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Abstract-Creep tests were conducted on an Al-6061 matrix alloy reinforced with 20 vol.% of irregularly 
shaped A1203 particulates. The composite was fabricated using an ingot metallurgy technique and the creep 
properties were determined at temperatures from 623 to 773 K. The results show high values for both 
the apparent stress exponent (up to > 10) and the apparent activation energy for creep 
( N 200-275 kJ/mol) but it is demonstrated, by incorporating a threshold stress into the analysis, that the 
true stress exponent is close to 3 and the true activation energy is close to the value for diffusion of Mg 
in the Al matrix. The results suggest that creep is controlled by the viscous glide of dislocations in the 
Al-6061 matrix alloy. Very fast creep rates are observed at the highest stress levels owing to the breakaway 
of dislocations from their solute atom atmospheres. Direct comparison shows that the creep resistance 
of this composite is less than in an Al-6061 alloy reinforced with 20 vol.% of Al203 microspheres. This 
difference is attributed to the creation of additional precipitates in the microsphere-reinforced composite 
because of an interfacial reaction between the matrix alloy and the reinforcement. 6 1997 Acta 
Metallurgica Inc. 

1. INTRODUCTION 

Earlier reports described the creep behavior of an 
Al-6061 metal matrix composite reinforced with 
20 vol.% of AljO microspheres and manufactured 
using a liquid metallurgy technique (herein desig- 
nated Al 6061-20 vol.% AlzOX(s) where s denotes 
microspheres) [ 1, 21. A unique feature of this 
composite was the introduction of a reinforcement of 
essentially spherical alumina-based microspheres 
consisting of a submicrometer mixture of alumina 
(a-A&OX) and mullite (3A120,.2Si02) and with the 
microspheres having a size range from N 5 to 
N 30 pm with an average diameter of N 20 pm. A 
liquid metallurgy processing route was developed in 
which preheated microspheres were added to a melt 
of the Al-6061 matrix alloy and the melt was cast into 
billets [3]. The experimental creep data from this 
composite showed that there was no true steady-state 
behavior but rather there was a short primary stage 
in which the strain rate dropped significantly and 
then there was a brief minimum creep rate prior to 
an extended tertiary stage. It was demonstrated also 
that the creep resistance of the composite was always 
higher than for the unreinforced monolithic Al-6061 
matrix alloy under identical testing conditions. 

There is evidence that the strengthening effect 
observed in metal matrix composites at low 
temperatures may be attributed, at least in part, to 
the additional dislocations introduced into the 
composites as a result of the mismatch in the values 
of the coefficients for thermal expansion (CTE) 

between the rigid ceramic reinforcement and the 
relatively soft metal matrix [4-S], and there is 
experimental evidence that the shape and geometry of 
the reinforcement may play an important role in the 
generation of dislocations due to this CTE mismatch 
[9]. The significance of reinforcement geometry under 
creep conditions may be demonstrated by noting 
that, in a direct comparison of the creep properties of 
whisker- and particulates-reinforced Al-6061 alloys, 
it was shown that whisker reinforcement is signifi- 
cantly more effective than particulates reinforcement 
in introducing creep resistance [lo]. Thus, the 
reinforcement geometry appears to be an important, 
but relatively neglected, parameter. 

Most of the creep investigations reported to date 
have been conducted on composites fabricated by 
powder metallurgy techniques [IO-l61 and there is 
only a small number of reports on composites 
fabricated using liquid metallurgy procedures 
[l, 2, 17, 181. Furthermore, there has been no direct 
evaluation of the influence of reinforcement geometry 
on the creep properties of metal matrix composites 
prepared using liquid metallurgy techniques. The 
present investigation was therefore motivated by this 
apparent deficiency. Creep tests were conducted on 
an Al-6061 metal matrix composite manufactured by 
an ingot metallurgy technique and containing 
20 vol.% of irregularly shaped A1204 particulates 
(hereafter designated Al 6061-20 vol.% AlzO,(p) 
where p denotes particulates). The creep tests were 
performed at temperatures from 623 to 773 K and 
over a range of strain rates covering up to five orders 
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of magnitude. This paper describes the results of this 
investigation and compares the creep data with the 
results obtained earlier from the Al-6061 alloy 
reinforced with spherical A&O3 microspheres [2]. 

