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The cryogenic (=196 °C), room (25 °C) and high (250 °C) temperature compressive crushing performances of
recently developed metal foam matrix composites was investigated with respect to the position of reinforcements
on foam samples. Closed-cell aluminum alloy foams were produced via powder metallurgical route from AlSi10
matrix material; while diamond shape expanded stainless steel were used as reinforcements. The deformation
behavior and main mechanical properties of the unreinforced and reinforced metallic foam was found to be
strongly temperature dependent under quasi-static loading. Reinforced foams exhibited much higher strength
properties and energy absorption capability compared to unreinforced foams at almost the same overall weight
of the samples, i.e. up to 11 times. The properties percentage reductions of the reinforced foams are significantly
below the reduction of the unreinforced foam. Furthermore, it was observed that the collapse mechanisms and

mechanical properties of the reinforced foams depends on reinforcement position.

1. Introduction

Conventional Composite Metal Foams (CMFs) [1-4] and recently
developed Metal Matrix Syntactic Foams (MMSFs) [5-9] are a new class
of advanced composite cellular materials of great interest that can be
found in every field of today’s engineering world. Their particular
porous structure gives them unique mechanical and physical properties
that allow a broadening in the range of properties of their solid coun-
terparts [10-12]. The applications of these foamed closed-cell porous
materials in advanced composite structures (ACSs) are thus very ex-
tensive, while the use of fully dense solid materials have lost slowly
their applicability [13-15]. Due to its outstanding energy absorption
capabilities, high stiffness-to-weight ratio, good fracture and shear
strength and exceptional heat transfer ability, they are of special in-
terest in construction, automotive and aeronautics industries [16-19].

Different lightweight and less expensive ACSs capable of low and
high temperature operation are also required for many future space
exploration missions (and not only). Some typical cold and hot en-
vironmental temperatures, applicable for our Solar System, are: the
chilly night side of the Mercury (—180 °C), Moon Titan surface tem-
perature (—180 °C), Moon Europa Icy surface temperature (—188 to
—143°C), Saturn cloud tops mean temperature (—185°C), Uranus
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(—195°C) and Neptune (—200°C) mean temperatures, Venus atmo-
sphere (150 °C between 40 and 48 km altitude and 325°C at 18 km
altitude), the day side of the Mercury (from 150 °C up to 427 °C with an
average of 167 °C), on Venus (from —173°C to 467 °C) etc. [20,21].
Over the past few decades, extensive studies have been performed
exploring porous materials suitability for Earth living conditions ap-
plications [22-24], while a very limited number of studies have focused
on space extreme exploration conditions [25-27]. Even so, the vast
majority of these studies were conducted for closed-cell polymeric
foams and open-cell metallic foams (MFs) regarding their thermal
performances [28-30]. The main cryogenic characteristics of chopped
fiber reinforced polyurethane foams [31,32], polymeric foams [33] and
sandwich-type insulation board composed of E-glass/epoxy composite
and polymeric foams [34] are reported in the literature under both
static and impact loading conditions. Fesmire and co-workers [35] have
studied the cryogenic thermal performance of Spray-on foam insulation
(SOFI) under large temperature differentials. The authors also address
recent advancements and applications of SOFI systems on future launch
vehicles and spacecraft. More recently, Dixit and Ghosh [36,37] and
Chunhui and co-workers [38] have investigated the thermal con-
ductivity of high porosity open-cell MFs as advanced thermal storage
unit at low temperatures. The results show that the thermal

Received 15 October 2018; Received in revised form 29 October 2018; Accepted 2 November 2018

Available online 03 November 2018
0263-8223/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
https://doi.org/10.1016/j.compstruct.2018.11.006
https://doi.org/10.1016/j.compstruct.2018.11.006
mailto:emanoil.linul@upt.ro
https://doi.org/10.1016/j.compstruct.2018.11.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2018.11.006&domain=pdf

