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12 Abstract

13 NaCl powders are prepared by anti-solvent crystallisation, varying in controlled fashion the morphology and size of resulting powders.

14 These powders are then used to produce open-cell pure aluminium foams by infiltration, using the replication process. The microstructure
15 and the compressive mechanical behaviour of these foams are compared with those of similar foams made using commercial NaCl powder
16 of less regular shape and size. It is found that, while the foam pore shape does not influence strongly the initial power-law behaviour of the
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foam, it causes variations in the strain at which the foam deviates from power-law behaviour.
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1. Introduction

There exists at present a relatively wide palette of meth-
ods for the production of metal foams; these are compre-

hensively reviewed in several recent publicatigis2].
Amongst current foam-production methods, the replica-
tion technique is well suited for the production of uniform
and fine open-cell foams of lower melting-point metals
such as aluminiunf3]. Replication processing consists in
infiltrating a leachable porous preform of sintered pow-
der that is subsequently removed by dissolution. Given
its low cost, its chemical inertness in contact with alu-
minium, its relatively high melting point and its ease
of dissolution in water, sodium chloride (NaCl) is often
used as the preform filler material for aluminium foams
[4-6].

In replicated foams, the pore shape is predominantly con-

powder particles. Changing the shape of the powder usedto
produce the preform therefore provides a pathway for the ex-
ploration of microstructure/property relations in open-pore
metal foams. 43
As with many water-soluble inorganic salts, industriads
production of NaCl crystals is generally conducted by evaps
orative crystallisation. When NaCl crystallisation is conss
ducted from brine under slow evaporation conditions, large
cube-like transparent crystals are obtained. With an aim 4o
reduce energy costs in NaCl production, a new route has
recently been developed, hamed anti-solvent crystallisatian.
This consists in inducing precipitation of NaCl crystals frons:
brine by adding a second “anti-solvent” liquid, in the press
ence of which the solubility of NaCl drops significantly.ss
Classical organic anti-solvents include 2-isopropoxyethansil
[7]1, N-dimethylisopropylaming8] or N-diisopropylamine ss
[9]. The resulting NaCl particles possess relatively large

trolled by the initial shape of the leachable powder that was sizes and feature a bimodal distribution; however, it has

used to produced the infiltrated preform: save for powder ge-

been shown that NaCl particles of narrowly distributed size

ometry changes induced while bonding the preform, poresin the range 2—g.m can be produced using acetone as ths

of the resulting foam “replicate” the initial shape of these

* Corresponding author. Tel#41-21-693-2912;
fax: +41-21-693-4664.
E-mail address: andreas.mortensen@epfl.ch (A. Mortensen).

0921-5093/$ — see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.msea.2004.03.015

anti-solvent10]. 60

An interesting feature of anti-solvent precipitation is thad
it affords some level of control over particle size and shapex
The main factors influencing crystal growth and morphologss
with this technique can be classified in two main categories:
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(i) chemical parameters including the composition of the distilled water. The organic liquid was produced either hyo
solution (presence of additives or impurities), supersat- dissolving solid organic additive (polyacrylic acid or citrico1

uration level and pH-value and,; acid) directly in ethanol, or alternatively by mixing 1 molAo2
(ii) physical parameters including temperature, stirring and sodium hydroxide solution with ethanol. Precipitation wass
reaction time. then carried out in a glass vessel by rapid addition ofia

controlled volume of brine into the organic solution undess
ambient conditions. The mixture was homogenised by mag-
netic stirring at 370 rpm. Depending on the powder lot pra-
duced, stirring was maintained (Powders I, IV, VI and VIips
or stopped after 30 s (Powders Il, Ill and V). The total press
cipitation time was varied in one instance, with a goal tm
observe the influence of powder particle coarsening. The
resulting precipitates were then filtered, washed twice with
ethanol, and dried under vacuum for about 5 h. Experimers

organic additives. We produce replicated aluminium foams tal parameters defining the seven powder lots producediin
using these powders and assess their mechanical behavioutrniS work are given iffable 1

by means of compression testing of miniature specimens, 115
with a goal to explore the influence of pore morphology on

Each of these factors can contribute by influencing the
thermodynamics of precipitation or via kinetic effe§t4].
Specifically, additives can affect nucleation, agglomeration
and crystal shape by selectively accelerating or slowing the
growth of certain crystal face{d?2].

These facts motivated the present study, in which we ex-
plore the production of NaCl particles featuring new mor-
phologies via the precipitation technique, using alcohol and

the deformation behaviour of open-celled metal foams. ~ 2-3: Preparation of aluminium foams by the 116
replication process 117
2. Experimental procedure Aluminium foams were prepared using Powders IV, Ms
and VI; these are respectively called Foams IV, V and \is
21. Materials NaCl preforms were first prepared by cold isostatic press»

ing (CIPing) the NaCl powder in a silicone rubber mouta:

Citric acid (C(OH)(COOH)(CHCOOH); 99.5 mass%), (of internal diameter 20 mm and internal height 20 mm) for
poly(acrylic acid) (MW 2000), sodium hydroxide and 1minunder 12.7MPa. o . 123
ethanol were all purchased from Aldrich (Buchs, Switzer- _These NaCl preforms were infiltrated with molten putes
land). The NaCl powder (99% purity) used to prepare (99.99%) aluminium heated to 71Q under 10 MPa argonizs
the solutions was purchased from Fluka Chemika (Buchs, 92S and then solidified dlrect_|onally. The Al/NaCl compos6
Switzerland). Fine NaCl used in the virgin state for preform [t€S o produced were machined to produce metallographic
preparation and infiltration (called hereafter “commercial S@mples and cylindrical compression test specimens. The
salt”) was purchased from Salines de Bex SA (Bex, Switzer- salt pattern was then finally dissolved by immersion in digse

land) under the denomination “CP1”. Prior to infiltration, tilled water. 130
the commercial salt was sieved to narrow its particle size

distribution. 2.4. Microstructural characterisation 131
2.2. Preparation of precipitated sodium chloride particles NaCl crystal X-ray diffractograms were obtained under