2. EXPERIMENTAL MATERIAL AND PROCEDURES 

The metal matrix composite tested in the present 
investigation, Al 6061-20 vol.% AlzOs(p), was fabri- 
cated by a proprietary casting technique and 
contained 20 vol.% of irregularly shaped AlzOs 
particulates. The material was received from Duralcan 
USA (San Diego, California) in the form of 19. l-mm 
diameter rods. According to information provided by 
the manufacturer, the AlzOl particulates used in the 
processing were in the size range from = 16 to 
N 23 pm and with an average size of N 20 pm. 

Specimens were machined from the rods for testing 
under double-shear conditions [19] using the same 
specimen configuration as in the report by Murty 
et al. [20]. Prior to testing, all specimens were 
subjected to a T6 heat treatment by solution treating 
at 803 K for 1.5 h, water quenching, holding at room 
temperature for 20 h and then ageing at 448 K for 
8 h. Figure 1 gives a photomicrograph of the 
morphology of the A&O, particulates and the grain 
structure of the composite after the T6 heat 
treatment. Inspection of Fig. 1 shows that the 
distribution of alumina particles is reasonably 
uniform throughout the Al-6061 matrix and the 
grains are essentially equiaxed in shape. The mean 
linear intercept grain size was estimated as N 23 pm. 

Creep tests were conducted in air under conditions 
of constant stress with the testing temperature 
continuously monitored and controlled to within 

f 2 K of the desired value. The strain during creep 
was measured with a linear variable differential 
transformer (LVDT) and amplifier and it was 
continuously recorded on a strip chart recorder. 
Creep rates were recorded over a range of more than 
five orders of magnitude. 

3. EXPERIMENTAL RESULTS 

3.1. Creep curves 

Representative creep curves are shown in Fig. 2 in 
a plot of shear strain, y, vs time, t, for an absolute 
testing temperature, T, of 673 K. These curves exhibit 
a short primary stage, a very brief secondary stage 
where the creep rate is a minimum and then an 
extended tertiary stage. The general characteristics of 
the creep curves are similar to those for Al 
6061-20 vol.% Al,Oj(s) [2] and an Al-Mg composite 
reinforced with 26 vol.% of AlzOs fibers [18]. The 
creep data for the three specimens of Fig. 2 are 
replotted in Fig. 3 as shear strain rate, ,, vs shear 
strain, y, and it is apparent that there is a brief 
minimum in the creep rate followed by a very 
extensive tertiary stage. 

3.2. Stress and temperature dependence of the 
minimum creep rate 

Tests were conducted at temperatures from 623 to 
773 K and for each test the minimum strain rate, it, 
was plotted logarithmically against the shear stress, r, 
as shown in Fig. 4. 

Inspection of the results presented in Fig. 4 leads 
to several conclusions. First, the data appear to 
divide into two regions: there is a region I 
(representing all of the datum points at 773 K and the 

Fig. 1. Microstructure of the Al 6061-20 vol.% ALO&) composite after T6 heat treatment. 
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Fig. 2. Representative creep curves at a temperature of 673 K 

datum points below - 1O-4 s-’ at temperatures of 
623 and 673 K) where the creep behavior exhibits the 
typical appearance of metal matrix composites with 
a tendency for the apparent stress exponent, n, 
( = iYnj/alnz), to increase as the applied stress 
decreases; and there is a region II (at shear strain 
rates above - 1O-4 s-’ for temperatures of 623 and 
673 K) where the creep rates are exceptionally fast 
and therefore the values of n, are anomalously large. 
In region I, the estimated values of n, vary from - 4 
to > 10 as the stress level decreases. 

