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Creep of aluminum syntactic foams
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bstract

Aluminum syntactic foams with densities of 1.2–1.5 g/cm3 were deformed at 500 ◦C under constant uniaxial compressive stresses ranging from
to 14 MPa. The foam creep behavior is characterized by a short primary stage and a long secondary stage where the strain rate is constant and
inimum, followed by a tertiary stage at high stresses. The minimum strain rate varies with stress according to an apparent stress exponent n with
low value (n ≈ 1) for stresses below 8 MPa, and a high value (n ≈ 14) above 8 MPa. Finite-element modeling provides predictions for the foam

train rates that are in qualitative agreement with experimental results. Modeling also shows that the matrix transfers load to the ceramic elastic

pheres, explaining the exceptionally high creep resistance of these syntactic foams as compared to aluminum foams without ceramic spheres.

odeling finally reveals that stresses vary with position in the matrix and time during creep, and that the onset of tertiary stage is associated with
he appearance of sharp stress concentrations in the matrix.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Syntactic metallic foams consist of hollow spheres sur-
ounded by a metallic matrix [1] and are usually produced by
etal infiltration of a packed preform of ceramic (or metal-

ic) hollow spheres with sub-millimeter size [2–13]. The hollow
ature of the spheres provides two functions. First, the empty
pace within the spheres produce closed pores, which encom-
ass up to ∼60 vol.% of the total foam volume, depending
n sphere packing efficiency and wall thickness. Second, the
eramic shells create a percolating, continuous skeleton within
he foam, resulting in enhanced strength and stiffness as com-
ared to unreinforced foams with the same average density.

In previous studies, Balch et al. [10,11] studied the ambient-
emperature compressive properties of syntactic aluminum
oams containing hollow silica-mullite spheres and discussed

heir compressive stiffness, strength, damage properties and
nergy absorption in terms of load transfer between the matrix
nd the spheres. The same aluminum syntactic foams previ-
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usly examined by these authors at ambient temperature are
nvestigated in the present study at elevated temperature. The
ompressive creep rate is measured for various constant uni-
xial stresses (ranging from 5 to 14 MPa) at temperatures as
igh as 500 ◦C (corresponding to a homologous temperature of
.83). Finite-element modeling (FEM) is carried out on simpli-
ed periodic and quasi-periodic models and compared with the
xperimental creep results.

. Experimental procedures

We use aluminum syntactic foams cut from the same billet
roduced for a previous investigation; experimental procedures
or foam fabrication are described in details in the original
eferences [10,11] and are summarized here briefly. Hollow
ilica-mullite spheres with 15–75 �m diameter and 2–5 �m
all thickness (provided by Envirospheres PTY Ltd.) were

ap-packed into a preform which was pressure infiltrated with
olten aluminum of commercial purity at 710 ◦C. The solid-

fied billet was then cut into parallelepiped specimens with
mm × 3 mm × 3 mm dimensions whose densities were mea-
ured by helium pycnometry.
Constant-load compressive creep tests were conducted on

hese specimens in air at temperature between 250 and 500 ◦C
nd for engineering stresses ranging from 1 to 14 MPa. Creep

mailto:dunand@northwestern.edu
dx.doi.org/10.1016/j.msea.2008.01.022
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distribution within the foam.

Unit cells consisting of aluminum matrix containing fully
bonded hollow spheres were used. Periodic boundary condi-
tions, where the faces of the unit cell are kept flat and parallel
74 O. Couteau, D.C. Dunand / Materials Sc

eformation was significant only at temperature above 325 ◦C
nd for stresses above 5 MPa. Thus, creep results are presented
ere only for the highest temperature of 500 ◦C and for stresses
bove 5 MPa. For all samples, a total cumulative engineering
train of 5% was not exceeded unless, in a few cases, fracture
f the specimen was the goal. A direct-loading compression
reep machine was used under constant-load condition. The
ngineering strain was calculated from cross-head displacement
ata measured continuously by a linear voltage displacement
ransducer.

. Experimental results

The foam specimens displayed a density in the range
.23–1.48 g/cm3, corresponding to relative densities of
.46–0.55 (as compared to pure aluminum) and a sphere vol-
me fraction f = 59–71% (using a density of 0.62 g/cm3 for the
pheres, as measured by Ref. [11]). Foams showed a uniform
patial distribution of spheres, good aluminum infiltration of
he volume between spheres and few fragmented or infiltrated
pheres, as illustrated in Fig. 1. As reported previously [11], the
phere walls are porous and of varying thickness.