CuK radiation using a Siemens Model D500 diffraction ajes

Different NaCl powders were prepared by precipitation paratus (Munich, Germany). Powder compositions were de-

using aqueous and organic liquids. Saturated brine was pretermined using IR transmittance spectra in the range frasm
pared by dissolving 450 g Fluka NaCl powder in one litre of 400 to 2000 crni* recorded with 256 scans on a Nicolet 510

Table 1
NaCl precipitation parameters
Powder Organic solution Aqueous solution Precipitation parameters
number
Ethanol Additive Additive Volume Sustained Time Yield of
volume (ml) concentration (mol/l) (ml) stirring (min) reaction (%)
| 10 Polyacrylic acid 0.06 5 Yes 45 6.8
Il 20 Sodium hydroxyd& 0.20 5 No 30 21
1 20 Citric acid 1.02 10 No 30 20.3
\Y, 20 Citric acid 0.06 10 Yes 45 21.1
\Y 300 Citric acid 1.02 150 No 60 21.4
\ 20 Citric acid 1.02 10 Yes 30 171
Vi 20 None - 10 Yes 60 22.3

a In this case the total volume of the organic solution is equal to 25 ml which corresponds to 5ml of 1 mol/l sodium hydroxide solution and 20 ml of

ethanol.
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FT-IR spectrometer (Madison, USA). The size and morphol- were calculated by counting approximately 50—80 partictles
ogy of NaCl particles or pores in aluminium foams were on several scanning electron micrographs. 149
examined by low voltage scanning electron microscopy of Foams were characterised and examined using standsrd
powders directly deposited on an aluminium stub without techniques of metallographic preparation and observaticn,
gold sputtering, using a Philips SFEG high-resolution scan- using the optical and the scanning electron microscope. 152
ning electron microscope (Eindhoven, The Netherlands).

As particles have a cubic aspect, characteristic dimen-2.5. Mechanical testing of the aluminium foams 153
sions of each particle are quantified using their Féret diam-
eter (largest axis between two parallel tangents on opposite Compression tests were performed on a screw-driven
sides of the particle) and by their aspect ratio (ratio between 10 kN universal testing machine. Spherically aligned platens
the largest axis to the minor ong)3,14] For all experi- were used, after coating their surfaces with Teflon sprayise
ments, the mean Féret number and the mean aspect rati@as to reduce friction with the specimen end surface. All tests

Experiment | Morphology | Mean Feret Mean S.E.M.
n° number aspect ratio micrographs
(standard (standard
deviation) deviation)
Polydisperse
rectangular
| particles.
(additive: 12.1 um 1.8
005 Kt (5.7 um) (0.5)
polyacrylic
acid) ?
Four-leaf
clover-like
I particles.
(additive: 58.2 um 11
9
0.2.M (5.9 um) 0.1)
sodium :
hydroxyde) ﬂ
Pierced
cube-like
particles.
I 46.6 um
(additive: 1 p (6.7 ) L1
M citric (0.2)
acid)
Small cubic
particles.
IV 3.3 um
(additive: (1.1 um) 1.2
0.06 M citric ’ (0.2)
acid)

Fig. 1. Influence of chemical parameters on the NaCl crystal morphology. SEM micrographs of NaCl powders precipitated in presence of (1(1)§ polyacryl
acid; (1(11)) sodium hydroxide; (1(Ill)) high citric acid concentration and (1(1V)) lower citric acid concentration.
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157 were run in crosshead displacement control at a speed ofbility of NaCl [15]. Powder VII, produced in this mannet73
158 2pm/s. The deformation of the foam was monitored using without additives, comprised polydispersed aggregated cu-
159 three LVDTs with a resolution of fm located symmetri-  bic particles. Additives were therefore studied, with a gaab
160 cally around the specimen so as to verify that the platensto improve the NaCl powder shape and size distribution.i7e
161 remain parallel during the test. Powders I-lIl were produced in order to test the influzz
162 Due to the small amounts of powder produced by precip- ence of the additive nature on the NaCl powder morphologs
163 Itation, it was only possible to produce and test sub-sized Three different additives were explored: a polymeric addre
164 Compression specimens; these had a diameter of approxitive (polyacrylic acid, Powder 1), a basic additive (sodiumso
165 Mately 15 mm and a height between 2 and 5 mm dependinghydroxide, Powder II) and tricarboxylic acid (citric acids1
166 0N powder lot size. Cylinders with a diameter of 20 mm and Powder IIl). Results are given iRig. 1 182
167 @ height of 20 mm were machined from the foam produced When a polymeric additive is used (Powder 1), parallelipss
168 With commercial NaCl powder. ipedic powders are obtained, somewhat elongated along rae
axis with perpendicular flat facésg. 1(1)). This is reflected 185
in an average aspect ratio equal t8-% 0.5 for this powder. 186
The two other additives result in equiaxed particles, af
aspectratio around 1.1-1 Ri§. 1). Using sodium hydroxide 188
as the additive (Powder Il), the NaCl crystal morphologye
changes to what can be described as four-leafed clover-lige
171 NaCl powders can be precipitated by pouring an aqueouscuboidal particlegig. 1(11)). A third morphology is obtainedz1e1
172 NaCl solution in ethanol, as this reduces sharply the solu- when citric acid in ethanol is employed as the organic phase,

160 3. Results

170 3.1. NaCl powder precipitation

Fig. 2. Influence of physical parameters on the NaCl crystal morphology. SEM micrographs of NaCl powders precipitated in presence of 1 mol/l citric

Experiment | Morphology | Mean Féret Mean S.E.M.
n’ number aspect ratio micrographs
(standard (standard
deviation) deviation)
Large filled
AV cube-like
(without particles.
s]tirring, 44.3 um 1.2
e o (5.1 um) 03
maturation y. K ©3)
o |
Mixture of
pierced
cube-like
particles and
of hollow
pyramid-like
particles: (a)
VI top view -
- b) bott
(Stirring, ( .) g fonl 24.4 um 1.3
shorter view o
aturation | SMaller (9.9 um) 0.1)
time) fragments.
“w
(2.VLb.) 20 um

acid with a longer maturation time (2(V)) or magnetic stirring (2(VI) (a) and (b)).
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Powder IlI: cubical particles featuring a stepped pyramidal
hollow on each facefig. 1(Ill)).

