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bstract

Commercial open-cell aluminum alloy foams are subjected to chemical dissolution to reduce their density. Dissolution rates are measured for
arious pH, temperature and alloy heat-treatment conditions, and the resulting foam structures and surface conditions are evaluated by microscopy

nd X-ray microcomputed tomography to identify conditions which minimize corrosive damage. The effect of uniform dissolution on foam
ompressive mechanical properties is interpreted in terms of these observations. A method for production of density-graded foam samples from
niform-density precursors is also demonstrated.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Metallic foams are used in sandwich panels and other
ightweight structural components, in energy absorption
ystems for impact protection, as heat sinks for electronic
evices, and as acoustic insulation [1,2]. Advances in metallic
oam processing have historically focused on improving
niformity in foam structure and properties, and variations in
ocal density or architecture have been avoided as undesirable
1,2]. Recent work, however, indicates that in certain cases
e.g., structural components [3–5], biomaterials [6], electrode
aterials [7,8] and heat transfer devices [6]) controlled-density

radients allow for improved foam performance as compared
o uniform-density foams of equal mass.

In response to this development, several approaches to
ensity-grading of low-density metallic foams have been
tudied, and processing methods are now available for density-
raded Cu [6,9], Ni [7], Mg [10] and Al [4,11] foams. In
his report, we consider a new method based on chemical
issolution (chemical milling) of uniform-density metallic

oams, which produces continuous density gradients and which
ay be simpler to implement than previous methods, in which

ensity-grading is performed concurrently with foaming. The

∗ Corresponding author. Tel.: +81 97 552 7481; fax: +81 97 552 6975.
E-mail address: matumoto@oita-ct.ac.jp (Y. Matsumoto).
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nfluence of processing conditions (e.g., solution pH, temper-
ture and alloy temper) on chemical dissolution of commercial
pen-cell aluminum alloy foams was documented. The effect
f dissolution on foam structure and surface condition was also
xamined, and the least-damaging dissolution conditions were
ssessed using microscopy, X-ray microcomputed tomography
nd mechanical properties measurements. By continuously
emoving a dissolution bath from a container in which foams
ere suspended, a method for continuously grading foam

elative density from 10 to 5% was demonstrated.

. Experimental procedures

.1. Uniform dissolution

Duocel® reticulated aluminum foam sheets were fabricated
rom 6101 aluminum alloy (hereafter, Al-6101) by ERG
erospace (Oakland, CA, USA) using a casting method
escribed by Ashby et al. [1]. The nominal pore density of
he foam sheets was 0.8 pores/mm (20 pores per inch), and
he nominal relative density was 10%. Bulk alloy specimens
ere cut from Al-6101-T61 extruded bus bar with a rectangular
ection of 6.35 mm × 50.8 mm, manufactured by Central
teel & Wire Company (Chicago, IL, USA). The chemical
ompositions of the foam and bulk alloy are shown in Table 1.
or comparison, the nominal chemical composition of Al-6101

mailto:matumoto@oita-ct.ac.jp
dx.doi.org/10.1016/j.msea.2006.10.049
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Table 1
Chemical composition (wt.%) of bulk and foamed Al-6101

Sample Cu Mg Mn Si Fe Zn B Others Al
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ominal composition 0.10 (max.) 0.35–0.80 0.03 (max.) 0.30
0PPI foam 0.03 0.22 0.01 0.20
ulk alloy 0.04 0.47 0.02 0.29

12] is also given. After fabrication, the foams were given a
6 heat-treatment by the manufacturer. This treatment involves
olutionizing at 527 ◦C for 8 h, prior to water quenching and
ging at 177 ◦C for 8 h to induce age hardening by Mg2Si
recipitates. To investigate the influence of these precipitates on
orrosion and dissolution characteristics, an additional solution
reatment (ST) at 530 ◦C for 30 min (for foams) or 1 h (for
lates) was given to certain samples.

