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Abstract The effect of artificial aging on the compres-
sion yield strength of an open-cell AA6101 foam is studied
using both experimental and modeling approaches. Iso-
thermal calorimetry is used to analyze the precipitation
kinetics of the foam. The modeling work combines the
established approaches for predicting the yield strength of
open-cell metallic foams as a function of the relative
density and normalized strength, as well as the age hard-
ening behavior of AA6101 alloy. The foam yield strength
is related to the evolution of precipitate content during
aging and is modeled for artificial aging at 180 and 220 °C.
It is shown that the model predictions match very well with
the experimentally determined yield strength values. The
overall results suggest that the presented analytical and
modeling approaches can effectively be used to predict the
precipitation hardening behavior and/or optimize process-
ing and properties of AA6101 foams.

Introduction

Aluminum foams are among the new engineering materials
with numerous desirable properties such as high specific
strength and stiffness, energy absorption, and damping
capacity [1-6]. These properties create great potential for
aerospace applications, as well as lightweighting and
crashworthiness in the new generation of passenger cars
and transportation vehicles. There have been numerous
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investigations on the processing, characterization, proper-
ties, and performance of metallic foams in the past
25 years, which have provided a wealth of knowledge on
these advanced materials [e.g. 1-20]. The analysis of the
deformation mechanisms in cellular solids by Gibson and
Ashby in early 1980s [e.g. 7] have yielded simple modeling
formulations relating the relative density to normalized
mechanical properties of foams. These models have
become widely accepted in the analysis of the mechanical
behavior of cellular materials since then [1, 2, 8-16]. The
model that relates the compressive yield strength of an
elastic—plastic foam to its relative density is given as fol-
lows [1]:
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where o), is the plastic collapse strength (i.e. yield
strength) of the foam and oyg the yield strength of the cell
wall material. C is the proportionality constant related to
cell geometry, and found to be approximately 0.3 for a
wide-range of open-cell metallic foams [1, 2]. The two
parameters p* and p, are the densities of the foam and the
solid cell-wall material, respectively. The influence of heat
treatment on the compressive strength of aluminum foams
has been investigated by various researchers. Lehmus et al.
[6, 17, 18] have reported that age hardening of as-fabri-
cated and solution treated foam specimens results in
significant increase in the compressive strength of closed
cell AA6XXX and AATXXX foams. Similarly, Chan and
Chan [19] have found that age hardening treatments sig-
nificantly increase the compressive yield strength of
closed-cell SiC particle reinforced A356 and open-cell
AA6061 foams. However, the ductility reduces and the
failure mode changes from ductile to brittle in the age
hardened AA6061 foam [19]. Zhou et al. [20] have studied
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the effect of heat treatment on the compressive deformation
behavior of open-cell Duocel® AA6101 foam. Their
results also indicate that solution treated and artificially age
hardened (i.e. T6 temper) foam attains a higher level of
strength compared to the as-fabricated or annealed tempers
of the foam. Despite these efforts in establishing the effect
of age hardening heat treatments on strengthening of var-
ious aluminum foams, the precipitation hardening behavior
of foams has not been effectively modeled. The present
work aims at providing a predictive tool that relates the
yield strength of an open-cell AA6101 foam to its micro-
structural evolution during age hardening processes. The
microstructural evolution of the foam is studied using the
isothermal calorimetry procedure introduced by Esmaeili
et al. [21]. The results of the calorimetry experiments are
used to determine the precipitation kinetics of the foam
material using the Johnson-Mehl, Avrami and Kolmogorov
(JMAK) approach [22]. The kinetic parameters are then
used to model the yield strength of the foam by combining
Eq. 1 with the yield strength model developed by Esmaeili
et al. [22]. The model predictions are validated using the
results of compression tests on age-hardened foams.

Experimental procedure

Open-cell Duocel™ 6101 Aluminum foam, with a pore size
of 10 ppi (i.e. pores per inch) and a nominal relative foam
density of 6-8%, is used in this investigation. The ASM
Handbook gives the nominal (maximum) alloying element
content of the alloy as: 0.1 wt% Cu, 0.35-0.8 wt% Mg, and
0.30-0.70 wt% Si [23]. The as-fabricated foam blocks are
obtained from ERG Materials and Aerospace Corporation,
Oakland. Test samples are cut from the foam blocks using
a band saw.