Fig. 2(a and b) shows creep curves measured for foams tested
t 500 ◦C for stresses between 5 and 13 MPa. All curves exhibit
primary creep stage with continuously decreasing strain rate,

ollowed by a secondary stage where the average strain rate
s constant (strain fluctuations on the creep curves of Fig. 2(a
nd b) were due to small thermal fluctuations in the creep fur-
ace). Finally, for stresses above 9 MPa (Fig. 2(b)), a tertiary
tage characterized by increasing strain rates appears after rela-
ively short times and this stage is usually associated with severe
amage in the foams visible as crush bands and wrinkled spec-
men sides. By contrast, for stresses below 9 MPa, no tertiary

tage is observed, even after very long testing times of about

week (6 × 105 s, not represented in Fig. 2(a) extending to
× 105 s).

ig. 1. Micrograph of metallographic cross-section for syntactic foam, showing
eramic hollow microspheres and pure aluminum matrix.
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. Modeling

The structure of syntactic foams is too complex to permit
imple analytical models of the type developed for creep of
eticulated single-phase foams, which is based on strut bending
nd compression [14,15]. Thus, FEM was carried out using the
ommercial ABAQUS package [16]. Such a numerical approach
as also the advantage, as compared to analytical modeling, to
rovide spatially and time-resolved information on the stress
ig. 2. Creep strain as a function of time measured for foams (with volume
ractions f = 59–71%, indicated next to each curve) deformed at 500 ◦C for
ompressive stresses: (a) below 9 MPa and (b) above 9 MPa.
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ig. 3. Unit cells used for FEM: (a) face cubic centered (FCC) sphere arrange
xis; (c) pseudo-random (PR) sphere arrangement with f = 55%; and (d) as (c) b
f the main axes.

n the three orthogonal space directions, allowed to simulate
foam of infinite dimensions, thus capturing the interaction

f neighboring spheres. Two types of periodic arrangement of
pheres were created: face cubic centered (FCC) and pseudo-
andom (PR), the latter corresponding to a random arrangement
f spheres in the unit cell which is repeated periodically in the
hree directions of space. As illustrated in Fig. 3(a and b), the
CC unit cell contains four sphere sections (each with 1/8 the
olume of a full spheres) and the PR unit cell contains six sphere
ections (with (1/8) − (1/2) volume). The sphere radii for both
odels are given in Table 1. For both models, the ratio between
he sphere wall thickness and the sphere radius was taken as 0.05
1:20). This wall thickness is lower than that in the experimental
oams, a discrepancy expected to have a negligible effect on the

able 1
phere dimensions for the face cubic centered (FCC) and pseudo-random (PR)
rrangements, expressed as ratio between sphere outer radius R and unit cell
ize a

phere number Fraction of full sphere R/a (−)

CC arrangement
1, 2, 3, 4 1/8 0.677

R arrangement
1 1/8 0.848
2, 3, 4 1/4 0.272
5, 6 1/2 0.344

phere numbers are indicated in Fig. 3.
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with sphere volume fraction f = 65%; (b) as (a) but rotated 180◦ around the Y
tated 180◦ around the Y axis. Uniaxial compressive stress is applied along one

atrix stress distribution. In both PR and FCC cases, the volume
raction of spheres was maximized while maintaining a large
nough volume of matrix between spheres to achieve accurate
eshing. The FCC model, being more close-packed in geome-

ry, thus achieved a higher sphere volume fraction (f = 65%) than
he PR model (f = 55%).

The creep strain was calculated from the difference in unit
ell dimension along the loading Y axis. The unit cells were
eshed by 10 nodes quadratic tetrahedral elements. Typically,
model consists of ∼25,000 such elements. The ceramic wall
aterial in the hollow spheres was considered to be elastic with
Young’s modulus of 125 GPa [11]. The pure aluminum matrix
as assumed to deform elastically with a Young’s modulus of
9 GPa at 500 ◦C [17], as well as by creep according to a power-
aw, where the uniaxial creep strain rate ε̇ is given by

˙ = Aσn (1)

here σ is the stress, A = 3.95 × 10−8 MPa−4.4 s−1 is a
emperature-dependent constant calculated at 500 ◦C from data
rovided in Ref. [18] and n = 4.4 is the stress exponent [18].
rimary creep of the matrix was ignored.