The influence of variations in the concentration of
citric acid was explored with Powder IV, produced us-

solution Fig. 3(c)—(e). The infrared spectrum of Powdep2s
Il was also measured, to find that there is no evidence for
the adsorption of ethanolate anions since no methyl grawp
vibrations were observed. 229
ing 0.06 mol/l citric acid (instead of 1mol/l for Powder X-ray diffraction patterns were also gathered on the powss
), with stirring maintained throughout precipitation. Far ders. When comparing these X-ray patterns to those of cam-
smaller and neatly cubical unagglomerated particles aremercial purity NaCl, no detectable difference in peak possz
obtainedFig. 1(1V)). This powder features the most homo- tion can be found. It thus appears that citric acid does neat
geneous grain size distribution of all, with the lowest size penetrate into the crystals. 234
dispersion.

The influence of precipitation physical conditions was 3.2. The metallic foams
tested with Powders V and VFig. 2 presents the corre-
sponding micrographs. These are to be compared with Pow- Fig. 4 contains micrographs of the aluminium foams obss
der Ill. Powder V was held for 60 instead of 30 min, allowing tained successively with Powder IV (Foam R. 4(a) and 237
more time for particle coarsening. Filled cubical particles of (b))), Powder V (Foam \Fig. 4(c) and (d)), and Powder VI 238
roughly the same size are obtainedy. 2(V)). Powder VI (Foam VIFig. 4(e) and (f)). In Foams V and VI, the metal23s
was stirred, as opposed to Powders Ill and V, which were pores clearly replicate in negative the shape of the Na@l
not. The major changes induced by stirring are the produc- particles. With Foam IV, on the other hand, the pores seem
tion of particle fragments and a mixture of two main mor- somewhat more rounded than the initial powder (compase
phologies: hollow pyramid-faced cubical particles with more Fig. 1(1V) and 4(b). For comparison, the structure of thess
closed surfaces than Powder lll, and hollow single-pyramid foam produced from 63 to 99m commercial NaCl powders24a

235

particles. The Féret number distribution is also more scat-
tered.

is given inFig. 4(g) and (h) 245
The NaCl preform made of Powder IV contained aroung

Powder infrared spectra were gathered to investigate the30% porosity. Measuring the volume and the mass of Foam
presence or absence of the additive on the surface of the partV yields the expected porosity of 70%. The corresponding

ticles. The reference spectrum of pure citric aeigd. 3(a),

shows the characteristic stretching vibration bands of car-

boxyl groups at about 1730 cr, together with other group
vibrations causing two characteristic band series in the
ranges 1100-1200 and 1300-1400¢niThe other spectra
of Fig. 3 correspond to the powders synthesized with low
(0.06 mol/l, Powder 1V) or high (1 mol/l, Powders Ill, V
and VI) citric acid concentration. It appears that citric acid
is only adsorbed onto the powders prepared with the 1 mol/l

Absorbance (arbitrary units)

W/

1400 900

Wavenumber (cm™)

Fig. 3. Infrared spectra of the NaCl powders precipitated in presence of
citric acid. (a) Pure citric acid; (b) Powder IV; (c) Powder IlI; (d) Powder
V and (e) Powder VI.

values for Powder V and Foam V are respectively, 33 and
68%. Aluminium Foam VI on the other hand shows a porase
ity of 53%, while the porosity of the Powder VI NaCl prezs1
form was 57% and hence differed from the expected vahae
of 47% (100— 53). 253
The internal structure of each foam after compressiorete
the final strain of the test is shown kig. 5 by observation 2s5
of the compression sample surface in the scanning electran
microscope after testing (hence the occasional presenceof
dust particles trapped in the foam). These micrographs see
to be compared with those Fig. 4. 259
3.3. Mechanical properties of the metallic foams 260
Restrictions placed on sample dimensions by the limitexa
batch sizes of “in-house” NaCl powders implied that tesb
specimens were limited to a few millimetres in height. Thes
consequence was that even slight imperfections in the aligia-
ment of parallel faces of the specimens caused significaat
experimental error in the measured stress—strain curves. s
was apparent in that, at low strain, these curves featureden
initially low and increasing slope gradually leading to afs
inflexion point, something that is contrary to the power-laaso
elastoplastic behaviour exhibited at low strain by this class
of foam. We provide inAppendix A a simple slice-model 271
analysis of the consequences of non-parallel specimen faces
on compression of a power-law material, to show that (i)it3
explains the observed low-strain stress—strain curve features,
and more importantly that (i) past the point of full contact afs
the platen with the sample end surfaces, the influence exetted
by non-parallel specimen faces on the stress—strain cumwe
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(2) 100pm (O 20 um

Fig. 4. Aluminium foams obtained (a) and (b) with NaCl Powder 1V; (c) and (d) with NaCl Powder V; (e) and (f) with NaCl Powder VI and (g) and
(h) with a commercial NaCl powder (on the left side of each micrograph, a reduced micrograph of the NaCl powder morphology is shown).