Quadrilateral foam samples (ca. 10 mm × 10 mm × 5 mm)
ere cut using a diamond saw from an as-received foam sheet

nd immersed in stirred 1000 mL baths of aqueous HCl or
aOH, whose pH was set and monitored using a pH meter

quipped with a glass electrode. Changes in solution pH (towards
eutrality) were observed during dissolution experiments, par-
icularly at low HCl and NaOH concentrations. Therefore, solu-
ions were replaced at intervals of less than 15 h for the pH 3
Cl solution (in which the average pH change was +0.082 h−1)

nd the pH 10 NaOH solution (average pH change −0.21 h−1).
n the more concentrated solutions, with rates of pH change of
0.003 h−1 (pH 1) to −0.015 h−1 (pH 13), the solutions were
eplaced whenever necessary, in order to maintain their pH val-
es within 15% of the target values.

Mass losses were measured after every few hours of immer-
ion, after washing in deionized water and ethanol, and drying.
issolution rates were then estimated from mass losses using
anufacturer provided data for foam surface areas, under the

ssumption of uniform corrosion. These specific surface areas
ecreased with relative density, and the values were 19.0, 17.4,
5.3 and 12.3 cm2/cm3 for 10, 8, 6 and 4% dense foams, respec-
ively. Interpolated specific surface areas were used for the esti-

ate of true mass losses. In addition, such data were used when
ecessary, in order to convert mass loss to linear dissolution rate
i.e., thinning velocity). For comparison purposes, bulk coupons
6 mm × 25 mm × 1.5 mm) of known surface area were cut from
xtruded plates, polished with 1200 grit SiC paper, cleaned and
ubjected to the same series of dissolution conditions. These
xperiments were carried out for various temperatures and pH
alues by varying the concentration of HCl or NaOH in the
aths.

.2. Structural analysis

The effects of dissolution on foam architecture and surface
ondition were evaluated using optical and scanning electron
icroscopy (SEM, Hitachi S3500-N). In addition, certain foam
pecimens were selected for detailed analysis using a com-
ercial microcomputed tomography (�CT) system (�CT 40,
canco Medical, Bassersdorf, Switzerland) with a white X-ray
ource operating at an accelerating voltage and source current of

y
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0.50 (max.) 0.10 (max.) 0.06 (max.) 0.10 (max.) Bal.
0.10 0.01 0.03 – 99.38
0.18 0.01 0.04 – 98.93

5 kV and 177 �A, respectively. For each of these specimens,
ve volumes (thin slabs with thickness ca. 600 �m and span-
ing the entire cross-section, equally spaced along the gauge
ength) were reconstructed with an isotropic spatial resolution
ear 15 �m. The data were binarized using the threshold value
hich gave greatest correspondence between the calculated

omographic relative density, averaged over all five volumes
nd the relative density measured by dry mass and dimen-
ions for an as-received foam sample. The densities of the two
ther specimens, which had been solutionized and dissolved
n NaOH solution of pH 13 (the reasons for this are discussed
n further detail below), were then evaluated using the same
hreshold value. Two structural indices, the mean trabecular (i.e.,
trut) thickness and the structure model index were evaluated
sing the �CT software package. The details of these calcula-
ions are described elsewhere [13,14], but it is noted that both
lgorithms were designed for model-independent quantitative
nalysis of trabecular bone, whose structure is quite similar to
hat of Duocel® foams.

.3. Mechanical properties

A series of foam specimens (all in the T6 condition for
echanical testing, though some samples had been solution-

zed before dissolution) was tested in displacement-controlled
niaxial compression at a nominal strain rate of 10−3 s−1. Each
pecimen had a rectangular cross-section and a minimum dimen-
ion seven times the pore size or greater, to avoid statistical
ariation in foam properties [1]. However, due to the limited
imensions of the as-received foam sheet, and the fact that the
pecimen longitudinal direction was kept perpendicular to the
heet plane to minimize the effects of anisotropy, the specimens
ere limited to aspect ratios averaging 1.3.
In most cases (11 of 15 tested specimens), the linear initial

oading regions of the stress–strain curves were separated from
he subsequent plateau regions by a local maximum in flow
tress. In these cases, this local maximum stress was taken
s the foam strength. In the remaining specimens (4 of 15),
o distinct maximum stress was found, the transition between
nitial loading and plateau regions being essentially monotonic.
n these cases, foam strength was determined by the intercept
f two tangent lines extrapolated from the initial loading and
lateau regions of the stress–strain curves. Initial stiffness in
he foam specimens was determined using data from several
ield, after compensation for load train compliance. Complete
nloading was avoided during these cycles to prevent sample
esettling, and data near the maximum applied stress were
iscarded to avoid the effects of plasticity.
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Fig. 1. Relative density changes for foams immersed in: (a) NaOH and (b) HCl
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.4. Graded dissolution

