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Creep features of AI203-AI alloy composites 

X. C. LIU, C. B A T H I A S  
Department of Mechanical Engineering, CNAM, 2 Rue Cent& 75003 Paris, France 

Creep features of two cast aluminium alloy composites reinforced by AI203 short fibres 
randomly oriented in the matrices have been studied at 300 ~ and several stress levels. The 
presence of short-term negative creep in primary creep is an important feature for the 
composites, which resulted from randomly oriented fibres strongly resisting dislocation creep 
in the matrix. However, the negative creep magnitude depended on both the applied stress 
and the nature of the material. There was a critical stress for the presence of the short-term 
negative creep. When the applied stress had exceeded the critical value, the negative creep 
disappeared. Fibres traversing grain boundaries can reinforce and resist grain boundary sliding 
at elevated temperature. The effect of stress on creep rate for the composites is not so strong 
as that for unidirectional metallic matrix composites. During the creep, some intermetallic 
phases in the AI203/AI-5Si-3Cu-1 Mg composite were precipitated and most of them were 
segregated at grain boundaries, leading to a small increase of the creep rate. 

1. Introduct ion  
Metallic matrix composites (MMCs) are a class of 
potential materials that can be used at elevated tem- 
perature. The incorporation of a higher melting-point 
reinforcement can substantially increase the temper- 
ature capability relative to that of the matrix alone; for 
example, commercial aluminium alloys are restricted 
to structural applications at temperatures below 
about 200~ but the incorporation of 10-20% by 
volume of SiC fibre in an aluminium matrix allows a 
similar short-term strength to be retained to max- 
imum temperatures of about 400~ or even more 
elevated temperatures [1]. Most of the  structural 
materials are intended for use for a long time, so shape 
changing arising from creep are generally undesirable 
and can be the limiting factor in the life of a part. For  
example, blades on the spinning rotors in turbine 
engines slowly grow in length during operation and 
must be replaced before they touch the housing; thus it 
is important to estimate the long-term stability of such 
materials under stress at elevated temperatures. 

Some models for the creep of unidirectional fibre 
MMCs, with short or long fibres, and loaded in or off 
the fibre directions, have been described without con- 
sidering the effect of the fibre-matrix (F -M)  interface 
[2-7] .  Considered the effects of F - M  interfaces on 
creep deformation, Goto and McLean [8, 9] described 
a creep model for unidirectional fibre-reinforced 
MMC. They concluded that weak interfaces had a 
very large effect on the creep behaviour of aligned 
short-fibre composites, but no significant effect on 
creep performance of continuous-fibre composites. 
Nieh [10] and Lilholt and Taya [11] studied the creep 
behaviour of SiCw/2024 and SiCw/6061 composites, 
respectively, in which the whiskers were aligned. It 
was concluded that the minimum creep rate for the 
composites was strongly dependent on the applied 
stress. 

Evidently, the orientation and dimensions of fibres 
in a composite are important factors for the creep 
characteristics. However, few published papers on the 
creep of random orientation short-fibre MMCs can be 
found. The present paper deals with the creep of two 
random orientation alumina short-fibre cast alumi- 
nium alloy composites. Most of our attention is paid 
to short-term negative creep and the roles of randomly 
oriented fibres in the course of creep. 

2. Experimental procedure 
Two random short-fibre composite materials with a 
fibre volume of 20%, AlaO3/A1-7Si-0.6Mg and 
AI203/AI-5Si-3Cu-IMg (in wt%), were used. The 
structure and properties of the fibre and the chemical 
compositions of the matrices are presented in Table I 
and II respectively. The composites were manufac- 
tured by the method of squeeze casting. After casting, 
they were subsequently subjected to the following heat 
treatment: 

(i) For  A1/O3/AI-5Si-3Cu-tMg: 6 h  at 5 t0~ 
+ water quench (70 ~ + 6 h at 160 ~ 

(ii) For  A1203/AI-7Si-0.6Mg; 6 h at 540 ~ + wa- 
ter quench (25 ~ + 6 h at 160~ 

TABLE I Characteristics of SAFFIL AlzO 3 fibres 

Composition 
Crystal structure 
Density 
Thermal expansion coefficient 
Mean length 
Mean diameter 
Service temperature 
Strength 
Strain to failure 
Elastic modulus 