The heat treatment of foam samples includes solution
treatment in an air furnace at 560 °C for 1 h, followed by
air quenching to room temperature and subsequent aging
treatments in an air atmosphere. Age hardening treatments
are conducted in the temperature range of 180-220 °C, due
to the relevance of these temperatures to commercial arti-
ficial aging treatments of AA6XXX bulk alloys and foams
[e.g. 20, 21]. Although quenching in air is not as fast as
water quenching and may result in the loss of solutes to
grain boundary precipitation, this quenching procedure is
selected to reduce the time delay between the quenching
and aging practices. This is particularly important consid-
ering that the isothermal calorimetry samples should not
have water residue (from the water quenching practice)
when the test starts. Therefore, air quenching eliminates the
need for sample drying prior to the calorimetry tests. In the
present work, the time that a sample is kept at room tem-
perature after air quenching and prior to the start of aging
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treatment is less than 2 min. It should be noted that the
yield strength values obtained in the present age hardened
foams might be smaller than the values reported in the
literature for the commercially heat treated Duocel™ foam
samples, due to the selected solutionizing and quenching
procedure.

Isothermal calorimetry tests are conducted using a
SETARAM C80 Calorimeter. Samples of 5 x 5 x 40 mm
(approximately 870 mg) are used for this purpose. Calo-
rimetry tests, which represent artificial aging treatments,
are conducted at 180, 200 and 220 °C for durations cor-
responding to the overaged conditions of the alloy (up to
20 h). The calorimeter, with empty test and reference
vessels, is allowed to stabilize at the test temperature
before starting data acquisition. The test run then starts by
opening the test vessel’s lid and dropping the solution
treated and quenched sample into the test vessel, while the
reference vessel is kept empty. This sample introduction
method creates an initial destabilization of the calorimeter
and a large endothermic effect at the start of the test, both
of which are corrected using baseline runs [24]. In order to
obtain the baseline trace at the test temperature for a foam
sample, a second test is conducted on the sample which has
overaged during the first test run at that temperature. The
same data acquisition parameters and sample drop proce-
dure are used for this second run. The result of the baseline
run is then subtracted from the result of the test run and an
appropriate time shift is applied for the correction of the
initial calorimeter disturbance [24]. The calorimetry tests
are repeated at least three times at each test temperature to
ensure repeatability of the results.

The foam samples for compression testing are cut into
rectangular-based blocks of approximately 44.0 x 44.0 x
50.8 mm with the long dimension in the direction of cell
orientation. These dimensions are chosen to ensure that
sample size effects are eliminated by having at least eight
cells in each direction [1, 25]. The sample dimensions are
measured with digital calipers to an accuracy of 0.1 mm.
The mass of each sample is recorded to an accuracy of
0.0005 g for calculation of the foam density. The relative
density (i.e. Z—*) is calculated by dividing the foam density
by the densitﬁr of aluminum (i.e. 2.8 g/cm?). The relative
density values vary between 7.4 and 7.5%. As noted in
Section “Modeling of the yield strength”, the latter is
chosen in using Eq. 1 for modeling of the foam strength.
Samples are aged for 1, 2, 4, and 7 h at 180 °C and 0.5, 1,
1.5, 2, and 4 h at 220 °C prior to compression testing. The
samples are compressed in the direction of the overall cell
elongation using an Instron 4205 machine fitted with a
15,000 Kgf load cell. Crosshead speed during compression
is 20 mm/min. Testing is halted when the load reaches
7,000 Kgf. Although for the current analysis only the yield
stress values are required, this ensures deformation beyond
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foam densification and allows the full stress—strain
behavior to be studied. The tests are performed at least two
times for each aging condition, with a majority of them
repeated three times, to ensure repeatability of the stress—
strain curves.

