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Constant-load pyramidal indentation tests were performed from 473 K to 833 K on P/M
fabricated 2024 aluminum reinforced with either SiO,, SiC, or Al,03 particles to investigate the
influence of particulate reinforcement on the high-temperature plastic deformation process
during indentation. The composites all displayed larger apparent threshold stress o, than the
previously reported unreinforced P/M 2024 aluminum alloy. SEM investigation of the
indentations indicated that the indentation process is accompanied by considerable cracking
and interfacial debonding of the reinforcing particles, the extent of which increases with
increasing temperature. The magnitude of oy, was largest for the Al,03 reinforced composite
and this is attributed to the load-transfer that occurs when the indenter contacts the reinforcing
particles and the superior high-temperature interfacial strength of this composite. The apparent
activation energy A Gy of the indentation strain rate increased from 0.25ub? at 473 K to

0.60ub? at 833 K. These values are within the expected range for weak particles and
dislocation-dislocation interactions but are lower than the previously reported A, of the
unreinforced P/M 2024 alloy. We conclude that the low indentation strain rate of the particulate
reinforced composites is the result of the load transfer due to the presence of the
reinforcements and its affect on increasing the o,. The low values of AGy are consistent with
our observation that extensive particle cracking and interfacial debonding occur in the
reinforced material during indentation. © 2006 Springer Science + Business Media, Inc.

1. Introduction

The high-temperature deformation mechanisms that op-
erate in aluminum matrix particulate-reinforced compos-
ites have been studied extensively for many years [1—
9]. The bulk of what is known about the stress- and
temperature-dependence of the deformation rate of this
material results from uniaxial stress experiments per-
formed under conditions of either constant stress or con-
stant strain rate. It is generally observed that there ex-
ists in these materials a large threshold stress oy, be-
low which the strain rate approaches zero. This oy, has
been attributed to the presence of the reinforcing parti-
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0022-2461 © 2006 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-006-7175-6

cles although the mechanism by which the particles con-
strain the deformation is still not universally accepted.
For example, Wilkinson and Artz [10], following a tech-
nique of Shewfelt and Brown [11], proposed that the
threshold shear stress in dispersion hardened metal al-
loys is inversely related to the inter-particle spacing /.
Other observations, which are based primarily upon room
temperature tensile testing, suggest that the role of par-
ticulate reinforcements in dispersion hardened metals is
complicated by various other factors including cluster-
ing, cracking, and interfacial debonding of the reinforcing
particles [12-14].
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Figure I Optical Micrographs of the microstructure of the three particulate reinforced P/M 2024 aluminum alloy based composites used in this investigation:
(a) SiC reinforced composite, (b) SiO; reinforced composite and (c) Al O3 reinforced composite.
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Figure 2 Scanning Electron Micrographs of the SiC reinforced 2024 P/M aluminum alloy composite. The SiC reinforcing particles are distributed around

the periphery of the starting aluminum powder.
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Figure 3 Indentation force F versus indentation depth h for one indentation
made at each test temperature on the SiO; reinforced P/M 2024 aluminum
alloy. The plot shows the decreasing material hardness with increasing test
temperature. The length of the horizontal region of each curve indicates the
change in indentation depth over 100 seconds at constant indentation load.
The trends shown in this figure are typical of the data from all the tests in
this study.
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Figure 4 Indentation depth h versus time t during the 100 s constant force
segment of the indentation tests shown in Fig. 3. The indentation creep
deformation clearly increases with increasing temperature.

The stress-dependence of the steady-state creep rate of
particulate reinforced metal matrix composites is a func-
tion of the “effective” applied stress defined as the differ-
ence between the applied stress and o ,. The steady-state
creep rate for particulate-reinforced aluminum matrix
composites usually displays temperature- and stress-
dependences that are different than what would be ex-
pected if the operative deformation mechanism is one
of climb-limited dislocation glide (i.e. power-law creep).
This suggests that the presence of the reinforcing parti-
cles causes a complex local stress state to exist within the
aluminum matrix and may well preclude the occurrence
of steady-state creep deformation.

In this study we investigate the effect of particulate
reinforcement on the deformation kinetics of a compos-
ite containing a 2024 aluminum alloy matrix fabricated
by the Powder Metallurgy (P/M) process. Composites that
are reinforced with three types of particles (SiO,, SiC, and
Al,O3) are studied over the temperature range from 473
K to 833 K (approximately 0.5 to 0.9 Ty,ey¢). The constant-
load micro-indentation testing technique, described previ-
ously [15] and summarized below, is used to perform the
high temperature deformation tests. The resulting inden-
tations are observed with Scanning Electron Microscopy
(SEM) to evaluate the role of the reinforcing particulates
in the deformation process. This paper is the concluding
part of a comprehensive study of the use of microindenta-
tion to measure the high-temperature deformation kinetics
of materials.