Fig. 4 shows creep curves calculated for an applied stress
f 5.1 MPa at 500 ◦C for both FCC and PR cells (with f = 65

nd 55%, respectively). Similar to the experimentally measured
reep curves (Fig. 2(a and b)), the calculated creep curves exhibit
primary region where strain rates decrease with time, followed
y a secondary region where the strain rate is near constant.
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Fig. 4. Creep strain as a function of time obtained by FEM for FCC sphere
arrangement (f = 65%) and PR sphere arrangement (f = 55%) at 500 ◦C for a com-
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ressive stress of 5.1 MPa. Curves for PR arrangement are shown for deformation
long the three main axes. For comparison, the corresponding experimental foam
reep curve is also plotted for a foam with f = 61%.

lso shown in Fig. 4 are creep curves for the PR geometry
ubjected to the same stress applied along the other two axes
X and Z axes). It is apparent that both the primary creep and
he secondary creep rate are affected by the loading direction.
n Fig. 4, the creep curve experimentally measured on a foam
hown in Fig. 2a (f = 61%) is also given for comparison: the FCC

alculated curve is closest to the experimental results, both in
erms of primary and secondary creep strain.

In Fig. 5, calculated creep curves for the FCC arrangement
t 500 ◦C are shown for various stresses. For all curves, the

ig. 5. Creep strain as a function of time obtained by FEM for foams with FCC
phere arrangement (f = 65%) for various compressive stresses at 500 ◦C.
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ig. 6. Minimum strain rate as a function of applied compressive stress as
etermined by FEM for FCC sphere arrangement (f = 65%), and as measured
xperimentally on syntactic foams (f = 59–71%).

otal accumulated primary creep strain and the secondary creep
ate increase with increasing stress. As for the experimentally
easured foams plotted in Fig. 2(a and b), the creep behavior

f the FCC foams can be divided in two regimes: (i) for stresses
elow 11 MPa, no tertiary stage is visible; (ii) for stresses above
1 MPa, a tertiary stage is present, starting at shorter times as
he applied stress increases.

. Discussion

.1. Comparison with continuum models

Fig. 6 shows a double-logarithmic plot of minimum state
train rate measured on foams (f = 59–71%) as a function of
pplied stress. As for the experimental creep curves shown
n Fig. 2(a and b), two regimes can be distinguished. Below
MPa, the apparent stress exponent (i.e., the slope of the best-
t line in Fig. 6) is close to unity. Above 8 MPa, the minimum
train rate increases much more rapidly with the applied stress,
eading to an apparent stress exponent close to 14. In the low-
tress regime, the minimum strain rates are in the range 10−8

o 10−7 s−1, which is about six orders of magnitude smaller
han the minimum, secondary strain rate for pure aluminum at
he same stresses and temperature, calculated assuming defor-

ation by dislocation power-law [18]. Furthermore, aluminum
oams without reinforcement are expected to creep faster than
ure aluminum by a factor F, dependent on the relative density
*/ρs (where ρ* is the foam density and ρs is aluminum density).
or a model considering bending of struts by creep [19], this fac-

or takes a value F = 33(ρ*/ρs)−7.1 (using n = 4.4 for aluminum),

hile for a model assuming creep compression of struts [14],

he factor is F = 126(ρ*/ρs)−4.4. For an aluminum foam with the
ame relative density (ca. ρ*/ρs = 0.50) as our syntactic foams,
he factor F is then in the range 2700–4500. Thus, for stresses
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elow 8 MPa, the creep rate of the syntactic aluminum foams
s slower by over nine orders of magnitude as compared to a
ypothetical unreinforced aluminum foam of the same relative
ensity. Even for the highest stress measured here, the syntac-
ic foams have creep rates more than four orders of magnitude
ower than calculated for an unreinforced aluminum foam. This
emarkable improvement in compressive creep response is due
o the presence of the reinforcing spheres which affect creep by
wo mechanisms, as in cast metal matrix composites with large
>100 �m) monolithic spheres: (i) the reinforcement constrains
atrix flow and (ii) the reinforcement carries a comparatively

arge portion of the applied stress, due to the load transfer effect
xamined by Balch and Dunand [11] at ambient temperature.
oth effects are captured by FEM, as discussed below.