A pH- and temperature-controlled NaOH bath was used
o investigate density-grading of a foam by dissolution. Con-
rolled, gravity-driven removal of the dissolution bath through
n exhaust pipe produced a constant rate of decrease in the
uid level of a bottle in which a foam sample was main-

ained fixed, thus producing within the foam a longitudinal
radient in exposure time to the solution. Specifically, a T6-
reated sample of size 19 mm × 5 mm × 50 mm was graded
y this method. The measured rate of change of the relative
ensity of this sample during uniform dissolution in pH 13
aOH at room temperature was 1.1% h−1. Therefore, a rate
f change of fluid level of 6 mm/h was chosen to grade the
oam sample to one-half its initial relative density over a length
f about 27 mm. Although a slight decrease in the bath pH
as observed during this grading process, it was not neces-

ary to replace the solution, because the large bath volume
2000 mL) kept the pH value within 1% of its target value (pH
3) throughout the experiment. The resulting graded foam sam-
le was mounted in an epoxy resin and polished to a 0.1 �m
nish using an aqueous Al2O3 suspension. The longitudinal
radient in area fraction of the foam struts was measured by
mage analysis, from which the change in relative density was
valuated.

. Results and discussion

.1. Relative density and mass loss

Decreases in relative density with immersion time were eval-
ated for open-cell Al-6101 foams using HCl and NaOH solu-
ions of varying concentration, as shown in Fig. 1. Initial foam
elative densities were in the range of 10–13%, except for the two
pecimens dissolved at pH 3, which had higher initial relative
ensities of 14.1 and 15.7%; to illustrate differences in dissolu-
ion rate (i.e., slope) between specimens, the data are normalized
y initial foam relative density. After about 1 week of immer-
ion, measurable density changes occurred in foams exposed
o solutions with pH outside the range ca. 3–10. As expected,
issolution rates increased quickly as pH values moved farther
rom neutrality. Dissolution rates were similar for both heat-
reatments (T6 and ST, represented by square and circle symbols,
espectively), though slightly accelerated dissolution was some-
imes noted in T6-treated samples. Possibly, damage through
referential attack near the grain boundaries and precipitates in
6 samples caused this acceleration.

The fastest dissolution rates were observed in NaOH solu-
ions of pH 11–13 (Fig. 1a). The rate of change in relative density
t pH 13, for instance, was nearly 50 times greater than the rate
f change at pH 1 (Fig. 1b). Accordingly, it was determined that
issolution in strong NaOH solutions offers the greatest potential
or density reduction or grading of Al-6101 foams on practical

imescales, and these dissolution conditions were selected for
urther analysis. As discussed in later sections, structural dam-
ge (e.g., strut fracture by preferential attack at grain boundaries
r Mg2Si precipitates) and the resulting deterioration of mechan-

r
1
∼

olutions with various pH values at 23 ◦C. Data are normalized by the initial
oam densities in order to illustrate the differences in slope more clearly.

cal properties were also less severe after dissolution in alkaline
olutions.

Direct measurement of dissolution rates in foam specimens
Fig. 1) can be avoided if the relationship between dissolution
ates in foamed and monolithic specimens is known, either by
esting of bulk specimens or using literature data. To this end,
issolution rates in extruded Al-6101 sheet were measured under
he same conditions shown in Fig. 1a, and the results are shown
n Fig. 2. The dissolution rates in the bulk material were similar
o those measured in foams consisting mainly of thin struts, indi-
ating that there was no significant size effect in the dissolution
ate. Recently, Sakashita et al. [15] reported a diameter depen-
ency in the dissolution of high-carbon steel wire in aqueous
aCl solution, and explained that effect based on reduction of
issolved oxygen or promotion of a cathodic reaction involving
ydrogen ions. It is likely that the dissolution mechanisms for
l-6101 in NaOH are quite different from those of steel in NaCl,

xplaining this discrepancy.
Fig. 3 shows dissolution rates calculated from mass loss
esults in NaOH solutions of various pH. For alkali pH between
0 and 12, the dissolution rate increased near linearly from ∼0 to
15 mm/year. However, in pH 13 solutions, the dissolution rate