E. Linul et al.

Composite Structures 209 (2019) 490-498

Nomenclature

ACSs advanced composite structures

AFs aluminum foams

b thickness of reinforcement

CMFs composite metal foams

CT cryogenic temperature

EDM electric discharge machining

Eqe quasi-elastic modulus

h width of reinforcement

HT high temperature

H; large diagonal of the reinforcement unit-cell
H, small diagonal of the reinforcement unit-cell
LR longitudinal reinforced

MFs metallic foams

MFMCs metal foam matrix composites

MMSFs metal matrix syntactic foams

OSD onset strain of densification

PM powder metallurgical route

RT room temperature

SOFI spray-on foam insulation

SSFES stainless steel flat expanded sheets

TR transversal reinforced

UR unreinforced

W energy absorption

Wp energy absorption at densification strain
a angle that defines the loading direction
Ao stress drop

€ compressive strain

ep densification strain

gy strain corresponding to compressive yield stress
o compressive stress

04 densification stress

Opl plateau stress

oy compressive yield stress
compressive strength at 20%
compressive strength at 40%

020%
O40%

conductivity increases with the temperature decreasing [38]. In addi-
tion, Dixit and Ghosh [36] have noticed that between copper and alu-
minum foam of same weight, copper foam cools down faster. Moreover,
Dixit and Ghosh [37], found a decrease in volumetric flow rate of
convective fluid indicating lesser heat load results in reduction of foam
temperature.

Similarly, the favorable physical and mechanical properties of dif-
ferent porous materials at low temperatures are mentioned in other
sources [39-43], but the reported experimental results are not for re-
inforced closed-cell aluminum foams. The cryogenic and elevated
temperature reliability of the MFs is a remaining concern in the space
explorations since MFs are subjected to various thermal/mechanical
loads due to the temperature difference between the extreme atmo-
spheric space conditions and the weight of the spacecraft components.
In practice, the effects of low and high temperatures, on the composites
mechanical behavior, can't be ignored because porous (foam) materials
are very sensitive to temperature changes [44-46]. Therefore, under-
standing the mechanical behavior of such cellular materials under ex-
treme atmospheric conditions (from cryogenic to high temperatures) is
very important and critical for exploring their suitability for con-
structing lightweight foam composite structures used in space ex-
plorations and Earth living conditions.

To the best of the author’s knowledge, the effect of low and high
temperatures on the compressive performances of Metal Foam Matrix
Composites (MFMCs), particularly with very thin stainless steel mesh
reinforcements (~ 0.5 mm), is not investigated. Therefore, the objective
of this work is to present results illustrating the effect of systematic
variations of temperature (—196, 25 and 250 °C) and sample config-
uration (without reinforcements and with two different positioning of
reinforcements) on the quasi-static compressive mechanical response of
closed-cell aluminum alloy foams.

2. Experimental program
2.1. Materials

Three different types of panels (geometry 30 mm X 500 mm X
500 mm) were manufactured, as follow: unreinforced (UR), transversal
reinforced (TR) and longitudinal reinforced (LR) aluminum foams (AFs)
panels. The closed-cell aluminum alloy foams investigated in this re-
search were prepared by powder metallurgical (PM) route from AlSi10
matrix composition (10 wt% Si and Al balanced), using 0.4 wt% of TiH,
as a foaming agent. Composite TR and LR panels with high porosity
were reinforced at two loading surfaces with Stainless Steel Flat

Fig. 1. Geometrical parameters of the SSFES unit-cell.

Expanded Sheets (SSFES). The SSFES reinforcements (square weight of
3.4kg/m?) had a diamond shape (H; = 6mm x H, = 3mm), with
thickness of b = 0.5 mm and a width of h = 1 mm. Fig. 1 present the
geometrical parameters of a SSFES unit-cell

The used X5CrNi 18-10 stainless steel composition of the SSFES is
Cr 17-19.5%, Ni 8-10.5, C < 0.07%. It is austenitic Cr-Ni stainless
steel with corrosion resistance to most oxidizing acids and salt spray
[47]. The SSFES reinforcements are inserted into the mold together
with foamable precursors. During foam expansion, the properly po-
sitioned SSFES are infiltrated with molten material thus forming a
strong metallurgical bond (due to the reaction between the liquid
foam alloy and reinforcements), see Fig. 2a. The quality of the AFs-
SSFES bond depends on the chemical composition of both foam and
reinforcement materials. If necessary, this bond can be controlled/
improved by both coating processes and proper surface treatment of
the reinforcements. Besides increasing the foam mechanical proper-
ties, the reinforcements prevent liquid foam from collapsing on
cooling showing an additional stabilizing effect, thus allowing higher
final porosity of the foam [48].