Experimental results and modeling analysis
Isothermal calorimetry

The results of the isothermal calorimetry tests at 180, 200,
and 220 °C are shown in Fig. 1. Exothermic heat effects,
ie. % (in mW/mg), which rapidly rise to maximum values
and then slowly reduce to the baseline levels of the calo-
rimeter are observed in each case. Following the reports on
the precipitation hardening behavior of AA6XXX alloys,
the time to reach the baseline level of the heat effect (i.e.
“zero heat effect”) during artificial aging is considered as
the peak-aged condition [21, 22, 24, 26]. These times, i.e.
Iheak» are measured as 10 h at 180 °C, 5 h at 200 °C, and
4 h at 220 °C. The integrated areas under the isothermal
traces up to the peak-aged conditions, i.e. f(;’”“k %dr, are
measured as approximately 5.4 J/g for 180 °C, 3.7 J/g for
200 °C, and 4.1 J/g for 220 °C. Considering all the
experimental, as well as the measurement errors [22, 24],
these values are very similar. This finding suggests that the
foam alloy, as in the case of AA6111 alloy [21, 22], has
similar precipitate contents for the peak-aged conditions in
the temperature range of 180-220 °C. The evolution of the
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Fig. 1 Results of the isothermal calorimetry tests on foam samples at
180, 200, and 220 °C

relative volume fraction of precipitates, i.e. f,, is estimated
using the following equation [21]:
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where ¢ is the aging time. These experimentally estimated
results for f, at different temperatures are shown in Fig. 2.
Typical curves, representing the kinetics of precipitation in
AA6XXX alloys [21, 22], are obtained. The precipitation
rate in each case is initially rapid and then slowly decreases
with aging time.

It has been shown that the evolution of the precipitate
volume fraction during artificial aging of as-quenched
AA6XXX alloys can be approximated using the JMAK
kinetic model as follows [e.g. 22, 26]:

fr=1—exp(—kt") 3)

where k (in s™") and n (dimensionless) are the Kinetic
parameters. Equation 3 is fitted to the experimental results
obtained from the analysis of the isothermal calorimetry
traces according to Eq. 2. The kinetic parameters are
obtained by the conventional procedure of fitting a straight
line to the experimental In In #) vs. In t data and finding
the slope (i.e. n) and the y-intercept (i.e. In(k)) of the fitted
line in the f, range of 0.05-0.95 [26]. Similar to the results
on other AA6XXX alloys [22, 26, 27], it is found that
n =2 1 for all the three temperatures. Table 1 lists the values

Relative Volume Fraction (f')
r
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Fig. 2 Evolution of the relative volume fraction of precipitates in the
foam samples during aging at 180, 200, and 220 °C
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Table 1 JMAK kinetic parameters

Temperature (°C) n k™Y R?

180 1 1.05E-04 0.995
200 1 2.30E-04 0.994
220 1 3.60E-04 0.994

obtained for k and n along with the correlation coefficient
(R?) at each temperature. These values are used to obtain
the temperature dependence of k according to the
Arrhenius relationship as follows [22]:

—04
k = koexp (W) 4)
where Q4 is an apparent activation energy in kJ/mol, T is
the temperature in Kelvin and R is the universal gas con-
stant. The plot of In(k) vs. %, which yields Q4 = 57 kJ/mol
and ko == 457 sfl, is shown in Fig. 3. The values obtained
for n, Qu, ko are used to predict the evolution of the volume
fraction of precipitates during artificial aging of the foam
material according to JMAK kinetic model. The predicted
values of f, are shown in Fig. 2 for direct comparison with
the values obtained from calorimetry data (i.e. Eq. 2).

Compression testing

Compression testing results showed typical stress—strain
curves previously reported for plastic foams in general [1]
and the Duocel™ foam in particular [20]. A representative
result from an underaged foam, showing schematic elastic—
plastic (I), plastic (IT), and full densification (III) regimes, is

-7.8

In(K) = 6.1239 | 6906.1x(1/T) R’= 0.98273

. N . . . :

B — S— NC— S— S— .

In(k) (kins™)

1) . S — S — S — .

8.8 oo oo oo N oo .