The results in Fig. 4 may be used to determine 
the apparent activation energy for creep, 
Qa[ = - Raln+3(1/~)], from a semi-logarithmic 
plot of i vs l/T at a constant level of applied 
stress. Figure 5 shows a plot for shear stresses of 
4 and 10 MPa giving values for Qa of - 275 and 
- 198 kJ/mol, respectively. The conclusion that Q. 
decreases with increasing level of stress is consist- 
ent with data reported earlier by Park et al. [13] 
for Al 6061-30 vol.% Sic(p). The apparent acti- 
vation energies estimated in this investigation are 

therefore significantly higher than the values either 
for self-diffusion in Al ( - 143.4 kJ/mol [21]) or for 
diffusion of Mg in Al ( - 130.5 kJ/mol [22]). 

4. DISCUSSION 

4.1. Creep behavior in Al 6061-20~01% AlzO&) 

It is convenient to divide the data documented in 
Fig. 4 into the two regions denoted by I and II and 
to examine these regions separately. 
4.1 .I. Creep behavior in region I. The creep data in 

region I show the characteristic curvature associated 
with the presence of a threshold stress [13,23-251. To 
examine this possibility, threshold stresses were 
estimated using the linear extrapolation procedure in 
which $1” is plotted against t on linear axes and the 
data are extrapolated linearly to zero strain rate [26]. 

Taking values for the true stress exponent, n, of 3, 
5 and 8, representing control by viscous glide [27, 281, 
high temperature climb [29] and a constant structure 
model [16, 301, respectively, Fig. 6(a)-(c) shows the 
relevant plots using all of the datum points obtained 
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Fig. 3. Shear strain rate vs shear strain for the three specimens documented in Fig. 2. 
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in region I. Inspection reveals that there are 
marked curvatures in the plots of $1” vs r when 
using values for n of 5 and 8 but the plot with 
n = 3 gives an essentially linear correlation. By 
extrapolation of the straight lines in Fig. 6(a) to 
zero strain rate, the values of the threshold shear 
stress, zO, may be estimated at each testing 
temperature, as recorded in the central column in 
Table 1. Thus, as in other metal matrix composites 
[23,31] and in dispersion strengthened alloys 
[32-371, the threshold stress in this material is a 
function of the testing temperature. 

It is possible also to estimate the threshold stress 
using a new and simple procedure in which the creep 
data in a plot of strain rate vs stress are extrapolated 
to a lower limiting strain rate of lo-r0 s-’ [38]. If the 
extrapolated lines are essentially vertical at this strain 
rate, and if the extrapolation takes place over no 
more than about two orders of magnitude of strain 
rate, it has been shown that the estimated threshold 
stresses are in good agreement with those obtained by 
the standard linear extrapolation method. The values 
of the threshold stresses estimated by this alternative 
approach are listed in the right-hand column of 
Table 1 and it is apparent that they are almost 
identical to those obtained by linear extrapolation 
using Fig. 6(a). 

Using the threshold stresses obtained by the linear 
extrapolation method, Fig. 7 shows a logarithmic 
plot of i vs the effective stress (r - ro). As anticipated, 
the creep data for each temperature provide a 
reasonable fit to a straight line with a true stress 
exponent of n = 3. This value of n is typical of solid 
solution alloys in which the viscous glide of 
dislocations is the rate-controlling process [27,28] 
and it is consistent also with the estimated value of 
the true stress exponent for the Al 6061-2Ovol.% 
Al,O,(s) composite [2]. 

When creep occurs in the presence of a threshold 
stress, the minimum or steady-state shear strain rate 
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Fig. 4. Shear strain rate vs shear stress showing the division 
into regions I and II. 

may be expressed in the form 

(1) 

where D is the appropriate diffusion coefficient [ = Do 
exp ( - Q/RT), where Do is a frequency factor, Q is 
the true activation energy for creep and R is the gas 
constant], G is the shear modulus, b is the magnitude 
of the Burgers vector, k is Boltzmann’s constant and 
A is a dimensionless constant. Therefore, taking 
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Fig. 5. Semi-logarithmic plot of shear strain rate vs the reciprocal of the absolute testing temperature for 
shear stresses of 4 and 10 MPa. 
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Table 1. Estimated values of the threshold stresses for creep 

z0 @Pa) 

T (Kj Linear extrauolation Cn = 31 Stress at Y = lo-I0 s-’ 
623 3.0 3.1 
613 2.4 2.4 
113 0.9 1.0 

n = 3 from Fig. 7, it follows that the value of Q may 
be determined through a semi-logarithmic plot of 
$?‘-I T ( = jGZ T) vs l/T. This plot is shown in Fig.8 
and leads to an activation energy for creep of 
Q N 150 kJ/mol. 