becomes negligible. As a consequence, the only correctiondata are then erased from the curve. The analysis and data
that is required to compensate for this effect is to shift the reduction procedure are detailedAppendix A 285
strain origin to a proper value. This value is easily deduced All foam compression curves reported here are thus pla
graphically, knowing that the present pure aluminium foam ted after correction for non-parallel specimen face artefaets.
stress—strain curves obey the standard power law of defor-Results for Foams IV-VI are given irig. 6(a)—(c) respec- 2ss
mation with a stress exponent near 0[8}p. Lower-strain tively, together with a plot for a foam of similar densityse

MSA 17813 1-13
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20 um

Fig. 5. Aluminium foams after compression (a) and (b) compression of the foam made with NaCl Powder 1V; (c) and (d) compression of the foam made
with NaCl Powder V; (e) and (f) compression of the foam made with NaCl Powder VI and (g) and (h) compression of a foam made with a commercial
63-90m NaCl powder.
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Fig. 6(b) and (c), respectively densified to densities neasa
those of Foams IV and V (32vol.%) and VI (45vol.%). 295

4. Discussion 296
4.1. Factors controlling the NaCl crystallisation 297

Additives, even in small quantities, clearly influences
the precipitation of NaCl from brine with ethanol as theo
“anti-solvent”. Additives can be selectively adsorbed amo
crystal facets, such that the growth of individual nuclei is1
deactivated and the interfacial energy between the crystal
and the solution is altered; these changes in turn influenee
the particle size distribution and the particle morphology
[16]. 305

Organic polymers are known to influence the crystalties
sation of solid particles from a solution, by adsorbtion atr
the solid-liquid interface. The particle size or morphologys
of the precipitating powder can then depend on the mole®
ular weight, concentration, global charge or conformatiet
of polymers[17-19] This can be explained by steric corsi1
straints or structure-directing interactions of the polymersan
the nucleation and crystal growth of the inorganic powdets
[20-23] Given the low polymer concentration and the larges
size of polymeric molecules, it is reasonable to expect that
the polymer distribution on each facet is not homogeneozis:
this may be why non-equiaxed particles are obtained. 317

With sodium hydroxide, two anionic species can be cras
ated in solution: hydroxyl anions, and ethanolate anians
formed by reaction of hydroxyl anions with the ethanol sako
vent. These anions may be directly adsorbed onto the gresy-
ing particle surface and act as growth modifiers, resultingsin
the observed strong crystal morphology modification. Since
the infrared spectrum of Powder Il shows no evidence for
the adsorption of ethanolate anions, it is most reasonahte
to conclude that hydroxyl adsorption is responsible for tkm
growth-induced particle shape modification (hydroxyl aeb7
sorption cannot be distinguished from water adsorptionsis
the range 3000-3600 cr). 329

With citric acid, Powder lll, the stairs descending towards
the cube centre from their edges can be explained assze-
sulting from a disturbance in the growth of facets from the
edge inwardg24]. The presence of citric acid was identisss

Fig. 6. Engineering stress-engineering straie compression curves (&)  fied on the IR spectrum of particles of Powderffiy. 3(c). 334

for Foam IV =) and a foam made from commercial NaCl particles - Tjg jmplies effective adsorption of carboxylic acid onto thes
10pm in size of relative density 32%—{—); (b) Foam V ) . . . . . .

and a foam made from commercial NaCl particles 63+80in size of particles: adsorpt!on of t_hlsf species mggt be requn&blestxar

relative density 32%{——) and (c) Foam VI+—) and a foam made  the observed stairs. This is not surprising since it has s&-

from commercial NaCl particles 63-@0n in size of relative density cently been stated that citric acid exerts a strong influenee

45% ( ). All curves are plotted after data processing as described in gn the growth morphology of calcif@5]. For calcite, it has 339

Appendix Afor correction of non-parallel specimen faces effects. been found that the organic acid is adsorbed ontq te0} 340

crystal faces via the carboxylic acid groups, which producas

290 and relatively close pore size produced using commercial crystal elongation along a preferential axis. This effect ime

291 NaCl powders. Specifically, the commercial salt was sieved creases with the citric acid concentration. 343

292 into two size ranges: near L0On (comparable to Foam IV To explain the differences induced by agitation (Powdean

203 Fig. 6(a) and 63—9G@.m (comparable to Foams V and VI  VI), one can suppose that (i) particle growth is destabilised
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by stirring and (ii) growing particles are broken. Attentive curve called the “collapse plateau” and finally, (iii) a densitiss
examination of recorded micrographs shows indeed that hol-cation regime where the cell walls come in contact one wikh
low pyramids can be directly formed by fragmentation of the another, causing an abrupt rise in the flow stress. Unlike the
pierced cube-like particles: the observed hollow pyramids Gibson—Ashby model (where the plateau is a result of the as-
correspond to an interior face of the observed hollow-faced sumed perfectly plastic behaviour), the plateau observedi@n
cube-like particles of Powder llI. the compression curves of today’s commercial closed-cedl
To summarise, one can rationalise some of the differencesaluminium foams results from localisation of their plastios
in the powder morphology by assuming citric acid adsorp- deformation: cells collapse in successive discrete bands ata
tion on growing NaCl particles with 1 mol/l citric acid, re- relatively constant stre§83-37] 406
sulting in complicated particle shapes. On the other hand, The aluminium foams produced here by the replicatiasy
little adsorption seems to occur at an acid concentration of process behave differently. Setting aside the very eaudy
0.06 mol/l: the organic acid seemingly then only acts as a stages of foam deformation, which as shown are influeneed

size stabiliser and agglomeration reducer. by slight imperfections in test specimen face alignmenb
(see Appendix A), two regimes can be distinguished im1