A1203: 97%, SiOz: 3% 
~-A1203 (polycrystalline) 
3.3 
8 • 10-6~ -1 
150 lam 
3 gm 
< 1600 ~ 

2000 MPa 
0.67% 
300 GPa 

461 8 0022-2461 �9 1994 Chapman & Hall 



T A B L E  II Chemical composition of matrices 

Fe Si Cu Mg 
A1 5Si-3Cu-lMg 0.21 5.56 3.39 1.28 
A1-7Si 0.6Mg 0.25 7.06 0.01 0.57 

Mn Ni Pb Sn Ti Zn A1 
0.31 0.008 0.01 0.02 0.08 0.03 Bal, 
0.02 0.007 0.007 0.03 0.16 0.03 Bal. 

Figure 1 Fibre orientation in the composites (deeply etched 
sample), x 500. 

The typical microstructure and fibre orientation in the 
composites are shown in Fig. 1 and Fig. 2, respect- 
ively. From these, it is clear that fibre orientation in 
the matrix is almost random in three-dimensional 
space, and the dispersion of intermetallic phases or 
precipitates in the matrix is homogeneous. 

For  a conventional metallic material, if the creep 
test is effected at constant external tensile load rather 
than at constant stress, then the stress will constantly 

increase as the creep strain reduces the cross-sectional 
area of the specimen, and this can cause creep to 
accelerate. However, reduction of the cross-sectional 
area of the composite specimens used in our study 
during the creep tests was very small, so even through 
the creep tests were carried out at a constant external 
tensile load they can be considered to be done at a 
constant stress. The main difficulty in doing creep 
tests for this kind of material comes from their small 
deformation. In order to precisely detect creep defor- 
mation of the materials, an Instron 8501 machine was 
used which can determine the displacement with a 
precision of 1 lam. An induction heating instrument 
equipped with a precise temperature control system 
was used. The creep deformation time curves were 
continually recorded in time through the whole creep 
test with a graphic recorder. The tests were conducted 
on dog-bone specimens at 300~ and several stress 
levels. In order to determine the influence of applied 
load on creep deformation, some tests were carried out 
at several increased load levels on the same specimen 
and at the same temperature. Some specimens poli- 
shed before the testing were examined by optical or 
electron microscopes before and after creep testing. 
The chemical composition changes at both grain 
boundary and F - M  interfaces, and in the matrix; were 
analysed with an electron probe. 

Figure 2 Microstructure of the composites (polished samples): (a) AI203/AI-5Si-3Cu-IMg , (b)Al203/A1-7Si-0.6Mg. x 720. 
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3. Resul ts  and d iscuss ion  
3.1 .  C r e e p  c u r v e s  

Typical deformation-time curves are presented in 
Fig. 3, from which can be seen a dominant primary 
creep, i.e. the deformation is mainly concentrated in 
the primary creep, and a stable secondary creep. Also 
it can be seen that after the deformation in primary 
creep had arrived at a maximum value, the specimen 
began to contract for a certain time; then the deforma- 
tion started to increase again a phenomenon defined 
as short-term negative creep. Most of the curves show 
this kind of negative creep for the composites used in 
the study; however, as the applied load was increased 
the negative creep was reduced, and even disappeared 
as shown by Fig. 3b and c, respectively. 

For  a specimen with a band free of fibres, the band 
of which traversed most of the specimen cross-section 
as shown b y  the photo in Fig. 4, even when the load 
was not high there was neither negative creep nor 
secondary creep, and the deformation in ternary creep 
and total strain to failure were still very small. 
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Figure 3 Typical creep curves at 300 ~ (a) noticeable negative 
creep (75 MPa, A1203/A1-5Si-3Cu-lMg); (b) small negative creep 
(88 MPa, composite as (a)); (c) no negative creep at all (100 MPa, 
AIaO3/A1-7Si-0.6Mg ). 

4 6 2 0  

Figure 4 Creep Curve and photograph ( x 6) of specimen with a 
band free of fibres (black line in the photo) 300~ 95 MPa, 
A1203/A1-7Si-0.6Mg. 