Y. Matsumoto et al. / Materials Science and

F
N
d

a
[
a
e
r
s
w
a
p

3

f
[
c
t
a
b

F
f

[
i
t
p
e
o
p
f
b

A
i
r
N
f
c
T
o
m
p
a

(
s
p
n
(
9
h
r
g
v
t
d

ig. 2. Changes in mass (normalized by area) with immersion time in pH 13
aOH solutions at 23 ◦C for Al-6101 foams and bulk specimens. Calculated
issolution rates are given in the figure legend.

ccelerated to ∼70 mm/year (∼8 �m/h). It has been reported
12] that general-use 1100-H14 aluminum alloy shows an aver-
ge dissolution rate of 2 mm/year or more in NaOH solutions
xceeding pH 11, and this rate increases rapidly with a further
ise of pH. Although dissolution of the present Al-6101 (a high-
trength electric conduction material) in NaOH solution is not
ell documented, it is noted that T6 and ST foams seem to have
more rapid penetration rate of 4–5 mm/year at pH 11, as com-
ared to Al-1100-H14.

.2. Strut surfaces and foam structure

Although the mechanical properties of reticulated aluminum
oams have been studied extensively (as summarized, e.g., in ref.
1]), there is little knowledge about the effect of strut surface

ondition on foam properties. Nonetheless, it is plausible that
he quality of the surfaces in a dissolved or corroded foam will
ffect overall mechanical properties, because: (i) during strut
ending, the dominant deformation mode in low-density foams

ig. 3. Dissolution rates as a function of NaOH concentration (molarity and pH)
or Al-6101 foams and bulk specimens at 23 ◦C.
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1], deformation initiates at strut surfaces where the local strain
s highest; (ii) most deformation, at least at low strains, is concen-
rated in the struts, whose low thickness renders surface effects
roportionally more important; (iii) corrosive damage may
xtend beyond the surfaces in certain cases, such as grain pull-
ut or severe pitting. Achieving maximum performance from
artially dissolved aluminum foams therefore requires identi-
ying the least-damaging immersion conditions, as discussed
elow.

Figs. 4a–d shows SEM images of T6- and solution-treated
l-6101 foams (initial relative density 9.7%) after dissolution

n a room temperature HCl solution of pH 2. A layer of cor-
osion product (made particularly apparent by contrast with
aOH-treated foams; Figs. 5–6) is visible on all alloy sur-

aces, and evidence of large-scale damage in the form of sharp
rack-like pits and grain pullout is seen in several places on the
6-treated specimen (Fig. 4a). Though the number and severity
f these damaged regions were decreased by the solution treat-
ent (Fig. 4c), the corrosion product remained and several deep

its and large area reductions were still visible, identifying HCl
s a highly damaging immersion solution.

Figs. 5a–d shows SEM images of T6-treated Al-6101 foams
initial relative density 9.5%) after dissolution in a pH 13 NaOH
olution at room temperature. Shallow, hemispherical corrosion
its were uniformly distributed on the surfaces of struts and
odes. Although one fifth of the foam mass had been dissolved
reducing the relative density of the foam, shown in Fig. 5b, from
.5 to 7.5%), struts with sharp edges remained. These edges
ave largely disappeared from the struts of the foam having
elative density 5% (Fig. 5d), while the hemispherical pits on
rain boundaries become larger and etched grain boundaries are
isible. Struts appeared to preferentially thin near the middle of
heir lengths, and at times were even interrupted by complete
issolution of their thinnest section.