-9.2

0.002 0.00205 0.0021 0.00215

1/Temperature (1/K)

0.0022 0.00225

Fig. 3 Temperature dependence of the kinetic parameter k
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Strain

Fig. 4 A typical stress—strain curve for an underaged Duocel®™ foam
and a schematic presentation of various deformation regimes

shown in Fig. 4. The yield strength of the foam, which
occurs in the boundary region overlapping regimes (I) and
(II), is taken as the maximum (i.e. upper yield) stress if the
curve displays a “stress peak and valley” as a result of
yielding [20]. If the curve does not display such a distinctive
yielding, and rather a gradual increase in stress with strain is
observed, the stress at a strain of 0.05 is taken as the yield
strength [6]. It should be noted that the average value of the
measured yield strengths for each aging condition is
reported in this work and the variation of 1-15% between
the measured and average values have been recorded for the
tested aging conditions. This variation was significantly
lower than the aging response of the as-quenched foam at
any aging condition. The average yield strength values are
used to validate the predictions of the foam yield strength,
as presented in Sect. “Modeling of the yield strength”.
The stress—strain curves obtained for the aged foams at
180 and 220 °C are demonstrated in Figs. 5 and 6,
respectively. For the purpose of clarity, selected aging
times, and the strains up to 0.7, have been included in these
figures. The results show that the levels of the so-called
stress plateau [1, 20] and the yield strength increase with
the increase in aging time. The yield strength values are
reported in Figs. 7 and 8. It is noted that the yield strength
of the solution-treated and subsequently air-quenched
sample is approximately 0.5 MPa, while the peak yield
strength values of approximately 1.3 and 1.1 MPa are
achieved for aging of 7 h at 180 °C and 4 h at 220 °C,
respectively. It should also be mentioned that samples aged
for 7 h at 180 °C, 2 h at 220 °C and 4 h at 220 °C display
yielding peaks and valleys on the stress—strain curves,
whereas the specimens aged for shorter times at
these temperatures do not display such phenomenon. The
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Fig. 5 Compression tests results of samples aged for various times at
180 °C
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Fig. 6 Compression tests results of samples aged for various times at
220 °C

stress—strain curves beyond the yield strength values are
generally smooth in all cases.

Modeling of the yield strength

The yield strength of the foam is related to its relative
density, as well as the yield strength of the cell wall
material, according to Eq. 1. The measured relative density
of the foam (i.e. f}—j = 0.075) is used as the model input,
while the yield strength of the cell wall material as a

Fig. 7 The evolution of the foam yield strength and its relative
volume fraction of precipitates during aging at 180 °C
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Fig. 8 The evolution of the foam yield strength and its relative
volume fraction of precipitates during aging at 220 °C

function of aging time at temperature is predicted using the
model developed by Esmaeili et al. [22]. According to this
model, the yield strength of the alloy is the linear sum-
mation of three different contributions of the intrinsic
strength of pure aluminum, i.e. o;, the solid solution
strengthening, i.e. g, and the precipitation strengthening,
i.e. g, This is presented as follows:

Oy = 0; + Og + Oppr. (5)

Both o, and o0,, are functions of the extent of
precipitation during aging and are given according to the
following equations:
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Oss = O—Oss(l - O(fr)z/3 (6)

Oppt = Cl (fr)l/2 (7)

where o, is solute contribution to the yield strength when
the alloy is in the supersaturated solid solution (i.e. as-
quenched) state. The parameter «, which represents the
fraction of the initial solute content depleted from the
matrix when f, approaches unity, is assumed to be 1 [22].
C, is the calibration parameter that relates the precipitate
strengthening at aging time ¢ to the microstructural
parameters of the peak aged alloy in the temperature range
of interest [22]. The evidence for the similar precipitate
content at the peak-aged condition, as discussed in Sect.
“Compression testing”, enables using a constant value for
C, at the artificial aging temperatures used in this work
[22]. It should be noted that Eq. 7 has been chosen to
represent the precipitate strengthening assuming that the
precipitates act as strong obstacles to dislocation motion.
This has been reported to be the case for a number of other
AA6XXX alloys for similar aging conditions [22, 24, 27].

The yield strength of the foam alloy is predicted using
the modeled values for f, and the required calibration
parameters. The intrinsic strength of pure aluminum is
taken as 10 MPa, while the calibration parameter oy, is
obtained based on the knowledge of the yield strength of
the AA6XXX alloys in the as-quenched condition [21, 22,
24, 27, 28]. This value is assumed to be 20 MPa in the
present work. The parameter C; is obtained based on the
assumption that the yield strength of the alloy at the peak-
aged condition is 193 MPa. This gives C; = 183 MPa. It
should be noted that the value o, = 193 MPa has been
provided in the ASM Handbook [23] for the T6 temper of
AA6101. The interested reader is referred to reference [22]
for the details of the calibration parameter estimation from
the experimental yield strength values.