.2. Finite-element model—effect of stress

To date, models for creep in metallic foams consider beam
eformation in a cellular architecture as the basic deformation
echanism, which has been described by continuum mechanical

quations [14,19,20–26] or by FEM [15,27,28]. This approach
annot be used for syntactic foams because they do not contain
he beams found in cellular, reticulated foams considered in the
bove models. For syntactic foams, pores are closed and sur-
ounded by stiff, non-creeping shells, and deformation occurs
n the creeping metallic matrix surrounding the hollow micro-
pheres. This architecture is similar to that found in metal matrix
omposites containing non-hollow particles, for which the FEM
pproach has been successful to describe creep deformation
29–32]. However, very few FEM studies have investigated
echanics of syntactic metallic foams [33,34] and none have

one so at elevated temperature, to our knowledge.
The present FEM model captures qualitatively the pri-

ary, secondary and tertiary stages observed experimentally
Figs. 2 and 5, respectively). The secondary creep rates deter-
ined for all calculated creep curves (shown in Fig. 5) are plotted

n Fig. 6 for the FCC arrangement (due to limited computational
ime and resources, the effect of stress on the strain rate of the
R model was not investigated). This minimum strain rate deter-
ined by FEM exhibits the same trends as found experimentally

or the syntactic foams: for lower stresses, the apparent stress
xponent is close to unity, whereas for higher stresses, it is close
o 13. Furthermore, the critical stress at which the stress expo-
ent changes is quite well predicted: ∼11 MPa for the calculated
CC foams as compared to ∼8 MPa for the experimental syntac-

ic foams. Due to periodic boundary conditions and the lack of
irect contact between spheres, using the PR rather than the FCC
tructure does not noticeably improve the accuracy of the cal-
ulations. FE calculations with higher number of elements were
ttempted but could not be carried out to long enough creep
imes due to hardware limitations. It is thus likely that the cur-
ent predictions for minimum strain rates carry large errors, but
he goal of the modeling is to provide a qualitative comparison

ith data only. Furthermore, the variation of sphere diame-

ers and wall thicknesses in real foams and the complex sphere
patial arrangements (including sphere-to-sphere contacts) pre-
ent a direct quantitative comparison between FEM results and

•
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xperimental results, also given the broad range of volume frac-
ions (f = 59–71% for the experimental foams as compared to
he model (f = 65%). The relatively good match between model
nd experiments for both creep curves (Figs. 2 and 5) and stress
ensitivity of strain rate (Fig. 6) may thus be somewhat for-
uitous, but we believe it is a reflection of the fact the models
apture the fundamental aspects of creep deformation of syntac-
ic foams, including load transfer and the highly inhomogeneous
tress distribution in the creeping matrix, as discussed below.

In unreinforced metals and alloys, a low-stress exponent close
o unity is typical of Newtonian flow associated with diffusion-
ontrolled creep and superplastic deformation. Here, however,
he foam matrix deforms by power-law dislocation creep with a
tress exponent n = 4.4, both in the FEM simulations (as speci-
ed in the model) and in the experiments. The latter can safely be
ssumed, since the foams have very coarse grain size (expected
rom the casting process) and the contribution of matrix/particle
nterfacial sliding can be assumed to be insignificant, due to
he large size of the spheres and the expected good bonding
etween the aluminum matrix and the silica-mullite spheres.
hus, the low value of the apparent stress exponent corresponds

o a dynamical steady state between continuously evolving load
ransfer between matrix and spheres, matrix stress concentra-
ions and spatial distribution of spheres and matrix. For higher
tresses, the apparent stress exponent (n = 14) is much higher
han that of the matrix (n = 4.4), as also observed in many
luminum-based metal matrix composites [35,36] where it is
ften interpreted as a threshold stress. Here, there is no micro-
copic mechanism for a threshold stress, and the high apparent
tress exponent is again due to a complex dynamic steady state.
hus, for both low- and high-stress regimes, the deviation of

he foam stress exponent from the matrix value (n = 4.4) is not
he result of a new mechanism (diffusional creep or threshold
tress), but rather a result of load transfer varying with time and
train.

.3. Finite-element model—stress distribution

The FEM results were further analyzed by determining the
atrix stress distribution during a simulated creep test. The

reep curve for a stress of 14 MPa, shown in Fig. 5, is repro-
uced in Fig. 7(a), to allow a better visualization of the primary,
econdary and tertiary characteristic deformation stages and to
how the seven different points where the equivalent von Mises
tress distribution in the matrix was determined according to the
ollowing procedure:

The von Mises stress for each matrix element was calculated
as the mean of the values for the four individual integration
points included in a tetrahedral element (integration point
gives the most accurate value for the element stress).
For each element, the volume was calculated, allowing bin-
ning of stress interval into a histogram representing the

volume fraction of matrix whose von Mises stress is included
in a given stress interval.
Volume fractions fi are calculated as the sum of the volume
of all matrix elements with a von Mises stress between σi
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Fig. 7. (a) Creep strain as a function of time as calculated from FEM for FCC
sphere arrangement (f = 65%) deformed at 500 ◦C under 14 MPa stress; (b) cor-
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esponding von Mises stress distribution in the matrix, calculated at seven creep
trains labeled in (a). The volume average von Mises stress is indicated for
istograms 1, 3 and 7. The applied stress is marked with a vertical dotted line.

and σi + �σ (where �σ = 0.1 MPa) normalized by the total
volume of the matrix.