4.2. The metallic foam structure the present compressive stress—strain curves, consistent
with what was found in an earlier investigation of similams
Comparing Powder IV with Powder V reveals that the replicated pure aluminium foanjs]: 414

use of similar cube-shaped NaCl particles of different sizes
leads to different foam morphologies: the smaller cubic par-
ticles of Powder IV produce an aluminium foam with smooth
and rounded strutd={g. 4(a) and (b)while the larger par-
ticles of Powder V, also of cubical shape, lead to a foam s = Keb?3,; (1) a8
with far more angular and neatly cubical voidsiq. 4(c)
and (d). Although the finer Powder IV cubes are indeed a
bit more rounded than the larger Powder V cubes, the dif-
ference between the two metal foams exceeds that a priori
expected given the initial particle shape alone. This differ-  No stress plateau is thus observed, furthermore, the foam
ence between the two foams must therefore be attributed todeforms homogeneously throughout the test, with no visibte
a difference in sintering behaviour during the time spent by collapse bands. Values f&rin Region (i) of foam deforma- 424
the preform in the infiltration furnace (1 h at 710). This tion for the present foams are reportedTetble 2 Accord- 425
makes sense: transport processes responsible for powder siring to San Marchi and Mortensgh], two work hardening 426
tering and pore rounding are known to be far more rapid and mechanisms operate in the present foams: (i) the intringic
potentially different with finer powders, i.e. for Powder IV work hardening inherent to deformation of the metal males
than for Powder 26]. We note in passing that Foam IV  ing the foam and (ii) another mechanism, which increases
is perhaps the finest low-density aluminium foam produced in importance as the foam is compressed to become notice-
to date. able above a compressive strain on the order of 10%. ke
The comparatively higher density of Foam VI is explained power-law behaviour is expected to result from the first wosde
by the lower initial salt preform density obtained with Pow- hardening mechanism alone, based on elementary mechan-
der VI. This is not unexpected, given the more intricate and ical analysig5]. The second work hardening mechanism 4s:
hollow particle shapes obtained. The difference between theat present not fully identified, however, as argued in [igf. 435
observed porosity of Foam VI, of 53%, and the expected available evidence suggests that it involves strut impinges
porosity based on the density of the Powder VI NaCl pre- ment, i.e. the formation of new solid material contacts acress
form, of 43% (100- 57), is a sign of incomplete infiltration  the open pores of the foam, to an extent that increases gnag-

(i) a region of power-law deformation with a strain expais
nent near 0.25 where the engineering steissrelated 416
to the engineering straiaby: 417

(i) a region at higher strains where both the stress and the
rate of work hardening rise above values corresponding
to the power-law behaviour of Region (i). 421

of the preform by the metal. This is in all likelihood due ually with foam compression. 439
to closed voids in individual NaCl particles forming Pow- To evaluate the strain at which the second mechanism
der VI. Given the presence of hollows in the particles, this becomes noticeable and to compare the mechanical sbe-
would indeed be realistic. haviour of the various specimens we define the “transition
strain” & as that where the stress—strain curve deviates from
4.3. Mechanical behaviour power-law behaviour of Region (iEq. (1) This strain was 444

measured at the point where curvesedf= f(e) deviate 445

Many aluminium foams tested in compressi@7—31] from a straight line Fig. 7) resulting values fog are given 446

exhibit a stress—strain behaviour similar to the idealised in Table 2 447

schematic curve proposed by Gibson and Asf&®] for Comparing the finest foams, i.e. Foam IV and the coms

foams made of an elastic-perfectly plastic material, namely mercial 10um salt foam, it is difficult to reach a conclusioras
(i) stress rising linearly with strain at low stresses (elastic concerning the influence of pore shape on flow stress parasn-

deformation), followed by (i) a nearly flat portion of the eterK. Indeed, this parameter is significantly higher for the:
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Table 2

Foam mechanical behaviour parameters

Precursor salt \Y) Commercial \% Commercial Vi Commercial
Particle size jgm) 5 10 50 63-90 50 63-90

Vial (%) 31 32 32 32 47 45

e (%) 6.4 8.9 7.3 10.1 3.1 4.7

K (MPa) 4.8 3.8 3.9 4.0 6.4 7.6

Vial is the volume fraction of metal in the foars, the transition strain defined as the strain where the cufve f(e) deviates from a straight line
andK a proportionality constant in the power-law relation={ Ke®25) describing the beginning of the stress—strain behaviour of replicated Al foams in
compression.