In order to prevent any damage to the foam cellular structure
(Fig. 2¢), an Electric Discharge Machining (EDM) was used for cutting
samples. Therefore, cubes samples (geometry 30mm X 30 mm X
30mm), with an average density of 0.42 g/cm® were cut from large
produced panels (Fig. 2b). The samples with density above or below the
10% range were excluded prior experiments.

2.2. Test set-up

Quasi-static uniaxial compression tests were carried out on a 100 kN
A009 (LBG TC100) Universal testing machine equipped with both a
cryogenic installation (for low temperature) and a thermal chamber (for
high temperature). Therefore, the experimental program it was
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Fig. 2. The infiltrated SSFES cells (a), foamed panel (b) and AFs structure (c).

designed for three different testing temperatures, i.e. —196 °C (cryo-
genic temperature tests — CT), 25 °C (room temperature tests — RT) and
250 °C (high temperature tests — HT). The experimental tests were
performed on cubic samples with three different configurations (UR, TR
and LR). The name of the TR and LR are given by the loading direction
developed on the reinforcement cells. Therefore, the reinforced foam
samples were tested under two different cell directions of a = 0° or TR
(Fig. 3a) and a = 90° or LR (Fig. 3b). Fig. 3 illustrates the SSFES or-
ientation along with the loading direction. The low temperature sample
tests are performed submerged in liquid nitrogen.

According to the 1ISO13314-11 standard [49], for test condition,
three tests were conducted in order to check the repeatability of the
results and a constant crosshead speed of 10 mm/min was used. The
experimental test set-up was designed in such a way that the all samples

reached a homogenous temperature distribution prior to quasi-static
compression. Therefore, all samples were precooled (—196 °C)/pre-
heated (250 °C) in the cryogenic/thermal chamber for 20 min. In order
to prevent any reduction in temperature after precooling/preheating,
the foam samples were compressed inside the cryogenic/thermal
chamber.

3. Results

Based on the load-displacement data recorded by the acquisition
system and software of the testing machine, the engineering stress (o) —
engineering strain (¢) graphs were obtained. Figs. 4 and 5 shows the
influence of reinforcements (UR, TR and LR) and influence of testing
temperature (—196, 25 and 250 °C) on the quasi-static compressive
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Fig. 3. Orientation of SSFES cells and pattern close-up according to loading directions.
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Fig. 4. Engineering stress — engineering strain curves of investigated AFs. Influence of reinforcements.

stress-strain behavior of investigated foams at average density of
0.42 g/cm>.

Regardless of the type of reinforcements and testing temperatures,
the o-¢ graphs are characterized by the typical short linear-elastic region,
followed by a large deformation plateau region where the most critical
failure mechanisms occur and finally a transition to densification region
with an abrupt increase in stress at almost constant strain [50-52]. The
energy absorption capacity of foams (energy absorbed per unit vo-
lume), is evaluated by integrating the area under the stress—strain curve
[14,53,54]. The W increases almost linearly with strain increasing until
to the onset strain of densification — OSD (see Fig. 6). The OSD and W
dissipation is given by two different phenomena: the cell-walls structure
collapse mechanisms and the evolution of friction between cell-walls
when they are in contact.

The deformation sequences for un-/reinforced AFs together with
initial (before compression tests) and final (after compression tests)
shape of the foam samples at RT are presented in Fig. 7. Due to the
SSFES reinforcements, from Fig. 7 it can be easily observed that the
tested samples shows different deformation mechanisms.