This value of Q is slightly higher than the 
activation energy for either self-diffusion in Al 
(143.4 kJ/mol) or diffusion of Mg atoms in Al 
(130.5 kJ/mol) and it is higher also than the value of 
Q N 125 kJ/mol obtained in the Al 6061-20 vol.% 
A1203(s) composite after creep testing in tension in the 
temperature range of 473-673 K [2]. A possible 
reason for this discrepancy may lie in the advent of 
a partial dissolution of precipitates in the Al-6061 
matrix alloy at the highest testing temperature. It was 
shown earlier that there is a complex precipitation 
sequence for age hardening in the Al-6061 matrix 
alloy and ageing for 8 h (2.88 x lo4 s) at 448 K, as 
required in the T6 heat treatment, corresponds to a 
peak ageing condition [39]. The present creep 
experiments were conducted at temperatures up to 
> 300” higher than the ageing temperature, thereby 
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Fig. 7. Shear strain rate vs effective shear stress for creep 

data in region I. 

introducing the possibility of partial dissolution of 
some precipitates and, consequently, a creep weaken- 
ing and overestimation of Q. This suggestion is 
consistent with experimental data presented earlier 
showing a decrease in the strain hardening rate of the 
Al-6061 matrix alloy after a T6 heat treatment and 
subsequent compression testing at temperatures 
above N 625 K [l]. There is also direct experimental 
evidence, using differential scanning calorimetry on 
the Al-6061 matrix alloy, for an endothermic peak at 
- 810 K owing to dissolution of the P-Mg,Si 
precipitates [40]. In addition, support for this 
proposal is provided by noting that if Q is estimated 
by considering only the two lowest temperatures in 
Fig. 7, where partial dissolution is probably not 
significant, the value of Q is reduced to N 130 kJ/mol 
which corresponds to the anticipated value for 
diffusion of Mg in Al [22]. 

Since the true stress exponent for creep is equal to 
3, and the true activation energy for creep appears to 
be close to the value for interdiffusion of Mg in the 
Al matrix alloy, it is reasonable to conclude that 
creep of the Al 6061-20 vol.% AlzO&) composite in 
region I is controlled by the viscous glide of 
dislocations dragging Mg atom atmospheres. To 
check this conclusion, Fig. 9 shows a logarithmic plot 
of the normalized creep rate, jkT/D”Gb, against the 
normalized effective stress, (z - zo)/G, for those 
datum points given in Fig. 4 and lying within region 
I: this plot is constructed using the coefficient for 
diffusion of Mg in Al, o”, given by [22] 

d = 1.24 x 1O-4 exp( - 130.5/RT)m2 s (2) 

the shear modulus for pure Al (in MPa) defined as 
1411 

G = (3.022 x 10“) - (16T) (3) 

and b = 2.86 x 10-‘Om for pure Al. It is apparent 
from Fig. 9 that the experimental data at 623 and 
673 K are consistent with this interpretation but the 
datum points at 773 K are faster than anticipated, by 
a factor of N 3, because of the creep weakening 
associated with partial precipitate dissolution. 
4.1.2. Creep behavior in region ZZ. The experimental 

points in region II of Fig. 4 are significantly faster 
than anticipated by extrapolation of the lines in 
region I and therefore the stress exponent appears to 
be exceptionally high. Although a high stress 
exponent has been reported in several creep 
experiments on metal matrix composites [lo, 12- 
14, 24,421, this trend is generally observed either at 
low stresses because of the presence of a threshold 
stress [13, 241 or over the total stress range examined 
experimentally [lo, 12, 14,421. Two possible expla- 
nations are available to account for a transition to a 
region having a high apparent stress exponent at high 
stress levels. First, the transition may arise from 
power-law breakdown such that the creep rate then 
has an exponential dependence upon stress [43]. 
Second, it may arise because the dislocations break 
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Fig. 8. Semi-logarithmic plot of jC2T vs l/T in order to obtain the true activation energy for creep, Q. 

away from their solute atom atmospheres [44,45]. 
These two possibilities are now examined. 