Stress distribution histograms (plots of volume fraction fi ver-
us von Mises stress in the matrix) are shown in Fig. 7(b) for the
even points along the creep curve shown in Fig. 7(a). For the
ake of clarity, the histograms are shifted along the volume frac-
ion axis. Immediately upon loading (histogram 1 in Fig. 7(b)),
he matrix volume average von Mises stress is 9.7 MPa. This is
ower than the uniaxial applied stress of 14 MPa, indicating that
lastic load transfer occurs from matrix to the hollow spheres, as
odelled by Balch and Dunand [11] based on the enhanced stiff-

ess of syntactic foams as compared to foams without ceramic

ollow spheres.

After a short creep time interval in the primary stage (his-
ogram 2 in Fig. 7(b)), the matrix volume average stress has
ropped to 1.5 MPa, reflecting considerable further load trans-

s
w
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er from matrix to spheres as a result of matrix creep. The stress
istribution has also narrowed (with most of the matrix exhibit-
ng stresses between 1 and 2 MPa), indicating that relaxation of

atrix areas with locally high stresses has occurred.
In the secondary creep stage (histogram 3 in Fig. 7(b)), the

atrix volume average stress further decreases to a value of
.8 MPa, indicating that the vast majority of the applied load
s carried by the stiff, non-creeping hollow spheres. Only one
istogram (histogram 3) corresponding to the secondary creep
tage is shown in Fig. 7(b), but histograms were calculated over
he whole secondary stage and the volume average von Mises
tress remained constant within a 0.1 MPa variation. This fur-
her confirms that a quasi-steady state is achieved during creep
eformation in the secondary creep stage.

At the onset of the tertiary stage, stress increases significantly
n the matrix over a very short period of time (<10 s), as illus-
rated in histogram 4 in Fig. 7(b)). Elements with stress values
s high as 100 MPa appear, and are located in the thin matrix
egions separating the spheres. In the tertiary stage (histograms
–7), the volume average matrix stress increases steadily as these
tress concentrations become more pronounced and the overall
oam strain increases.

In summary, the FEM analysis indicates that stress concen-
rations, initially present upon elastic loading due to the elastic

ismatch between matrix and spheres, become attenuated dur-
ng the primary creep stage due to localized matrix creep. This
eads to a long period of secondary creep with low matrix vol-
me average stress and little stress concentration. The tertiary
reep stage is related to the re-appearance of sharp stress con-
entrations in the matrix, resulting in rapid localized matrix
eformation. This scenario provides some guidance for the
esign of syntactic foams optimized to delay the onset of ter-
iary creep (leading to failure): these foams should display an
rchitecture minimizing matrix stress concentrations, e.g., by
sing spheres with smooth surfaces and uniform sizes and spac-
ngs. The arrangement, stiffness, connectivity and coordination
umber of the spheres are also important parameters to take into
ccount.

. Conclusions

Syntactic foams, consisting of hollow ceramic microspheres
n an aluminum matrix, were subjected to uniaxial compres-
ive stresses at elevated temperatures. As expected from their
igh compressive strength and stiffness previously observed at
oom temperature [10,11], the foams are exceptionally creep
esistant at 500 ◦C as compared to reticulated foams without
eramic shells with the same density. All creep curves exhibit
primary stage where the strain rate decreases, followed by a

econdary stage where the strain rate is minimum, and, at high
tresses, a tertiary stage where the strain rate increases. In the
econdary stage, the apparent stress exponent is close to unity for
tresses below ∼8 MPa, increasing abruptly to ∼14 for higher

tresses. FEM gives results which are in qualitative agreement
ith experimental strain rates.
FEM also sheds light on the details of creep deformation

ccurring in the matrix of these syntactic foams. In the primary
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tage, the average matrix stress as well as stress concentration
reated during elastic loading of the foam decrease as a result
f matrix creep and the resulting load transfer to the ceramic
pheres. The secondary stage is characterized by low matrix
tresses and stress concentrations. The tertiary stage appears due
he re-emergence of stress concentrations in the matrix volume
etween spheres, resulting in a steady increase in the share of
he load carried by the matrix.
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