During the experimental tests of fully dense solid materials (e.g
steel, titanium etc.), one of the critical problem is the contact between
the sample and the loading devices [55-59]. In the case of MFs and
MFMC s, this is an insignificant problem, as any deviation of foam
surfaces from parallel with regard to compressive plates are solved al-
most immediately by local deformations of foam. Only mirror move-
ment or slipping is observed. If material moves, it is almost due to
movement of the parts of foam with respect to the rest of foam. On the
other hand, proper size of samples (diameter/size of square comparable
or slightly smaller to height of sample) will also diminish significantly
this problem.

The main mechanical properties of MFMCs were determined from o-
e curves according to Ref. [49]. The following mechanical character-
istics were experimentally investigated under quasi-static compressive
tests: quasi-elastic modulus-E. (the slope of the compressive stress—
strain curve within the linear-elastic region), compressive yield stress-

oy (first maximum compressive strength followed by a sudden drop in
stress), strain corresponding to compressive yield stress-ey, 0299, and
0400, (compressive strength at 20% and 40% strain, respectively), pla-
teau stress-op, (arithmetical mean of the stresses between 20% and 40%
compressive strain), densification strain-ep (the point in the stress—
strain curve at which the stress is 1.3 times the oy,), densification stress-
04 (compressive strength corresponding to ep) and the energy absorp-
tion at densification strain-Wp. The determined properties (Eqe, 0y, &y,
Opl, 04, €4, Wp) of the investigated MFMCs samples, depending on the
testing temperature, are presented in Table 1.

The total energy absorption capacity-W, (energy absorbed per unit
volume) is defined as the amount of energy necessary to deform a given
sample to specific strains and is calculated using Eq. (1) [44,60].

€
w Of ode o

The W performances of unreinforced and reinforced foams at dif-
ferent strains (10-80% strain with a step of 10%) and different testing
temperatures are listed in Table 2.

Fig. 8 depicts the compressive properties variation with testing
temperatures of AlSil0 foams with and without reinforcements.

The investigated mechanical properties (Eqe, Oy, Op1, Oq, £4, W) Were
found to be significantly smaller at higher temperature than at cryo-
genic temperature for both unreinforced and reinforced samples. From
Fig. 8, it is obvious that the reinforced samples presents much higher
properties compared to unreinforced foams at almost the same overall
weight of the samples.

4. Discussions

At all investigated temperatures, the compressive o-¢ curves exhibits
a yield point with an initial peak stress (o,) value at the end of linear-
elastic region [61]. As it is obvious from Figs. 4 and 5, the highest stress
drop Ao (difference between first maximum o, and first minimum
compressive stress after o,) for LR foams and the lowest for TR foams
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Fig. 5. Engineering stress — engineering strain curves of investigated AFs. Influence of testing temperatures.

493



E. Linul et al. Composite Structures 209 (2019) 490-498

8 8 8
UR —UR
= 7 T 7] 25°C = 7 |250°C
E p £ s —TR E ] —TR
2 2 —1LR = —ILR
§- 5 §' 5 5‘ 5
24 E ¢4 24
Z 3 2 3 Z 3
£ £ £
% 2 B 2 B2
3 ) 5
a1 51 51
0 ® 0 ® ©
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Strain, [%] Strain, [%] Strain, [%]

Fig. 6. Energy absorption-strain curves of investigated AFs for different testing temperatures.

was obtained. The biggest difference in Ao terms is obtained at cryo-
genic temperature (i.e. 57.76% for LR, 32.45% for TR and 21.82% for
UR). For reinforced foams, this difference decreases significantly with
increasing test temperature (250 °C), reaching 28.01% for LR and
0.39% for TR. Otherwise, unreinforced foams show a significant in-
crease of Ao, of about 34.12% for 250 °C.

The plateau stress of both reinforced (TR and LR) foams highlights a
pronounced serrated character after oy, while the absence of any stress
oscillations in the case of UR foams was found [62]. The UR foams
presents a continuous hardening on the entire plateau region. The
serrated character of the o-¢ curves at CT and RT is mostly due to the
plastic deformation of the reinforcements, together with the brittleness
of the aluminum alloys used for the foam production [2,14]. Due to the
morphology of the reinforcements, only a minor material separation for

UR

TR

TR and LR foams at cryogenic temperatures was observed.