1.1. Deformation during high-temperature
constant-load indentation

When indentation tests are performed at high tem-

perature with a pyramidal shaped indenter under con-

stant indentation load conditions the indentation depth h
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Figure 5 Average indentation strain rate &i,q versus indentation stress oing for the indentation tests shown in Figs. 3 and 4. The threshold stress o, is

approximated as the value of ojpg corresponding to &jng = 1070 sec™!.
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Figure 6 The threshold indentation stress o, normalized with respect to the elastic shear modulus p (Eq. 4), versus temperature T for all the indentation
creep tests performed in this study. The three composites studied show essentially the same trend of decreasing o ,/u with increasing T. At low temperature,
ot/ is significantly larger for the composite material than for the unreinforced P/M 2024 aluminum alloy (solid line) but at high temperatures the o/ is

only slightly larger than that of the unreinforced aluminum alloy.

increases with time as the indenter “creeps” into the tested
material. The apparent average indentation strain rate &g
is expressed in terms of h and the indentation velocity
h as

i)

h(t) M

Eina(t) =

Since the tests are performed with a pyramidal shaped
indenter, the instantaneous indentation stress ¢j,q, de-
fined as the indentation load divided by the projected
indentation area, decreases with increasing time. Under
these conditions &;,q decreases, and approaches zero, with
increasing time. The indentation stress that corresponds
to the point where é;,q = O is the indentation threshold
stress o,. The magnitude of oy, depends upon the ge-
ometry of the indentation and the microstructure within
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the indentation plastic zone. When constant-load inden-
tation tests are performed on different materials using
indentations of the same depth that are made with the
same indenter, differences in the measured o, indicate
differences in the deformed microstructure of the test
materials.

Past studies of &g performed by using high-
temperature constant-load pyramidal indentation, have
shown that the dependence of &4 upon o g and temper-
ature T is different than what is observed during steady-
state constant-uniaxial stress creep tests. Li et al. [16]
have shown that &;,4 occurs by the mechanism of obstacle-
limited dislocation glide over a wide temperature range
for most engineering materials including metals and non-
metals. This is areasonable hypothesis since complex, and
variable, local stress states exists during the indentation
test and these tests are of short time duration compared
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Figure 7 Logarithmic plots of average indentation strain rate &ij,q versus
effective hardness oeff = 0ina — 0w for all the indentation creep tests
performed on (a) the SiC reinforced composite, (b) the SiO, reinforced
composite, and (c) the Al,O3 reinforced composite. A nonlinear trend exists
between log éing and log o ¢ with the degree of nonlinearity, and the scatter
in the data, increasing as the temperature and the effective indentation stress
decrease.

to conventional constant-stress creep tests. This approach
of expressing &;,q in terms of the mechanism of obstacle-
limited dislocation glide has also been taken by other re-
searches to describe the indentation strain-rate sensitivity
of ductile metals at room-temperature [17-20].

The shear strain rate y resulting from the mechanism
of obstacle-limited dislocation glide can be expressed as

—AG(1)

Y =ve ey

TABLE I

The chemical composition, in weight percentage, and the av-

erage powder diameter, bracketed, of the three particulate reinforced com-
posites studied in this investigation.

SiC SiO; Al,O3
Elements reinforced reinforced reinforced
(pum) composite composite composite
Matrix Cu (8-11) 4 4 4
Mg (7-15) 14 1.4 1.4
Mn (7-15) 0.4 0.4 0.4
Al (7-15) Bal. Bal. Bal.
Reinforcements  SiO; (1-5) - 16.9 -
SiC (5) 17.2 - -
Al,O03 (9.5) - - 43.0
Average grain 9.6 (£0.9) 11.9 (£1.3) 10.8
diameter, um (£0.9)
(£ 1 stand.
dev.)

where y¢ is a material constant, usually taken as 10°
sec”![21], k is Boltzmann’s constant, T is the absolute
temperature and AG(7) is the stress-dependent thermal
energy required for a dislocation to overcome an obstacle.
The average equivalent indentation shear stress can be
related to the average indentation stress as [16]

Oind

Tind =
d 3\/5

and the average equivalent indentation shear strain rate
can be expressed in terms of the indentation depth and
velocity & as

(2)

Vind = V/3éina 3)

Pyramidal indentation tests performed under constant in-
dentation load will produce trends of decreasing éi,q and
o ing With increasing time. Egs. 1 to 3 can then be applied
to determine AG(7) as a function of o,q and the resulting
AG(t) versus Ty trend characterizes the average dislo-
cation/obstacle interactions that control the indentation
strain rate. Extrapolation of this trend to ti,qg = 0 gives an
estimation of the activation energy AGy of the obstacles
that limit the deformation process.