Sherby and Burke [46] demonstrated that power- 
law breakdown occurs in face-centered cubic (f.c.c) 
metals at a normalized strain rate of the order of 
i/D z 10” m-* so that, for tests conducted under 
double-shear conditions, the upper limiting normal- 
ized shear strain rate for power-law creep is given by 
j/D N 1.5 x 1Oi3 m-*. Considering, as an initial 
assumption, that creep occurs by the viscous glide 
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Fig. 9. Normalized shear strain rate vs normalized effective 
shear stress for creep data in region I. 

process, and using the diffusion coefficient for 
diffusion of Mg atoms in Al given in equation (2) the 
limiting values of $ are estimated as - 2 x lo-*, 
- 1 x 10-l and - 3 s-’ for testing temperatures of 
623, 673 and 773 K, respectively. Alternatively, if it 
is assumed instead that the creep occurs by high 
temperature climb controlled by lattice self-diffusion 
in Al, the diffusion coefficient, D/, is given by [21] 

D, = 1.86 x 10m4exp( - 143.4/RT)m2/s (4) 

and the limiting values of j, are then estimated as 
- 3 x 10-3, - 2 x 10m2 and - 6 x 10-l ss’ for the 
same three testing temperatures, respectively. All of 
these estimated values for i, using both B and DI in 
place of D, are significantly faster than the 
experimental datum points recorded in Fig. 4. 
Therefore, the advent of region II cannot be 
attributed to power-law breakdown. 

It is well established that dislocations are capable 
of breaking away from their solute atmospheres at 
high stress levels, and the critical breaking stress, ecr 
may be expressed in a simple form as [47] 

where W,,, is the binding energy between the solute 
atom and the dislocation and c is the concentration 
of the so1ute.t Thus, the solute atmospheres no 
longer retard the movement of dislocations at cr > cc. 
The binding energy, W,,,, is given by [47] 

tAs noted elsewhere [45], equation (5) is a simplified 
expression which ignores both the variation in the 
interaction energy with solute concentration and the effect 
of the different spacings between the solute atoms and the 
dislocation line. In practice, it has been shown that 
equation (5) tends to overestimate B, by a factor of - 2 
1451. 
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where p is Poisson’s ratio and A V, is the difference in 
volume between the solute and the solvent atoms. 

The value for c in equation (5) is governed by the 
concentration of N 1 wt% of Mg atoms in the 
Al-6061 matrix alloy, equivalent to N 1.1 at.% of 
Mg. Taking AV, = 5.8 x lO-3o m3 [47] and p = 0.34, 
and with ze = cr,/2, the values of the critical 
break-away shear stresses, TV, are qstimated as N 7.9, 
N 6.7 and N 5.0 MPa for testing temperatures of 
623, 673 and 773 K, respectively. Now, taking into 
consideration the presence of a threshold stress, the 
transitions observed experimentally occur at shear 
stresses of N 7-9 and N 6-8 MPa for the two lowest 
testing temperatures of 623 and 673 K, respectively. 
These two values are therefore consistent with the 
stresses estimated from equation (5). No similar 
comparison is possible at the highest testing 
temperature of 773 K because the tests were then 
discontinued at an upper effective stress of 3.2 MPa 
and there was no evidence for a transition to 
region II. 

From these calculations, it is reasonable to 
conclude that the points designated as region II in 
Fig. 4 lie above the critical stress at which the 
dislocations in the matrix alloy break away from their 
solute atom atmospheres. 