Solution-treated Al-6101 foams (initial relative density 9.7%)
ere investigated in the same manner, as shown in Figs. 6a–d.
he density of the hemispherical corrosion pits decreased, and
trut and node surfaces with minimal damage and shallow pit
epth were obtained. Even in foams reduced to relative densi-
ies of 5%, sharp strut edges remained and grain boundaries were
ot etched. Thus, after solution treatment was performed to solu-
ionize Mg2Si precipitates, Al-6101 foams were dissolved more
niformly, and reductions in strut and node sizes were possible
ithout significant visible damage, despite the fact that this was

he most rapid dissolution medium identified earlier (Fig. 1).
The foam samples shown in Fig. 6 were analyzed tomograph-

cally, along with a solution-treated as-received sample, and the
esults of this analysis (values are averages over the five thin-slab
olumes taken from each sample and errors are standard devia-
ions) are summarized in Table 2. Tomographic relative densities

easured on each slab were within 8% relative deviation from
hose measured by mass and dimensions in each case (though
he as-received sample was used for threshold calibration), with
agnitude of standard deviations less than 0.1% for measure-
ents within each slab. With decreasing relative density, mean

trut thickness decreased, as expected. The values calculated
or mean strut thickness are also in rough agreement with pre-
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ig. 4. SEM micrographs of T6- and solution-treated foams with initial relative
ode surfaces for foams with 7.5% (T6-treated foam) and 8% (solution-treated
T6-treated foam) and 8% (solution-treated foam) relative densities, respectivel
ictions from SEM examination, though it is noteworthy that
he method of calculation of strut thickness is volume-weighted
nd thus tends to emphasize thicker node-like features, leading
o overestimates for strut thickness [13].

(
f
s

ig. 5. SEM micrographs of T6-treated foams with initial relative density of 9.5% a
urfaces for foams with 7.5 and 5% relative densities, respectively. (b and d) Individu
ty of 9.7% after immersion in a pH 2 HCl solution at 23 ◦C. (a and c) Strut and
) relative densities, respectively. (b and d) Individual strut of foams with 7.5%
More significantly, the difference in mean strut thickness
Table 2) between as-received and moderately dissolved (7.5%)
oams is smaller than the difference between moderately to
everely dissolved (5%) foams. Due to their higher specific sur-

fter immersion in a pH 13 NaOH solution at 23 ◦C. (a and c) Strut and node
al strut of foams with 7.5 and 5% relative densities, respectively.
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ig. 6. SEM micrographs of solution-treated foams with initial relative density
verall structure and surface states in each foam (relative densities: 7.5 and 5%,

ace area (i.e., high aspect ratio), struts may be expected to bear a
isproportionate fraction of the total alloy loss, as was apparent
n SEM examinations (Figs. 4–6). Consequently, it is also anti-
ipated that relative decreases in strut thickness (reflecting only
he dissolution of struts) will outpace those of average foam den-
ity (reflecting both struts and more slowly dissolving nodes),
s reported previously in amorphous metal foams dissolved in
cid solutions [16]. In that study, foam strength also decreased
ore rapidly with density than in conventional metallic foams,
reflection of the relative importance of struts (as compared to
odes, which deform only slightly at low macroscopic strains)
n determining foam mechanical properties.

To quantify the effect of such preferential strut attack more
recisely, the non-dimensional structure model index (SMI) of
ach sample was also calculated, and the results are included

n Table 2. The SMI is used to characterize the conformity
f the real structure to various model structures, e.g., plates
SMI = 0), cylindrical rods (SMI = 3) or spheres (SMI = 4), based
n changes in surface area attending small ‘dilations’ of the

able 2
omographic parameters calculated from three foam specimens, solutionized
nd then dissolved in room temperature NaOH solution of pH 13

/ρs from physical
easurement (%)

ρ/ρs from
�CT (%)

Mean strut
diameter (�m)

SMI

.7 8.9 ± 0.6 289 ± 5 3.25 ± 0.08

.5 7.9 ± 0.7 273 ± 7 3.29 ± 0.04

.1 5.1 ± 0.3 233 ± 7 3.58 ± 0.09

rror values represent standard deviations based on five measurements taken
long the gauge length of each sample.
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% after immersion in pH 13 NaOH solution at 23 ◦C. Panels (a and c) illustrate
ctively). Panels (b and d) highlight individual struts in each foam, respectively.