452 more regularly structured Foam IV; however, there is also are nearly parallel, which suggests a uniform hardeningsgf
453 ascale (i.e. pore-size) effect in replicated aluminium foams the metal, also, there is no such effect with Foam V. 460
454 akintowhatis seen in composites: the flow stress of the foam Foams V and VI can be compared with commercial sadt
455 rises with decreasing pore sif28]. For this reason, it can-  foams of similar pore size and densityaple 3. Foam 462
456 Not be said to what extent the differenceKiris a pore scale VI has a somewhat lower flow stress const&nthan its 463
457 Or pore shape effect. Examination of the ddt&g(7) sug- equal-density commercial-salt counterpart. This is not suz
458 gests that the scaling effect is dominant. Indeed, the curvesprising given the morphology of Powder VI, with its numegss
ous pyramids. These constitute “dead metal” regions thest
contribute essentially nothing to load bearing in the foamay
raising its density with no benefit in terms of foam mechasss
ical performance at low strain. In other words, at a giveev
volume fraction of metal, the amount of material constitutro
ing the struts is lower in Foam VI, lowering in turn the flowr1
stress compared with the foam made with commercial sait.
Comparing Foam V and the commercial 63490 salt 473
foam of the same density one finds tKataries on the othera7a
hand relatively little, despite the rather different internal ais
chitecture of the two pairs of foam (compare respectivel
Fig. 4(c) and (d)with Fig. 4(g) and (h). The implication 477
must then be that initial deformation of the foams is pu7s
marily concentrated in regions that have a relatively similap
shape and orientation regardless of the overall pore shage.
Most likely, these are narrower metal struts inclined perpest
150 dicularly to the stress axis. There is, indeed, in both foam
types significant bending of narrower struts after deformas
tion (Fig. 5). 484
Taken together, the present data indicate that the influessse
of pore shape on the flow stress constant at lower strain
is relatively minor for the range explored here. The maigv
reason for a decrease in flow stress seems to be the preseace
- of highly convex pore surfaces, which raise the foam density
by addition of “dead metal” that does not contribute to loaeb
bearing in the foam. 491
1 The transition straing, on the other hand, varies sigse2
15 20 nificantly with the foam internal structurddble 2 (com- 493
pare also the curves iRig. 6). For all three more regularlyaos
Fig. 7. Engineering stress raised to the power four as a function of Shap?.d and S!Ze_d “anti-solvent preC|p|tat|qn" salt foams the
engineering straie. (a) Foam IV =), to be compared with commercial  transition strain is about 25% lower than its value for cows
10p.m salt foam {——), and Foam V&) to be compared with commercial ~ responding foams made with commercial salt. In the higher
63-90um salt foam {%). Volume fraction of metal in all foamsy;a/, strain regime the former thus have a higher flow stress then
is close to 32%. Dotted straight lines represent an extrapolation of the the latter. 499

power-law strain hardening behavioar= s" with n = 0.25. (b) Foam . . L.
VI (Vi = 47%) =), and foam from commercial 63-90n salt For Foam VI this is expected if indeed deviations upwarsts

(Via = 45%) (—). Dotted straight lines represent an extrapolation of from the power-law are due to strut impingement: Na€d
the power-law strain hardening behaviaus s with n = 0.25. particle facet hollows result in a foam structure containia@

s* [10% (MPa)"]

@

100 — -

s* [10° (MPa)*]

(b)
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A A 5. Conclusion 538

A
v
A
A

Five different NaCl particles morphologies have been peas
duced by “anti-solvent” precipitation of NaCl from brineaso
using ethanol in the presence of one of the following a4
ditives: poly(acrylic acid), sodium hydroxide or citric acicss2

a

&
<

A 4

Cubic pore With citric acid the additive concentration plays a role in dess
termining the NaCl crystal morphology, as do physical pre«

Metal Metal cipitation parameters such as agitation or coarsening tinses

. The present anti-solvent precipitated NaCl particles carshe

%:(1—;4A,)' ; % :(%) a-vy" divided in two categories according to the patrticle size range.
Low concentrations of citric acid or polyacrylic acid leashs

w 6 & to fine NaCl particles (smaller than LBn). Particles with 549

At congtant V; », : & :(—)1 Aoyl
4 \t) 4 4 complex morphologies and of average size abovgrhmare sso
obtained with higher concentrations of sodium hydroxide st
citric acid additives. With citric acid, additive adsorption iss2
shown to play a role in precipitation. 553
Replication processing can be used to produce aluminissn
foams from these particles, with pores down tarB in av- sss
erage diameter. Compressive stress—strain curves displess a
convex pyramids. These are bound to touch at lower strainspower-law hardening region, followed by a region of ims7
than concave pores of the foam produced with commercial creasing apparent work hardening rate, consistent withssn
salt, as seen indeed Kig. 5(e) and (f) earlier study of replicated aluminium foam. It is found thate
Foams IV and V also show earlier dominance of the sec- the particle shape exerts relatively little influence on tha
ond hardening mechanism attributed to strut impingement low-strain power-law constant. On the other hand, the past
than corresponding foams produced from commercial pow- der shape influences significantly the strain at which tie
ders. Here, the reason is less obvious, as there are no convefoam stress—strain curve deviates from power-law behaviass.
geometrical features in these foams such as the pyramids ofThis deviation is observed with foams produced from regias
Foam VI; however, one can still argue that the cubical pores larly shaped and sized cube-derived NaCl particles at a capa-
of this foam are less convex than the nearly spherical porespressive nominal strain around three-quarters its value dar
of the commercial NaCl foams. If we assume for simplic- less regular and more rounded commercial salt. Assumisg
ity that strut impingement becomes significant when nearestthat this deviation is caused by mutual strut impingemest
opposing pore faces begin to meet in regions of high local during deformation, this study indicates that, the less consex
foam deformation, it follows that the rounder the pores, the the pore shape is, the earlier the deviation in flow stress s&ip-
later strut contact should set in. This is illustrated in simple wards from power-law behaviour is in replicated aluminiusa1
terms inFig. 8 strut contact should appear in a foam with foams. 572
cubical poresfFoams IV and V) at a strain roughly equal
to 80% of the strut contact strain for a foam of equal density
containing spherical poress€ommercial powder foams).
This is roughly the difference in transition strain between the
two foam types. This explanation thus accounts for the dif-
ference observed; however, it is of course very tentative and
incomplete. Indeed, local strains for pore face contact are
far higher than the observed foam transition stranghe
transition strain for Foam VI should then be even lower, and
perhaps strut contact is not the reason for the increased raté\ppendix A. Cylindrical metal foam sample
of work hardening. This interpretation would indicate that, compression testing: influence of sample face
the less convex the pore shape is, the earlier the stress—straimisalignment
behaviour of a replicated foam should deviate upwards from

Fig. 8. Schematic illustrating the difference in foam compressive strain
when opposite pore sides touch for a cubic and a spherical pore in a
foam.Ais the size of a representative element of foam voluatbe size

of a cubic pored the diameter of a spherical pore a¥gy the volume
fraction of metal (aluminium) in the foam.
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the power-law behaviour of the metal of which it is com-
posed.