The foam yield strength is obtained using Eq. 1, with
C = 0.3, and incorporating the predicted values for the
yield strength of the alloy. The modeling results, along
with the experimentally determined yield strength values of
the heat-treated foam samples, are plotted in Figs. 7 and 8
for the aging temperatures of 180 and 220 °C, respectively.
The corresponding modeled evolution of the relative vol-
ume fraction of precipitates is also included in each figure.
The agreement between the modeling and experimental
results for the foam yield strength is very good at both
temperatures, with the variation between average experi-
mental values and model values no larger than +10% for
the entire aging period. The sources of error in modeling
results include mainly the choice of calibration parameters
from the general literature data, as well as the errors related
to the measurement and modeling of f,. The comparison of
the yield strength evolution during aging with the
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corresponding evolution of f, shows the direct relationship
between the two. In other words, a fast increase in the
precipitate content during the early stages of aging corre-
sponds to a fast increase in the yield strength of foam
during aging. Similarly, the slow increase in the precipitate
volume fraction when f, approaches 1 results in leveling of
the yield strength increase with aging time. Further to these
observation, Figs. 7 and 8 show that the relative volume
fraction of precipitates are larger than 0.9 (i.e. larger than
90%) for the aging conditions of 7 h at 180 °C, and 2 h and
4 h at 220 °C. This might explain the observation of upper
yield points on the stress—strain curves for 7 h at 180 °C,
and 2 h and 4 h at 220 °C, indicating a possible gradual
loss of ductility as the microstructural state of the alloy
approaches overaging. The above suggestion is based on
the knowledge that a brittle foam produces a rough stress—
strain curve and displays a distinct upper yield point fol-
lowed by a drop in stress [1]. Although the present stress—
strain curves are generally smooth beyond the yield point,
the appearance of the upper yield point may denote some
reduction in ductility. The reduction in ductility and a
transition from ductile to brittle fracture mode has also
been reported in an open-cell AA6061 foam after age
hardening treatment of 18 h at 160 °C [19]. Further
microstructural characterization and fractography of the
cell walls of aged and tested samples are required to verify
that loss of ductility due to overaging is the main reason for
the appearance of upper yield points on the stress—strain
curves.

The results of the present work suggest that the
approaches adopted here provide viable tools for relatively
accurate prediction of the foam strength as a function of its
microstructural evolution during age hardening treatments.
This is particularly of practical importance, considering
that the entire microstructural characterization and mod-
eling practices need only a small number of experiments
and calibration parameters. The evidence for the gradual
loss in ductility of the foam when the overaging approaches
suggest that the age hardening heat treatments should be
controlled to optimize the combination of mechanical
properties such as strength and energy absorption capacity.
The approaches adopted in this work can help to achieve
the processing/property optimization goals with minimal
experimental work.

Summary and conclusions

The present work has aimed at introducing a predictive tool
to relate the yield strength of an open-cell AA6101 alu-
minum foam to its microstructural evolution during age
hardening treatments. A recently developed isothermal
calorimetry procedure has been used to characterize the
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evolution of the volume fraction of precipitates during
artificial aging in the temperature range of 180-220 °C.
The kinetics of precipitation has then been formulated by
fitting the so-called JMAK kinetic model to the experi-
mentally analyzed results. The yield strength of the aged
foam has been modeled by adopting the established rela-
tionship between the normalized yield strength and the
relative density of the foam and the yield strength model
developed for AA6XXX alloys. The results have shown
that the evolution of the yield strength of the AA6101
aluminum foam during artificial aging can be predicted
with an accuracy level of £10%. The comparison of the
evolution of the yield strength of foam with its corre-
sponding microstructural evolution during aging has
confirmed the direct influence of precipitation on the foam
strength and its stress—strain behavior. The work has con-
firmed that the presented analytical and modeling approach
can be effectively used to predict the strength and/or
optimize processing and properties of the aged foams.
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