tructure outwards along its surface normals [14]. An SMI of
.25 for the as-received foam is consistent with a structure com-
osed mostly of rods (i.e., struts), with some spherical features
i.e., nodes). Increases in SMI with dissolution indicate evolution
owards more spherical features, or a decrease in the proportion
f rod-like struts, in agreement with the discussion presented
bove. The fact that changes in SMI accelerate between 7.5 and
% relative density again suggests that high levels of dissolution
ause proportionally greater changes to foam architecture than
oderate degrees of dissolution.

.3. Mechanical properties

In accordance with the observations above, a series of foams
ith relative densities near 10% (as-received), 7.5, 6.25 and 5%
ere created by dissolution under minimally damaging condi-

ions (NaOH solutions of pH 13). To further study optimized
onditions, specimens were produced using solutions at room
emperature and 70 oC, and in both ST and T6 conditions. To
nvestigate the effect of the HCl-induced microstructural damage
een in Fig. 4, ST and T6-treated specimens were also created
sing room temperature HCl solutions of pH 1. All specimens
hich had been solutionized prior to dissolution were given a T6
eat-treatment before mechanical testing, in order to standardize
he mechanical properties of the strut material.

Compressive yield strength for these foams is compiled as a

unction of relative density in Fig. 7a. As shown in the figure,
here was a noticeable loss of strength in the HCl-treated samples
hen compared to the NaOH-treated samples. However, among

he NaOH-treated samples, there was no significant difference



1 ce an

i
7
e
c
(
s
c
f
fi
m
s
h
s

l
p

F
s
s
e
c
e
fi

b
o
f
f
b
a
i
s
1
d
s
a
o

56 Y. Matsumoto et al. / Materials Scien

n strength between samples dissolved in room temperature and
0 ◦C heated solutions. There was also no consistent differ-
nce in strength between foams dissolved in the ST and T6
onditions, despite the differences in strut surface appearance
Figs. 5 and 6). Though more data would be needed to identify
ubtler differences, these data suggest that the presence of visible
racks, grain pullout, thick corrosion product layers and other
orms of severe damage incurred during HCl treatments are suf-
cient to affect foam strength, as might be expected. By contrast,
oderate surface pitting such as that seen in the NaOH-treated

pecimens did not lead to major changes in foam strength, per-
aps due to the relative notch-insensitivity of ductile aluminum
truts.
A notable feature of the data, however, is that the relative
oss in strength with decreasing density was more rapid than
redicted by conventional scaling laws. To illustrate this point, a

ig. 7. Effect of relative density on: (a) compressive strength and (b) initial
tiffness for foams produced by dissolution in NaOH and HCl solutions. Also
hown are best fits using the respective power-law scaling relationships of Ashby
t al. [1]. Data were fitted using the commonly accepted exponents for open-
ell foams (slopes of 1.5 and 2, respectively), as well as unconstrained best-fit
xponents (slopes of 4 in each case). All tested specimens were included during
tting.
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est-fit line having a slope of 1.5 (corresponding to the exponent
f Ashby et al.’s scaling power-law for the strength of open-cell
oams of varying density [1]) is provided in Fig. 7a. The data for
oams with densities in the range ca. 7–10% could reasonably
e fit to such a line, but when data for foams near 5% density
re included, a higher slope (the best-fit value found by allow-
ng a variable exponent in the power-law equation) near 4 is
uggested. This indicates that modest changes in density (from
0 to 7%) are accommodated without severe damage or fun-
amental changes to the structure of the foam, whereas more
ubstantial dissolution (to 5–6%) causes strut damage and/or
qualitative change in the shape of the struts themselves. This
bservation is in agreement with the SEM and tomographic anal-
ses presented in the previous section, as well as with similar
ccelerated strength losses in amorphous metal foams dissolved
n acid baths [16].