4.2, The threshold stress in the composite 

It is evident from Table 1 that the threshold stress 
decreases with increasing temperature. The normal- 
ized threshold stress, zo/G, is often represented by an 
expression of the form [31] 

z = B exp $$ 
( > 

(7) 

where B is a constant and Q. is an energy term which 
is associated with the binding between the dislo- 
cations and the obstacles giving rise to the threshold 
stress. Using the temperature dependence of the 
values of z. obtained by the linear extrapolation 
method and listed in Table 1, Q. may be estimated as 
N 25 kJ/mol (equivalent to N 0.26 eV). This value of 
Q. is of the same order as the values of N 19.3 kJ/mol 
reported both for Al 6061-30 vol.% Sic(p) [31] and 
for an unreinforced 6061 PM Al alloy [48], 
N 23 kJ/mol reported for an unreinforced 2024 PM 
Al alloy [49] and N 21 kJ/mol reported for an 
unreinforced Al-Si-Ni-Cr alloy produced by rapid 
solidification processing [5O].tt 

In the creep of dispersion strengthened materials, 
the threshold stress arises from the presence of a fine 
dispersion of stable incoherent particles. Several 
different models have been developed to account for 
the threshold stress including the Orowan stress for 
the bowing of dislocations between the particles [51], 
the back stress which is needed to create an additional 
segment of dislocation as it surmounts the obstacle by 

ttThe designation PM signifies fabrication by a powder 
metallurgy technique. 

local climb [52, 531 and the detachment stress 
associated with detaching a dislocation from an 
attractive particle [54-561. None of these models is 
appropriate in the present investigation because the 
A&O3 particles have an average size of N 20 pm 
which is comparable with the grain size. Therefore, as 
is evident from inspection of Fig. 1, any model based 
on the bowing of dislocations between the particulate 
reinforcement is clearly unrealistic. 

In Al-6061 matrix composites reinforced with SIC 
particles and produced using powder metallurgy 
processing, the threshold stress has been attributed to 
the presence of an array of fine incoherent oxide 
particles introduced into the matrix alloy during 
atomization in the fabrication process [13]. A similar 
explanation was given also to account for the 
threshold stresses observed in the creep of the 
unreinforced Al-6061 matrix alloy fabricated by a 
powder metallurgy technique [48]. It may appear 
initially that an explanation of this type cannot be 
used in the present experiments because the 
composite was fabricated using ingot metallurgy. 
Nevertheless, an examination by transmission elec- 
tron microscopy of the liquid metallurgy Al 
6061-20 vol.% Alz03(s) composite revealed the 
presence of many fine spine1 precipitates in the matrix 
alloy which was tentatively attributed to the 
occurrence of oxidation in the melt during processing 
[57]. In addition, it is well established that the Al-6061 
matrix alloy contains a high density of 8” precipitates 
after ageing at the peak conditions [39] and these 
precipitates ultimately transform into incoherent 
platelets of equilibrium j-Mg$i precipitates by 
lateral coarsening [58]. Evidence was presented earlier 
demonstrating that the /3” precipitates grow during 
creep testing at a temperature of 573 K [l] but there 
are no comparable observations at the higher testing 
temperatures used in the present experiments. Thus, 
although the precise origin of the threshold stress in 
the Al 6061-20 vol.% A1203(p) composite cannot be 
identified unambiguously at the present time, it 
appears that a sufficient array of fine precipitates is 
available in the Al-6061 matrix alloy to introduce a 
threshold stress in a manner similar to the behavior 
of dispersion strengthened materials. 

4.3. A comparison with the creep of Al 6061-20~01% 
Alloy 

It is appropriate to compare the present results 
with the creep data reported earlier for a composite 
reinforced with AlzO, microspheres [l, 21. Both 
materials were produced using an Al-6061 matrix 
alloy and a liquid processing route. In addition, the 
two composites are nominally identical in several 
respects: 

1. Both composites were reinforced with alumina 
having a volume fraction close to 20%. 

2. The average size of the reinforcement in both 
composites is - 20 pm. 
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Fig. 10. Shear strain rate vs shear stress for Al-6061 metal 
matrix composites reinforced with 20 vol.% A1203 particu- 

lates (p) or 20 vol.% A1203 microspheres (s). 

3. Both composites were subjected to an identical 
T6 heat treatment prior to creep testing. 

The most significant difference between the two 
composites is that the present material was reinforced 
using irregularly shaped A&O, particles whereas in 
the earlier investigation the reinforcement was 
essentially spherical. 