During creep, dislocations are created and forced to 
move through the material. This leads to work-hard- 
ening as the dislocation density increases and the 
dislocations encounter barriers to their motion. At 
low temperature, an ever-diminishing creep rate res- 
ults; however, if the temperature is sufficiently high, 
dislocations rearrange and annihilate through recov- 
ery events. The combined action of hardening and 
recovery processes during primary creep can lead to 
negative creep in the case where the hardening action 
is dominant for a certain time. This short-term nega- 
tive creep was also observed in tests on quenched and 
tempered 2 .25Cr- lMo steel at 482 and 538 ~ for the 
same steel in the normalized and tempered condition 
[12]. When both hardening and recovery processes 
during primary creep are stable and in p~/rt compen- 
sate each other, a stable secondary creep develops. 

Finally, it should be pointed out that there is no 
significant difference between the creep curves of the 
two composite materials. However, negative creep 
for the AlzO3/A1-7Si-0.6Mg compOsite was much 
smaller with respect to the AlzO3/A1-Si-3Cu-IMg 
composite. 

3.2 .  S t e a d y - s t a t e  c r e e p  ra te  
The most important creep parameter in terms of 
theoretical analysis is the steady-state creep rate, i.e. 
the minimum creep rate in the case without negative 
creep. The values of steady-state creep rate in second- 
ary-creep for the composites at different stress level are 
presented in Table III. Apparently, the creep rate of 
the A1203/AI-5Si-3Cu-IMg composite is a little lar- 
ger than that of AlzO3/A1-7Si-0.6Mg. The steady- 
state creep rate 201.0 cast aluminium alloys at 290 ~ 
and 90 MPa is 0.062% h -1 [13]. Roughly, the creep 
rate for the composites is smaller by almost one order 
of magnitude than that of the cast aluminium alloys 
alone. The difference between the creep rates of the 
two composites is evidently related to the nature of the 
matrices. 

The dependence of steady-state creep rate (~) on 
stress at a given temperature is generally expressed as 



TABLE III Mean creep properties of composites 

A12Oa/A1-7Si-0.6Mg AlzO3/Al-5Si-3Cu-lMg 

Applied stress (MPa) 100 88 75 55 95 88 
Steady-state creep rate (%h-1) 0.015 0.009 0.006 0.002 0.018 0.011 
Magnitude of negative creep in the gauge length 0.0 1.4 4.8 6.8 1.6 6.3 
(~tm) 
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Figure 5 Creep rate of composites versus stress: (~) 
AI/O3/A1-7Si-0.6Mg (300~ (~) A1203/A1-5Si 3Cu-lMg 
(300 ~ ( i i i) SiCw/6061 (291 ~ after Nieh [10]. 

3 . 3 .  R o l e  o f  f i b r e s  d u r i n g  c r e e p  

It is well known that dislocation creep, grain bound- 
ary slip and diffusion creep are the three main possible 
creep mechanisms in metallic materials. Since the 
creep of ceramic fibre at 300 ~ can be neglected, creep 
deformation of the M M C  mainly consists of that of 
its matrix; in other words, the above three creep 
mechanisms are also the main creep mechanisms 
for the composites. However, the fibres in MMCs will 
strongly affect matrix creep deformation in the case 
of strong F - M  interfaces. 

Firstly, the fibres traversing grain boundaries effi- 
ciently resist grain boundary slips, so it is difficult to 
observe noticeable grain boundary slips in a region 
rich in fibres as shown in Fig. 6a. By contrast, in a 
region poor in fibres for the same specimen, grain 
boundary slips can be clearly seen as shown by 
Fig. 6b, in which the grain boundaries have been 

where k is a constant, cy the applied stress and n the 
stress exponent for creep. For  pure metals, n generally 
varies from 4 to 5, and for solid-solution alloys n has a 
value of approximately 3. For precipitation- or dis- 
persion-strengthened alloys, or MMCs,  the reported 
values of n can range as high as 30 to 40. Because of 
the theoretical developments, certain values of the 
stress exponent for creep have been correlated With 
deformation mechanisms. Such high values can be 
explained in terms of the interaction stresses between 
dislocations and the barriers to dislocation motion 
during creep. The steady-state creep rate as a function 
of stress is plotted in Fig. 5, where each point is the 
average of four test results, along with the results of 
Nieh [10] for comparison. The results of linear regres- 
sion fits to power-law creep are given as follows: 

= 10- t,~ey3.3 

with a correlation coefficient of 1.00 for A1203/ 
A1-7Si-0.6Mg composite, and 

= 10-14.50" 3.6 

with a correlation coefficient of 0.98 for A1203/ 
A1-5Si-3Cu-IMg composite, where ~ and r are in s - I  
and MPa,  respectively. From the figure and the fitting 
equations, it is clear that the effect of stress on c r e e p  

rate for the composites used in our study is not 
so strong as for aligned SiCw/6061 composite. For 
the two composites the values of n are 3.3 and 3.6, res- 
pectively, which are only a little larger than for 
solid-solution alloys. The reasons will be explained 
in the next paragraph. 