At still higher strains as shown iRig. 5that in Foam V
flat aluminium facets formed between salt cubes have col-

Consider a cylindrical sample of metal foam, of diamers
ter 2 = d and heightlLg, that has its top and bottom sursso
faces slightly non-parallel. It is tested in compression sz
tween two parallel platens. #f is the angle between the twas2

lapsed, resulting in a structure that resembles a loose pilingnon-parallel sample faces, we define the misalignment ga-

of aluminium platelets: clearly, local crushing of individual
pores has occurred.

rametera asa = d tg(«) (Fig. 9). Unless the top and bottonssa
sample faces are grossly misalignedx Lo. 585
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We assume that, as found in an earlier sty8j; the
metal foam material exhibits common power-law (exponent
n) hardening behaviour in engineering stress—strain coor-
dinates,s = Ke' wheres is nhominal (engineering) stress,

e = AL/Lg with AL = Lo — L is the nominal (engineer-
ing) strain anK is a constant. During the compression test,
the forcef(x) exerted on a sample slice of thicknessahd
constant height located at distancdrom the axis of the
cylinder is:

) = 2% ((a/Zr)(r —x)—(a— AL))” T 24y

Lo

(A-1)

when the compression platens have moved closer to one

another by distancal measured from the moment of first
contact with the highest point of the cylindd¥ig. 9)

Assuming that the responses of the different slices are in-
dependent from one another (i.e. using a simple slice model),
the global forceF = pr2s on the specimen is:

C n
F=/ |:2k((a/2r)(r—x)—(a—AL)> /;rz—x21| dx

Lo
(A-2a)
with —r < x < CandC = r((2AL/a) — 1), and

F:/r [Zk((a/Zr)(r—x)—(a—AL)> M] dx

Lo
(A-2b)
Fig. 10shows, after numerical integration of these equa-
tions, the influence of varying misalignmeaton the re-

forL =a

forL =a
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15 - €s=16.7%

= € mis = 6.7 %

o

et

€rie=17%

@ 10 -

4] L =3mm

E d =16 mm

o n =025

= k =20

@

d:" 5 a =0um

E? a =50pm ( a/L = 1.7%)

. a =200pm ( /L =6.7%)
— a =500um ( all = 16.7%)

T
0 5 10 15 20 25 30

Engineering strain [%]

Fig. 10. Calculated apparent stress—strain curves with varying misalign-
ment for a typical sample of aluminium foam; relevant parameters are
indicated on the plot.

These curves display the general shape of experimegial
curves found in the present experiments, indicating that the
initial portion of the curves in this work is indeed influsi7
enced by face misalignment (the effects of which become
noticeable because of the small sample heigt 619
If we consider a foam of strain hardening exponert 620
0.25 (as found for replicated pure Al foams produced anato:
gously to the present materid]), a plot ofs* versuse will 622
yield a straight line in the absence of misalignment(0). 623
With a > 0, thes?* versuse curve does not follow a straight24
line at small strain; however, as shownhig. 11, calcula- g5
tions show that once the apparent engineering sttdifiLo g6
exceedemis = a/Lo, the curve very rapidly becomes lineaf,;

sulting engineering stress—engineering strain curve from theand parallel to thes* versuse curve obtained with: = 0. 4y

compression test, all other parameters remaining constant

dx

AL

|C;
|

2r

|
m compressed material for a displacement AL

Fig. 9. Profile drawing of compressed cylindrical sample with non-parallel
faces, defining parameters in the calculation.

A
v

Past this point, thus, the engineering stress—strain curvg,ds
essentially unaffected by misalignment. In short, misaligy
ment perturbs the stress—strain curves mainly by causingan
artificial shift in the strain origin. This creates an inflexiog,

—a=0
az0(ey=all,)

+ a# (0 corrected by e

4

ems=alL,

(Engineering stress)

\

linear part: y=mx + h

€ gin=-h/m

Engineering strain

Fig. 11. Same agig. 10 in coordinates ofs/” vs. apparent strain

e = AL/Lg, showing that the plots are essentially identical past the point
where AL = q, save for an artificial shift in the strain origin caused by
the misalignment.
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point in the curve, before which the data have no real sig- [15] R.C. Weast (Ed.), CRC Handbook of Chemistry and Physics, 68tta

nificance. edition, CRC Press, Boca Raton, Florida, 1987. p. B-130. 675
. . . _ . 6] J. Nyvlt, J. Ulrich, in: Admixtures in Crystallization, Wiley-VCH, 676

' Cgmpresswe engineering stress streyn curves measureél1 Weinheim. Germany, 1995. pp. 15-63. 677
in th_|3 work were thus plo_ttEd with a strain origin defined _at [17] M. Sedlak, M. Antonietti, H. Célfen, Macromol. Chem. Phys. 19678
the intercept with the horizontal axis of the extrapolated lin- (1998) 247. 679
ear curve througls® plotted versus 4L/Lg). Such a linear  [18] L. Wang, I. Sondi, E. Matijevic, J. Colloid Interface Sci. 218 (199%80
portion was present for all samples tested here, confirming (19] f/‘if Lrdicar E. Matievi. Colloids Sut. A Phveicochem. E 2:;

~ P V. araikar, . atijevi, Colloids osurt. : ysicochem. Eng
that.n ~ 0.25 for these pure aluminium foams. TheT egrly Aspects 186 (2001) 23, 683
portions of the_data are plotted as a _dOtted line, to 'nd|cat_e [20] E. Dalas, P.G. Klepetsanis, P.G. Koutsoukos, J. Colloid Interface $6i
that these portions of the stress—strain curves are to be dis- 224 (2000) 56. 685
carded. [21] V. Zaporojtchenko, J. Zekonyte, A. Biswas, F. Faupel, Surf. Seg6
We note in closing that, were the misalignment caused by . ;328535 (iooﬁ) 300. W . w chem. Mat 12;;
. . . M. . r, m. r.
lack of parallelism of the platens and not the sample faces, 2 (1998?64{60 orwig, eyer. SO e e

the derivation and the consequences are essentially the sameps) p.m. Reddy, R. Hoch, J. Colloid Interface Sci. 235 (2001) 365. 690