Figure 10 shows creep data for the two composites 
tested at the same temperatures of 623 and 673 K. It 
is clear that the values of the apparent stress 
exponents in both composites, as represented by the 
slopes of the plots given in Fig. 10, are essentially 
identical when compared over the same range of 
strain rate at the same testing temperature. Further- 
more, both composites yield a true stress exponent 
close to 3 and an activation energy close to the value 
for diffusion of Mg in Al when the creep data are 
examined by incorporating a threshold stress into the 
analysis. It is therefore concluded that the rate-con- 
trolling creep mechanism in both composites is 
viscous glide of dislocations within the Al-6061 
matrix alloy. Despite these similarities, however, the 
composite reinforced with microspheres exhibits 
creep rates which, at any selected stress level, are 
slower than the particulates reinforced composite by 
more than two orders of magnitude. 

There are two possible explanations for the higher 
creep resistance in the Al 6061-20 vol.% A1203(s) 
composite. First, it may be associated with a higher 

dislocation density introduced into the matrix alloy 
of the composite reinforced with microspheres 
because of the CTE mismatch and a more effective 
dislocation generation using a spherical reinforce- 
ment. However, this explanation seems unlikely 
because, although there are no direct comparisons 
between composites reinforced with identical volume 
fractions of AlzOJ, the dislocation density reported in 
the microsphere-reinforced composite in the as- 
quenched condition ( - 1.5 x lO”m-’ [39]) is con- 
sistent with the dislocation densities reported in a 
similar Al-6061 alloy reinforced with either 10 or 
15 vol.% of irregularly shaped AlzO, particulates 
( - 4.5 x 10” and - 7.3 x lOI rnm2, respectively 
[40]). Second, the higher creep resistance may be a 
consequence of differences in the compositions of the 
AlzOi reinforcements, thereby leading to different 
reaction products between the matrix and the 
reinforcement. This latter explanation is attractive 
because the microspheres consisted of a mixture of 
submicrometer grains of corundum (cc-AlzO,) and 
mullite (3Al,02.2Si02) and with a significant amount 
of dissolved Fe, and there is good experimental 
evidence for an interfacial reaction between the 
microspheres and the aluminum melt leading to the 
formation of spine1 (MgA1204) crystals and sub- 
sequently, upon cooling, to particles of the b.c.c. 
cc-AlFeSi intermetallic [57, 591. The observations 
suggest, therefore. that these Al-6061 composites 
reinforced with particulates or microspheres both 
contain arrays of fine precipitates which introduce a 
threshold stress into the creep behavior, but more 
precipitates are present in the microsphere-reinforced 
material, leading to a greater creep resistance, 
because of the additional products created in the 
interfacial reaction between the Al-6061 matrix alloy 
and the microsphere reinforcement. 

5. SUMMARY AND CONCLUSIONS 

1. Creep tests were conducted on an Al-6061 metal 
matrix composite fabricated using an ingot metal- 
lurgy technique and reinforced with 20 vol.% of 
irregularly shaped Al2O3 particulates. 

2. For testing temperatures in the range from 623 
to 773 K, high values were obtained for both the 
apparent stress exponent and the activation energy 
for creep. 

3. By incorporating a threshold stress into the 
analysis, it is shown that the true stress exponent is 
close to 3 and the true activation energy is close to 
the value for diffusion of Mg in Al. Therefore, creep 
is controlled by the viscous glide of dislocations in the 
Al-606 1 matrix. 

4. Exceptionally rapid creep rates are observed at 
the highest stress levels and it is demonstrated that 
these high rates arise when the dislocations break 
away from their solute atom atmospheres. 

5. A comparison shows that greater creep resist- 
ance is attained in an Al-6061 composite reinforced 
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with 20 vol.% of AlzOs microspheres. This increase in 26. 

creep resistance is attributed to the presence of 27, 
additional precipitates which are created as a result 28. 
of an interfacial reaction between the Al matrix and 
the microsphere reinforcement. 29. 

30. 
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