The SSFES reinforcements increases the elastic properties of the
foam almost six times, though the weight due to the SSFES increases
only a few percent. The biggest Eg. difference is obtained at HT, re-
ducing it to 4.67% for CT. The most efficient use of SSFES reinforce-
ment is as LR, but TR foams also show significant higher elastic prop-
erties compared to UR foams, i.e. 3.80 times (73.66%) for HT and 2.65
times (62.21%) for CT. Quasi-elastic modulus (Fig. 8a) decreases line-
arly with increasing test temperature.

The strength properties (oy, op,; and 0g) follow the same pattern for
both reinforced and unreinforced foams (see Fig. 8b—d). The strength
performances of AlSi10 foams are the most beneficial influenced by the
reinforcements, their properties were found considerably higher from
unreinforced ones, (by 90.93% for oy, 65.71% for op,; and 70.89% for

Fig. 7. RT deformation sequences (0, 20, 40, 60 and 80% strain) for UR (a), TR (b) and LR (c) foams together with initial/tested shape of the samples (d).
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The main mechanical properties of investigated AFs for different testing temperatures (average density of 0.42 g/cm?).

Temperature [°C] Foam type Linear-elastic region Plateau region Densification region
Eqe [MPa] oy [MPa] ey [%] 0200, [MPa] 0409 [MPa] op1 [MPa] op [MPa] ep [%] Wp [MJ/m?]
-196 UR 99.51 + 7.12 1.67 = 0.07 218 = 0.27 240 = 0.17 5.19 * 043 3.80 + 0.26 494 + 0.34 3878 + 0.42 0.98 = 0.04
TR 263.30 * 20.32 7.57 £ 0.49 6.49 * 0.52 4.47 + 035 6.46 = 0.41 538 * 0.30 6.99 + 0.61 67.33 + 1.64 3.64 = 0.22
LR 464.88 + 12.82 13.61 = 0.38 6.29 * 0.35 6.25 + 0.21 7.99 = 0.33 7.23 + 0.11 9.40 + 0.14 66.09 + 1.42 5.31 = 0.05
25 UR 61.67 + 5.28 0.95 + 0.11 1.95 = 0.19 152 = 0.16 279 £ 052 219 * 0.21 256 + 0.45 39.16 + 0.87 0.49 = 0.09
TR 194.65 + 10.34 4.69 + 0.32 532 + 0.23 423 = 0.27 430 * 044 3.97 + 041 5.16 = 0.35 65.00 = 0.99 2.20 * 0.16
LR 336.00 + 13.66 6.93 + 0.14 393 + 0.18 4.68 + 0.20 4.33 = 0.36 4.41 = 0.26 6.85 = 0.51 63.41 = 1.03 295 * 0.19
250 UR 37.38 + 6.49 0.59 + 0.08 1.64 + 0.09 098 + 0.42 2.09 = 0.17 1.43 = 0.26 1.87 * 0.33 39.65 * 0.52 0.41 + 0.03
TR 141.93 + 16.25 3.83 = 0.13 6.22 + 0.38 3.54 = 0.15 3.73 + 0.20 3.71 + 0.24 4.83 = 0.27 62.75 = 0.88 2.14 * 0.17
LR 220.77 = 1494 6.54 = 0.28 485 *+ 0.33 5.18 £ 048 455 = 0.27 4.18 = 0.32 6.41 = 0.41 60.39 £ 0.76 292 + 0.13

04). Therefore, the biggest differences, up to 11.02 times (5.95 MPa), (17.57%).

were obtained for the mechanical strength corresponding to the yield
point and for HT tests. Furthermore, the compressive strength of re-
inforced foams depend on the orientation of the SSFES and is always
higher in longitudinal direction. The expanded sheets are stronger in
longitudinal direction because of larger load-bearing cross-section (see
Fig. 3a, b). The strength values of LR foams are up to 40% higher than
TR ones. It is important to note that the biggest drop in strength
properties of reinforced foams is found between —196°C and 25°C
(49.09% for oy, 39.01% for oy and 27.09% for o), while from 25 °C to
250 °C this decrease is almost insignificant (about 6%). Contrariwise,
the UR foams show significant decreases in properties between both CT
and RT (42.91% for oy, 42.20% for op,; and 48.06% for 04) and between
RT and HT (37.76% for oy, 34.65% for oy and 27.18% for o).