[24] J.P. Jolivet, M. Henry, J. Livage, De la solution a I'oxyde - Conden9l
sation des cations en solution aqueuse, Collection Savoirs Actueds,
CNRS Editions, Paris, France, 1994. p. 68. 693

References [25] F.C. Meldrum, S.T. Hyde, J. Cryst. Growth 231 (2001) 544. 694
[26] W.D. Kingery, H.K. Bowen, D.R. Uhlman, in: Introduction to Ce695

[1] J. Banhart, Prog. Mater. Sci. 46 (2001) 559. ramics, second ed., Wiley, New York, 1976. pp. 469-515. 696
[2] H.P. Degischer, in: H.P. Degischer, B. Krist (Eds.), Handbook of [27] T.G. Nieh, K. Higashi, J. Wadsworth, Mater. Sci. Eng. A 283 (20067
Cellular Metals, Production, Processing, Applications, Wiley-VCH, 105-110. 698
Weinheim, Germany, 2002, pp. 5-70 (Chapter 2). [28] K.C. Chan, L.S. Xie, Scripta Mater. 48 (2003) 1147-1152. 699

[3] C. San Marchi, A. Mortensen, Infiltration and the replication pro- [29] K.Y.G. McCullough, N.A. Fleck, M.F. Ashby, Acta Mater. 47 (1999y00
cess for producing metal sponges, in: H.P. Degischer (Ed.), Hand- 2323-2330. 701
book of Cellular Materials, Wiley-VCH, Weinheim, Germany, 2002, [30] E. Andrews, W. Sanders, L.J. Gibson, Mater. Sci. Eng. A270 (1999p

pp. 43-55. 113-124. 703

[4] L. Polonsky, S. Lipson, H. Markus, Modern Cast. 39 (1961) 57. [31] J. Banhart, J. Baumeister, J. Mater. Sci. 33 (1998) 1431-1440. 704
[5] C. San Marchi, A. Mortensen, Acta Mater. 49 (2001) 3959. [32] L.J. Gibson, M.A. Ashby, Cellular Solids: Structure and Propertie&5s
[6] F. Han, H. Cheng, J. Wang, Q. Wang, Scripta Mater. 50 (2004) second ed., Cambridge University Press, Cambridge, 1997. 706
13. [33] E. Koza, M. Leonowicz, S. Wojciechowski, F. Simancik, Mater. Letto7

[7] T.G. Zijlema, G.J. Witkamp, G.M. Van Rosmalen, J. Chem. Eng. 58 (2003) 132-135. 708
Data 44 (1999) 1338. [34] H. Bart-Smith, A.-F. Bastawros, D.R. Mumm, A.G. Evans, D.J09

[8] T.G. Zijlema, R.J. Hollman, G.J. Witkamp, G.M. Rosmalen, J. Cryst. Sypeck, H.N.G. Wadley, Acta Mater. 46 (1998) 3583—-3592. 710
Growth 198-199 (1999) 789. [35] A.-F. Bastawros, H. Bart-Smith, A.G. Evans, J. Mech. Phys. Sol. 281

[9] T.G. Zijlema, G.J. Witkamp, G.M. Van Rosmalen, J. Chem. Eng. (2000) 301-322. 712
Data 44 (1999) 35. [36] M.F. Ashby, A. Evans. N.A. Fleck, L.J. Gibson, J.W. Hutchinsom13
[10] T. Sata, Ceram. Int. 20 (1994) 39. H.N.G. Wadley, Metal Foams: a Design Guide, Boston, MA, Buri4
[11] S. Al-Jibbouri, J. Ulrich, Cryst. Res. Technol. 36 (2001) 1365. terworth Heinemann, 2000. 715
[12] J.H. Adair, E. Suvaci, Curr. Opin. Colloid Interface Sci. 5 (2000) [37] L.J. Gibson, Annu. Rev. Mater. Sci. 30 (2000) 191. 716
160. [38] J.-F. Despois, Y. Conde, C. San Marchi, A. Mortensen, Tensiler
[13] M.N. Pons, H. Vivier, T. Rolland, Part. Part. Syst. Char. 15 (1998) behavior of replicated aluminium foams, in: J. Banhart, N.A Fleck]s
100. A. Mortensen (Eds.), Proceedings of the Conference Metfoam 79
[14] M.N. Pons, H. Vivier, K. Belaroui, B. Bernard-Michel, F. Cordier, Cellular Metals: Manufacture, Properties, Applications, Verlag MIT20
D. Oulhana, J.A. Dodds, Powder Technol. 103 (1999) 44. Publishing, Berlin, Germany, 23-25 June 2003, pp. 375-380. 721

MSA 17813 1-13



	Processing of NaCl powders of controlled size and shape for the microstructural tailoring of aluminium foams
	Introduction
	Experimental procedure
	Materials
	Preparation of precipitated sodium chloride particles
	Preparation of aluminium foams by the replication process
	Microstructural characterisation
	Mechanical testing of the aluminium foams

	Results
	NaCl powder precipitation
	The metallic foams
	Mechanical properties of the metallic foams

	Discussion
	Factors controlling the NaCl crystallisation
	The metallic foam structure
	Mechanical behaviour

	Conclusion
	Acknowledgements
	Cylindrical metal foam sample compression testing: influence of sample face misalignment
	References