2. Procedure

Three aluminum-based particulate reinforced composite
material (TableI) were fabricated for this study by the
Powder Metallurgy (P/M) technique [22, 23]. The ma-
trix of all the composites was of a 2024 aluminum alloy
composition and was prepared by mixing powders of pure
aluminum, copper, magnesium, and manganese in the pro-
portions given in Table I. The metal powders were from 7
to 15 pm in diameter (as stated by the manufacturers). The
mixed powders were then divided into three groups and
to each group was added one of the three particle types
(Si0;,, SiC, or Al,O3) in amounts that resulted in 16.9,
17.2, and 43.8 weight percent respectively. The average
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Figure 8 Scanning electron micrograph of an indentation made in SiC reinforced 2024 P/M aluminum alloy composite indented at 673 K. Cracking of the
reinforcing particles and interfacial debonding occurs within, and in the region immediately surrounding, the indentation but does not occur in the regions
away from the indentation. This indicates that the cracking and interfacial debonding is a result of the indentation deformation.

diameter of the reinforcing particles was between 1 and 10
pm (as stated by the manufacturers). Cylindrical samples
were made from each powder mixture by cold-pressing
followed by sintering in vacuum at 873 K for several
hours. After sintering, the samples were hot-pressed in air
at 823 K.

The as-fabricated composites were prepared for met-
allographic examination by mechanical grinding fol-
lowed by successively finer polishing steps culminat-
ing in a 0.25 pum finish. The average grain diam-
eter of each of the composites was measured from
optical micrographs (Fig. 1) taken from regions of the
samples where subsequent indentation tests were per-
formed. The measured average grain diameter is given
in Table I.

The reinforcing particles are located around the pe-
riphery of the original aluminum powders. This is shown
clearly by the higher magnification SEM image of the SiC
reinforced composite (Fig. 2). The local areal fraction of
the reinforcing particulates in the region where the inden-
tation tests were performed was measured from optical
micrographs and was found to be 30, 15, and 30% for the
SiC, Si0O, and Al,Oj3 reinforced composites respectively.

Microindentation tests were performed on polished sur-
faces of the composite samples at 473, 573, 673, 773,
and 833 K using a high-temperature Microtest II in-
dentation hardness tester (Micro Materials Ltd, Wrex-
ham U.K.) [24-26]. The instrument is contained in
a cabinet located on an air table. A mildly reducing
atmosphere of Ar 2% H, gas is maintained in the
cabinet to minimize oxidation of the specimen during
the indentation tests.

Between 10 and 15 indentation tests were performed
on each sample at each temperature. The tests were
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performed in order of ascending temperature and the sam-
ples were not cooled between testing at each temperature.
The samples were held at each temperature for approxi-
mately five hours to ensure that both the sample and the
indenter, located several micrometers away from the sam-
ple, were at the same temperature before indentation tests
commenced. Each test began by applying an indentation
load at a rate of 50 mN/s until an indentation depth of
between 10 and 13 um was reached. The indentation load
was then held constant for 100 seconds during which time
the indentation depth was recorded at half-second inter-
vals. The indentation depth data were corrected for the
effects of thermal drift and compliance of the indentation
load frame.

3. Results

The indentation force F versus indentation depth h is
shown in Fig. 3 for one test performed at each tempera-
ture on the SiO; reinforced composite. These curves are
typical of those obtained for all the indentation tests per-
formed in this study. Fig. 4 shows the increasing h as a
function of time during the 100-second hold period of
the tests shown in Fig. 3. The indentation velocity / is
large at the start of each test and decreases with increasing
time. This is due to the decrease in o, that results as h
increases under constant indentation load.

The average indentation strain rate é&jq (Eq. 1)
is plotted versus the instantaneous indentation stress
0ing = F /24.5 h? in Fig. 5 for the tests shown in Fig.
4. The data trends are extrapolated to " = 1070 s~! to
approximate the threshold hardness, o, below which no
measurable &;,q occurs.