The relatively high densification strains (67.33% strain for TR and
66.09% strain for LR) of reinforced samples at —196 °C (see Fig. 8e) is
likely justified by the presence of expanded metal sheets which com-
pensates the brittle deformation behavior of the AlSi10 matrix material.
It is observed that the lack of reinforcement decreases the densification
strain of UR foams up to 38.79% strain at CT. The g4 values remain
almost the same at both 25°C and 250°C. A slight increase (up to
39.65% strain at 250 °C) of ¢4 is observed for UR foams due to the
softening of the cell-walls, while the presence of reinforcements de-
crease slightly the e4 values (up to 62.75% strain for TR and 60.39%
strain for LR) at 250 °C. A linear variation of ¢4 values with temperature
for all sample configurations was obtained, Fig. 8e.

The energy absorption performances of reinforced foams are far
superior to unreinforced foams, i.e. 5.45 times at CT and 7.19 times at
HT. The W values of reinforced foams drops considerably from —196 °C
to 25°C (39.71% for TR and 44.51% for LR), they remain almost un-
changed between 25 °C and 250 °C (decrease by only 2.73% for TR and
by 0.79% for LR). Also, the LR values are up to 1.4 times higher than TR
ones. As is the case of strength properties, the W values of UR foams
decreases considerably between both CT-RT (49.40%) and RT-HT

Table 2

Fig. 9 presents a comparison between reduction percentage of
strength properties (yield stress, plateau stress, densification stress) and
energy absorption capability at different temperatures relative to CT,
for unreinforced and reinforced foam samples.

Both strength and energy-absorption reduction properties presents
the same trend and are thus discussed together. The properties reduc-
tion of the reinforced foams are significantly below the reduction of the
unreinforced foams. A very interesting is that even if LR foams ex-
hibited higher mechanical properties than TR foams (see Fig. 8), TR
foam reduction is much lower than that of LR foams for all investigated
properties (see Fig. 9). This is due to a more stable deformation me-
chanism of TR foams compared to LR ones. This aspect can be easily
seen from Figs. 4 and 5, where o-¢ curves show much lower oscillation
amplitudes in the TR foam for all investigated temperatures, especially
the plateau region.

The biggest difference between the properties reduction percentage
of unreinforced and reinforced foams is observed at HT, some of them
being up to 2 times smaller (plateau stress, densification stress) in the
case of reinforced foams than in the case of unreinforced. Three dif-
ferent major effects control these property reduction differences: the
mechanical properties of the foam matrix material, the deformation
mechanism of the foams and the mechanical properties of reinforce-
ments. Due to occurrence of phenomena like the dynamic re-
crystallization and softening of the foam matrix material at HT, the
deformation behavior of the foams changes (Figs. 4 and 5) together
with a significant reduction in mechanical properties (Fig. 8) [44]. At
lower temperatures (—196 °C), the foams show a brittle deformation
mechanism, followed by a ductile behavior at high temperature
(250 °C), with a ductile-to-brittle transition around room temperature.
It seems that the reinforcements take up most of the deformation me-
chanisms, influencing both the increase of the mechanical properties
and the decrease of the percentage reduction of properties. Therefore,
the mechanical properties and the correct positioning of the SSFES

The energy absorption values of investigated AFs for different testing temperatures (average density of 0.42 g/cm?).