Figure 6 Grain boundaries displayed by creeping: (a) in a region 
rich in fibres and (b) in a region poor in fibres, x 1100. 
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revealed by creep rather than by etchant, and the lines 
labelled A were obviously displaced a little at a grain 
boundary. It follows that a small creep rate of the 
composites is related to this role of fibres. 

Secondly, it has been well demonstrated that 
ceramic fibres in MMCs strongly resist dislocation 
glide, and a number of dislocations pile up in front of 
the fibres [14]. Evidently this role still exists even at 
elevated temperature, especially When the fibres are 
randomly distributed in the matrix. In this case, liberal 
glide of dislocations, in no matter which direction, is 
restricted to a very limited space, leading to so many 
dislocations piled up in front of the fibres that disloc- 
ation glide will be more and more difficult. This is a 
substantial creep strengthening mechanism, and its 
strengthening efficiency is much more significant than 
those in both particulate and unidirectional fibre 
MMCs. That is the main reason why a noticeable 
short-term negative creep occurred in the tests for the 
composites. 

Of course, when the external load is high enough to 
overcome the resistance from stress fields induced by 
the piled-up dislocations in front of the fibres, the 
piled-up dislocations can move again by formation of 
dislocation loops around the fibres;at that moment 
the negative creep starts reducing. For the same rea- 
son, negative creep was reduced and even disappeared 
as the applied stresses were elevated enough as shown 
by Fig. 7. In this figure the first load increase was 
made when negative creep had occurred, but the 
negative creep still existed at increased loads 
(92 MPa); thus, after creeping at 92 MPa for 1.5 h, a 
second load increase from 92 to 106 MPa was made. 
Evidently the negative creep began to disappear at the 
second increased load and had completely disap- 
peared at 118 MPa. It can be concluded that (i) the 
short-term negative creep did result from randomly 
oriented fibres resisting dislocation motions, and (ii) 
there is a critical stress for the presence of the negative 
creep, which is about 100 MPa for A1203/A1-7Si- 
0.6Mg composite (see Fig. 3c) and 110 MPa or so for 
AI203/A1-5Si-3Cu-lMg composite. 

The magnitudes of negative creep under different 
stress levels are given in Table III, from which it can be 
seen that the negative creep for A1203/A1-7Si-0.6Mg 
is smaller than for A1203/A1-5Si-3Cu-lMg com- 
posite. This is because that there are more precipitates 
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Figure 7 Creep curves at several stress levels and 300 ~ for the same 
specimen of AI203/AI-5Si-3Cu-lMg. 
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and intermetallic phases in the A1-5Si-3Cu-lMg ma- 
trix, for example Si, Mg2Si , CuAIz, A12CuMg and 
other complex intermetallic compounds (Fig. 2a), but 
only Si and little MgzSi in AI-7Si-0.6Mg (Fig. 2b). 
Hence the resistance to dislocation motion in the 
AI203/AI-5Si-3Cu-IMg composite was greater, so 
the negative creep and critical stress were therefore 
greater too. 

The reason why n values of the composites are not 
so high as that of SiCw/6061 alloy composite is prob- 
ably owing to the following two main differences 
between them: first of all, the dimensions of the alum- 
ina fibres (see Table I) are larger than those of SiC 
whisker (diameter 0.3-0.6 gin, length 5-15 gm) [15]; 
on the other hand, orientation of the alumina fibres in 
the matrices is random, while SiC whiskers in 6061 
matrix are aligned, leaving a long passage for disloc- 
ation motion. The combination of these two facts 
leads to the large and sufficiently stable stress field 
induced by the piled-up dislocations in the two com- 
posites used in our study; a small increase of load or 
stress in a certain range cannot markedly affect disloc- 
ation creep. It can be imagined that if the applied 
stress was in the range above the critical stress, the 
n value would be increased. 