Figure 9 Scanning electron micrographs of the indented region of the SiC reinforced 2024 P/M aluminum alloy composite indented at (a) 573 K and (b) 833
K. Cracking of the particles and interfacial debonding occurs at both temperatures but the amount of particle cracking and interfacial debonding increases

with increasing indentation temperature.

A plot of oy, normalized with respect to the elastic
shear modulus p of pure aluminum, versus the tempera-
ture is shown in Fig. 6 for the three composites studied.
A line representing the o/ versus T for unreinforced
P/M fabricated 2024 aluminum alloy [15] is also shown
for comparison. The term pu is expressed, in units of MPa,
as [21]

W(T) = 25400[1 - 0.5T9‘§§°] @)

The three composites have significantly higher oy, at
all temperatures than the unreinforced aluminum alloy
however the difference in oy, decreases with increasing

temperature. The Al,O; reinforced composite has the
highest oy, of the three composites.

Fig. 7 shows éi,4 versus the effective indentation stress;
Oeff = Oind — O, for the three composites tested at 473 K
and 833 K. These temperatures are the upper- and lower-
bounds of the test temperatures of this study. The compos-
ites all show a non-linear dependence of &j,q upon o,
and the degree of non-linearity increases with decreasing
temperature.

Fig. 8 shows a scanning electron micrograph of an
indentation made in the SiC reinforced composite at
673 K. The micrograph shows clearly that interfa-
cial debonding occurs in the interior, and around the
periphery, of the indentation. This indicates that in-
dentation deformation is accompanied by considerable
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Figure 10 The difference in threshold indentation stress Ao/, between the
particulate reinforced P/M 2024 materials of this study and the previously
reported unreinforced P/M 2024 alloy [12], versus temperature T. The mag-
nitude of Ao ,/u indicates the effect of the particulate reinforcement on the
observed threshold indentation stress. The particulate reinforcements have
a greater affect on oy, at the low temperatures and the Al O3 particulates
are the most effective at increasing Ao .

debonding and cracking of the reinforcing particles.
While extensive cracking and interfacial debonding
of the reinforcing particles occurs at all the test
temperatures, the amount of debonding and particle crack-
ing increases with increasing temperature. This is shown
by the SEM images in Fig. 9 where the surfaces of inden-
tations made on the SiC reinforced composite at 573 and
833 K are depicted.

4. Discussion

We now analyse in more detail the temperature depen-
dence of oy, and discuss the mechanism responsible for
o in the composite materials. We then analyse the de-
pendence of &jpq upon o and T to determine the apparent
activation energy AGy of the obstacles that control &j,g.
We compared the temperature dependence of o, and AGg
with that which was previously reported for the unrein-
forced P/M 2024 aluminum alloy and discuss the possible
dislocation/obstacle interactions that control these param-
eters.

4.1. The dependence of oy, upon temperature
The o/ of the composites is larger in magnitude than
that of the unreinforced P/M 2024 aluminum alloy and
the difference in magnitude is largest at the low tem-
peratures (Fig. 6). Both materials have the same P/M
2024 aluminum alloy matrix which contains, in addition
to oxide particles inherent with the P/M fabrication pro-
cess, CuAl, precipitates whose quantity decreases with
increasing temperature up to about 773 K. We can there-
fore assume that the effect of the CuAl, precipitates on
o/ is the same for the composite material as it is for
the unreinforced P/M 2024 alloy. Fig. 10 shows Ao /1
versus temperature where Aoy /w is the difference in
o/ between the composites and the unreinforced alloy.
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Figure 11 Apparent thermal energy AG(tefr (Eq. 1)) of éing, normalized
with respect to strain energy of a dislocation ub?, versus the effective
indentation shear stress tefr (Eq. 2) for the indentation tests performed at
each test temperature on (a) the SiC reinforced composite, (b) the SiO;
reinforced composite, and (c) the Al,O3 reinforced composite.

Fig. 10 indicates the contribution of the particulate rein-
forcements to o w/pL.

During the indentation of the composite material, the
indenter contacts many particles (Figs. 8 and 9). This has
the effect of distributing the indentation load over a larger
surface area and reducing the effective stress felt by the
aluminum alloy matrix. While particle cracking and in-
terfacial debonding occur at all the test temperatures, the
extent of cracking and debonding increases with temper-
ature and is different for one type of reinforcement than
another. The Al,Oj3 particulate reinforced composite has
the largest magnitude of Aog/u and displays the least
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Figure 12 The apparent normalized activation energy AGo/ub® of the in-
dentation rate controlling obstacle, versus temperature T for the three com-
posites tested. The three composites tested all followed the same AGo/ub?
versus T trend with the value of AGo/ub® being lower than the previously
reported value for the unreinforced P/M 2024 alloy.

amount of debonding at matrix/particle interfaces. We
therefore conclude that variations in the trend of Ao/
versus temperature shown in Fig. 10 are due to the tenden-
cies for the different particles to crack and debond during
indentation.