T [°C] Foam type Energy absorption at different strains, W [MJ/m?]
10% 20% 30% 40% 50% 60% 70% 80%

-196 UR 0.131 + 0.021 0.321 * 0.035 0.607 = 0.061 1.012 = 0.075  1.587 * 0.083  2.485 + 0.097 3.963 = 0.180  7.068 + 0.118
TR 0.494 + 0.064 1.007 = 0.038 1.457 = 0.028 1.961 = 0.133 2.520 * 0.072 3.089 + 0.105 3.660 = 0.101 4.850 + 0.155
LR 1.052 + 0.027 1.798 * 0.056  2.488 + 0.053  3.264 * 0.011 4.285 + 0.035 5.312 = 0.117  6.605 + 0.234  8.537 = 0.253

25 UR 0.073 + 0.011 0.181 + 0.025 0.310 = 0.018 0.500 * 0.066  0.801 = 0.110  1.297 * 0.023  2.179 = 0.033  4.180 * 0.228
TR 0.411 + 0.058 0.856 + 0.045 1.308 + 0.059 1.800 = 0.074  2.310 + 0.098 2.872 + 0.082  3.486 + 0.171 4.665 + 0.0271
LR 0.707 = 0.013  1.356 = 0.040  1.992 * 0.037  2.595 + 0.102  3.234 *= 0.083 3.977 + 0.118 4.978 = 0.294  6.820 + 0.319

250 UR 0.049 = 0.005 0.126 + 0.038  0.233 + 0.026  0.384 = 0.041 0.599 + 0.009 0.937 = 0.056 1.544 + 0.040 2.868 = 0.083
TR 0.242 + 0.082  0.591 + 0.073  0.938 + 0.055 1.260 + 0.037  1.558 + 0.078 1.871 + 0.029  2.379 + 0.077  3.585 *+ 0.194
LR 0.468 + 0.041 0.965 + 0.063  1.476 = 0.095  1.952 * 0.084  2.439 = 0.064 3.016 * 0.145 3.830 = 0.123  5.301 * 0.228
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reinforcements become the dominant deformation mechanism.

Future development can be in replacing complex 3D castings of
aluminum with 3D complex parts made from aluminum foam re-
inforced in proper directions with stainless steel mesh. The obtained
results can be employed in numerical calculations to obtain proper size,
placement and orientation of stainless steel mesh to obtain enough stiff
and strength goods at minimum weight. Future works can be in varying
strain rate at the investigated temperatures.

5. Conclusions

Quasi-static compressive mechanical properties (quasi-elastic mod-
ulus, yield stress, plateau stress, densification stress, densification strain
and energy absorption capacity) of high porosity reinforced closed-cell
aluminum alloy foams subjected to cryogenic (—196 °C using liquid
nitrogen) and high (250 °C using a thermal chamber) temperatures has
been investigated at average density of 0.42g/cm> The following
conclusions can be drawn:

The behavior and mechanical properties of reinforced foam samples
are a function of the positioning of the reinforcement cells according to
the loading direction. The experimental tests showed that, the re-
inforcements affects the magnitude of the compressive plateau stress.
Thus, the foam samples with longitudinal reinforcements (LR) exhibit
high-energy absorption capacity because of the high compressive
strength.

The strength properties and energy absorption performances of in-
vestigated foams are the highest at the cryogenic temperature and si-
milarly decrease with increasing test temperature. Moreover, the foam
deformation mechanism changes (due to the dynamic recrystallization
and softening of the foam matrix material) from brittle (—196 °C) to
ductile (250 °C) around the 25 °C transition temperature.

The percentage reductions of the reinforced foams are significantly
below the reduction of the unreinforced foam. Furthermore, the
transversal reinforced (TR) foam reduction is lower than that of LR
foams, even if LR foams exhibited higher properties than TR foams.

Conclusively, the foam mechanical properties (Eqe, Oy, Op1, Od, €4, W)
at all investigated temperatures (—196, 25, 250 °C) are substantially
improved by using expanded metal reinforcements for at almost the
same overall weight of the samples. The data resulted from the ex-
perimental program given in this work can further be used in the design
phase of a cryogenic storage or fuel tanks application.
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