Finally, fibres in MMCs are the main constituent 
carrying load and the load supported by the matrix is 
smaller than the applied normal stress; thus the creep 
takes place at smaller real stresses and the creep 
contributed by grain boundary slip is relatively 
increased, because the smaller the load, the more 
important the contribution to creep of grain slip. 

All the above points are favourable for reducing the 
creep rate of the composites. Hence, generally speak- 
king, the creep rate of fibre MMCs can be smaller by 
one order of magnitude relative to their matrix alloys 
alone. 

3.4. Changes in microstructure 
The microstructure of an elevated-temperature creep 
or stress-rupture test specimen rarely resembles the 
initial microstructure. Most materials are not thermo- 
dynamically stable; hence prolonged exposure under 
creep conditions can result in the precipitation of new 
phases, grain growth, and even physicochemical reac- 
tion between the fibres and the matrix in some MMC 
systems, when the temperature is elevated enough. 
Although many of the structural changes can be du- 
plicated through simple heat treatment, some changes 
will only occur under the combined influence of stress 
and temperature. Microstructural changes due to the 
combined influence of temperature and stress are the 
most difficult to control. These changes enhance creep 
and therefore contribute to the observed strain. 

Interfaces in the two composites are substantially 
composed of strong chemical bonds because of the 
presence of active excess Mg [16, 17]. However, a 
short contact time between the fibres and liquid ma- 
trix and a non-uniform temperature distribution in the 
casting during manufacturing the composites could 
lead to a heterogeneous F - M  interface structure; 
some interfaces were in part mechanical bonds. At 
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Figure 10 Chemical composition in the A1-5Si-3Cu-IMg matrix 
(a) at a grain boundary and (b) in a region out of the grain 
boundary. 

Figure 9 New phase precipitated during the creep (shown as small 
white points), x 1000. 

elevated temperature this kind of interface released the 
interlocking effects produced by differential contrac- 
tion and roughened fibre surfaces; they then glided 
under stress action, and even failed as shown by Fig. 8. 

As for the chemical stability of the composites used, 
the F-M interfaces were stable at 300~ and no 
apparent chemical change at F-M interfaces was 
detected, because of a not too high temperature and 
the chemical inertness of A120 a. However, after com- 
parison with Fig. 2a, it is seen that some small new 
phases were precipitated from A1-5Si-3Cu-IMg 
matrices during the creep tests as shown in Fig. 9. The 
chemical compositions of grain boundaries in the 
AI-5Si-3Cu-IMg matrix was obviously changed: the 
precipitated small compounds contain more Cu and 
Si with respect to the matrix as indicated by micro- 
analysis through the electron probe (Fig. 10). The 
chemical composition and the phase diagram being 
considered, the small precipitated phases are probably 

complex intermetallic compounds, such as 
Cu4MgsSiAlx; however, no evident change in the 
A1-7Si 0.6Mg matrix was detected. It can be con- 
cluded that the physicochemical stability of the 
A1-7Si-0.6Mg matrix is better than that of 
A1-5Si-3Cu-IMg alloy matrix. It was because of this 
difference that the creep rate of A1-5Si-3Cu-IMg 
alloy composite was a little larger than that of 
AI-7Si-0.6Mg alloy composite. 

4. Conclusions 
The presence of short-term negative creep in primary 
creep is an important feature for the composites, and 
results from randomly oriented fibres strongly resis- 
ting dislocation creep of the matrices. However, the 
extent of negative creep depends on both the applied 
stress and the nature of the material. There is a critical 
stress for the presence of short-term negative creep; 
when the applied stress had exceeded the critical value 
the negative creep disappeared. Fibres traversing 
grain boundaries can reinforce and resist grain- 
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b o u n d a r y  s l iding at  e l eva ted  t e m p e r a t u r e  if  the  F - M  

inter faces  are  s t rong  enough .  T h e  effect of  stress on  

c reep  ra te  for the  c o m p o s i t e s  is n o t  so s t rong  as 

for u n i d i r e c t i o n a l  M M C s .  D u r i n g  the  creep,  s o m e  

in t e rme ta l l i c  phases  in the A 1 2 O J A I - 5 S i - 3 C u - I M g  

c o m p o s i t e  were  p r ec ip i t a t ed  a n d  m o s t  of  t h e m  

segrega ted  at  g ra in  bounda r i e s ,  l e ad ing  to a smal l  

increase  in the  c reep  rate.  
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