The magnitude of our measured &;,4 and our observa-
tion that o,/u decreases with increasing temperature is
consistent with what is observed during the uniaxial stress
deformation of similar composites [7-9]. The magnitude
of oy, that we report is, however, considerably larger than
that reported from uniaxial stress tests. We attribute this
to the difference in the local stress state during pyramidal
indentation compared to that during uniaxial stress testing
and to the fact that the indentation tests are of much shorter
duration and therefore involve a non-steady state obstacle-
limited dislocation glide deformation mechanism (Section
1). This is discussed further in the following section.

4.2. The dependence of AGy upon
temperature

Fig. 11 shows, AG(tiyq) calculated from Eq. 1, ver-
sus Tiyg for the three composites at each temperature
tested. Extrapolation of the data trends to tjg = 0
gives the apparent activation energy, AGy, of the ob-
stacles that control éi,q. The AGy/ub® values, esti-
mated in this manner, are plotted versus temperature in
Fig. 12. Included in the plot is a line indicating the
trend for the unreinforced P/M 2024 aluminum alloy
[12]. AG, increases from approximately 0.25ub> at 473
K to 0.60ubs at 833 K. This falls within the expected
range for the activation energy of medium strength obsta-
cles, such as dislocation/dislocation interactions or dis-
location/weak particle interactions [19]. While the three
composites show essentially the same trend of AGO//Lb3
versus temperature, and the temperature dependence of
this parameter is the same as that of the unreinforced

P/M 2024 alloy, the magnitude of AGO/[,Lb3 is consis-
tently lower than that of the unreinforced alloy. This sug-
gests that, while the reinforcing particles result in a higher
threshold stress (as discussed in Section 4.1) when the in-
dentation stress exceeds oy, the obstacles that control &;,4
are weaker in the composites than in the unreinforced al-
loy. We have observed that considerable cracking occurs
in the reinforcing particles and at the particle/matrix in-
terfaces especially at high temperature. This means that
the composite samples may have more porosity and free
surfaces in the indented regions than the unreinforced al-
loy. This is especially probable at the boundaries of the
prior aluminum powders where the reinforcing particles
are clustered.

5. Conclusion

Constant-load pyramidal indentation tests were per-
formed, at temperatures from 473 K to 833 K, on P/M
fabricated 2024 aluminum alloy reinforced with particles
of Si0», SiC, and Al,O3 to investigate the kinetics of the
deformation process.

The composites all displayed apparent threshold stress
o below which the indentation rate was essentially zero.
The o /1, decreased with the increasing temperature but
was larger than that of an unreinforced P/M 2024 alu-
minum alloy particularly at the lower temperatures. We
attribute this to load-transfer that occurs when the inden-
ter contacts the reinforcing particles. This load-transfer
reduces the effective stress felt by the aluminum alloy
matrix. While particle cracking and interfacial debond-
ing was observed in the indented microstructure of all the
samples at all temperatures tested, the amount of crack-
ing and debonding increased with increasing temperature.
This, along with the decreasing amount of CuAl, precipi-
tates present in the matrix with increasing temperature, is
the cause of the observed decrease in o,/ with increas-
ing temperature.

The apparent activation energy AGyq of the average in-
dentation strain rate g;,q increased from 0.25 ub® at 473
K to 0.60ub> at 833 K. These values are within the range
of medium strength obstacles to dislocation glide such as
weak particle or dislocation/dislocation interactions but
are lower in magnitude than the value measured on unre-
inforced P/M 2024 alloy using the same test techniques
[12]. We therefore conclude that, while particulate re-
inforcement raises the oy, when the indentation stress
exceeds oy, &ing 1S limited by the obstacle-dislocation
interactions that are slightly weaker than those in the un-
reinforced alloy. This is probably related to the fact that
extensive cracking and interfacial debonding occurs in
the composite material at high temperature resulting in
internal porosity which facilitates &;,4.

The results of this investigation have demonstrated the
usefulness of high-temperature microindentation to study
the details of the high-temperature deformation of com-
plex multiphase materials.
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