Fig. 7b shows initial stiffness for the same series of foams,
s a function of relative density. The same trends are apparent,
ith visible differences between HCl- and NaOH-treated foams,
ut no significant differences between room temperature and
eated NaOH solutions, or between foams dissolved in NaOH
n the ST and T6 conditions. Similarly, while the higher-density
oints (6–7% and higher) could be described by the conventional
ibson–Ashby equation (illustrated by a best-fit line of slope 2),

he points near 5% density appear to fall below the prediction,
eading again to a higher overall slope of 4 (i.e., a faster loss in
tiffness than would be expected from normal foam processing
ethods). In this case, the deviation from conventional behav-

or is more pronounced, and occurs quite distinctly between 6.25
nd 5%. Thus the foam stiffness data corroborate the observa-
ion, suggested by the strength data, that the severity of surface
itting is less important a predictor of mechanical properties for
hese foams than relative density.

.4. Density grading

Density grading by dissolution was conducted in pH 13
aOH solutions at 23 ◦C, using the process detailed in Section
.4. The relationship between strut area fraction with standard
eviation and the distance from the upper foam edge (unex-
osed to the solution), estimated by image analysis, is shown
n Fig. 8. The cross-section used to determine the strut fraction
ata is shown in the inset; the vertical left side of this image is
he upper part of the sample, and the right side is the lower part,
xperiencing the shortest and longest immersion, respectively.
he measured area fraction changed from 10 to 5% with distance

rom the upper edge. This decrease appears to be nearly linear,
ut measurement errors do not allow a precise characterization
f the profile. The rapid density change at a 30 mm distance from
he sample top was due to strut fracture by excessive dissolu-
ion, as well as handling damage, consistent with the study of

echanical properties presented above.
A similar experiment was conducted at 70 ◦C with a faster rate
f change in bath level of 60 mm/h. Although much more rapid
ensity grading was possible in this manner, corrosion damage
n the form of pits was more severe, and is expected to lead
o reduced mechanical properties. Based on these demonstra-
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ig. 8. Relationship between strut area fraction and distance from the upper
oam edge for a density-graded foam produced in pH 13 NaOH solution at
3 ◦C. (Inset) cross-sectional image of sample used for measurements.

ion experiments, it is concluded that optimal control of solution
H and temperature are required in order to reduce foam den-
ity while leaving the struts and nodes of density-graded foams
ntact. However, under such conditions it is believed that density-
raded foams with minimum relative densities near 5% can be
eliably obtained using this method.

. Conclusion

Commercial reticulated Al-6101 foams were studied under
ree dissolution conditions in a series of acidic and alkaline envi-
onments. Optimal dissolution conditions, based on visual and
uantitative evaluation of damage combined with mechanical
roperty evaluation, were identified in solution-treated foams
issolved in room temperature NaOH solutions of pH 13.
echanical properties were also evaluated under several other

issolution conditions, and foam strength and stiffness were gen-
rally found to decrease more rapidly with density than is typical

or metallic foams, especially in highly damaging acidic baths
nd for heavily dissolved samples, where preferential strut thin-
ing led to microstructural damage. Nevertheless, under optimal
onditions, continuous density gradients from approximately 10

[

[

[
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o 5% relative density could be successfully produced in origi-
ally uniform-density commercial foams.

cknowledgements

The authors thank Dr. O. Couteau (formerly of Northwestern
niversity) for helpful discussions, and Mr. Joe Doll of ERG
erospace for generously providing the Duocel® aluminum

oams used in this study. The authors also gratefully acknowl-
dge financial support from the U.S. Department of Energy via
he University of California, Lawrence Livermore National Lab-
ratories, under contract W-7405-Eng-48 and administered by
r. A.M. Hodge.

eferences

[1] M.F. Ashby, A.G. Evans, N.A. Fleck, L.J. Gibson, J.W. Hutchinson, H.N.G.
Wadley, Metal Foams: A Design Guide, Butterworth-Heinemann, Boston,
2000.

[2] G.J. Davies, Shu Zhen, J. Mater. Sci. 18 (1983) 1899–1911.
[3] T. Daxner, F.G. Rammerstorfer, H.J. Böhm, Mater. Sci. Technol. 16 (2000)
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13] T. Hildebrand, P. Rüegsegger, J. Microsc. 185 (1997) 67–75.
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