matrix of the 
whisker-reinforced material than that in the unreinfor- 
ced material (Fig. 5a, b). A high concentration of dis- 
location lines away from the whisker is also found 
(Fig. 5c). The experimental evidence and analysis 



strongly suggest that the suppression of 0" formation 
might be done by a high density of dislocations and a 
strain generated during cooling. 

reinforced A1-Cu alloys was considered to be the same 
phenomenon reported in prestrained A1-Cu alloy, 
which might be done by the suppression of 0" nucle- 
ation on dislocations. 

5. Conclusions 
Particular attention was focused on the precipitation 
characteristics of the SiC whisker-reinforced AI-Cu 
alloy. An understanding of these phenomena is im- 
portant in the alteration of matrix properties of alumi- 
nium metal matrix composites. The following conclu- 
sions were drawn in this study. 

1. The retardation of peak ageing time in the SiC 
whisker-reinforced AI-Cu alloy was found. However, 
the variation of the peak ageing time as a function of 
reinforced SiC whisker content was not discernible. 
The magnitude of age hardening in SiC whisker- 
reinforced materials was much smaller than that in the 
unreinforced material. 

2. DSC measurements and transmission electron 
micrographs for the whisker-reinforced and unrein- 
forced materials revealed that the suppression of 
0" formation by the introduction of SiC whisker 
reinforcement played an important role in these 
phenomena. 

3. Numerical analysis using FEM was performed 
to evaluate stress and strain fields developed by the 
differential thermal contraction between matrix and 
whiskers during cooling. The results reveal that a high 
strain at whisker ends is developed and plastic defor- 
mation of the matrix near whiskers should occur. 

4. Through transmission electron micrographs 
which exhibited a high density of dislocations in the 
matrix of whisker-reinforced material, especially near 
whiskers, we could confirm that such a high strain in 
the matrix near whiskers is generated during cooling. 
The suppression of 0" precipitation in the whisker- 
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