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The paper emphasizes harmonized recommendations for mechanical tests of 

highly-porous aluminium and aluminium foam to be applicable for analysing 

their compression response under quasi-static loading as well as determining 

reliable and reproducible results essentially required for practice problems of 

engineering design. Key mechanical parameters are designated and specified 

by considering distinctive features of deformation patterns indicative of po-
rous aluminium and aluminium foam with a cellular structure. Special atten-
tion is paid to the problem related to inhomogeneous deformation of the 

above-mentioned materials, resulting in variation of quasi-elastic structural 
stiffness as well as shape and length of plateau regime of the stress–strain 

curve. Application of the harmonized recommendations is demonstrated with 

using several kinds of foam aluminium fabricated in line with different pro-
cessing route. Using the above recommendation, significant effect of pro-
cessing additives on micromechanism of deformation and, in turn, on macro-
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scopic compressive response of Al foams resulted from contamination of the 

cell wall material by side products is shown and clarified. 

Key words: porous metals, metallic foams, compression test, quasi-static 

loading. 

В роботі висвітлено новітні унормовані рекомендації стосовно механічних 

випробувань високопоруватого та спіненого алюмінію, які є придатними 

для аналізу механічної поведінки цих матеріялів в умовах стиснення та 

отримання надійних та відтворюваних результатів, істотно необхідних 

для вирішення задач інженерної практики. З урахуванням особливостей 

деформаційних кривих, притаманних комірчастій структурі високопору-
ватого та спіненого алюмінію, надано відомості щодо визначення їхніх 

ключових механічних характеристик. Особливу увагу приділено неодно-
рідному характеру деформації зазначених матеріялів, що спричиняє змі-
ни у структурній цупкості, а також формі та довжині ділянки плато на 

кривій «напруження–деформація». Застосування унормованих рекомен-
дацій було продемонстровано із застосуванням декількох видів спіненого 

алюмінію, виготовленого за різними технологічними процедурами. З 

урахуванням висвітлених рекомендацій зареєстровано істотний вплив 

технологічних додатків на мікромеханізм деформації та, як наслідок, на 

механічну поведінку спіненого алюмінію в цілому, що пояснюється за-
брудненням матеріялу стінок між комірками сторонніми продуктами ре-
акцій. 

Ключові слова: пористі метали, металеві піни, випробування на стиск, 
квазистатичне навантаження. 

В работе приведены современные рекомендации для механических испы-
таний высокопористого и вспененного алюминия, которые пригодны для 

анализа механического поведения этих материалов в условиях сжатия и 

получения надёжных и воспроизводимых результатов, необходимых для 

решения задач инженерной практики. С учётом особенностей деформаци-
онных кривых, присущих ячеистой структуре высокопористого и вспе-
ненного алюминия, представлены сведения относительно определения их 

ключевых механических характеристик. Особое внимание уделено неод-
нородному характеру деформации указанных материалов, что вызывает 

изменения в структурной жёсткости, а также форме и длине участка пла-
то на кривой «напряжение–деформация». Применение разработанных 

рекомендаций было продемонстрировано с использованием нескольких 

видов вспененного алюминия, изготовленного по различным технологи-
ческим процедурам. Разработанные рекомендации позволили зареги-
стрировать существенное влияние технологических добавок на микроме-
ханизм деформации и, как следствие, на механическое поведение вспе-
ненного алюминия в целом, что объясняется загрязнением материала 

стенок между ячейками побочными продуктами реакций. 

Ключевые слова: пористые металлы, металлические пены, испытание на 

сжатие, квазистатическая нагрузка. 
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1. INTRODUCTION 

Highly-porous aluminium and aluminium foams are a group of a new, 

as yet unfamiliar to the most engineers, class of materials with cellular 

structure and unique combination of low density and novel physical, 
mechanical, thermal, electrical, and acoustic properties [1, 2]. In par-
ticular, they have stiffness/mass ratio which superiors by several 
times to that of dense aluminium alloys commercially available today. 
Moreover, highly-porous Al and Al foams show exclusive capacity to 

undergo large strains (up to 60–70%) at an almost constant stress in 

compression, providing their remarkable ability to absorb mechanical 
energy and making them attractive for different engineering applica-
tions where effective utilization of impact energy is required and, par-
ticularly, for those in transport industry [1–3]. Because of this, there 

has been extensive interest in development of production and mechani-
cal performance of Al foams and highly porous Al [1, 2, 5–14]. Howev-
er, despite of promising structural and functional properties of the 

above materials, their penetration in market by application in engi-
neering practice is yet strongly limited. Besides technical and econom-
ical limitations, lack of guidelines addressed to engineering design 

and, particularly, those related to designation of mechanical perfor-
mance metrics for the above materials impedes their transfer in engi-
neering practice. However, the deformation behaviour of cellular met-
als including porous Al and Al foams is quite different from conven-
tional dense materials and dependent on volume fraction of solid, i.e. 
relative density / s (where  is density of cellular structure and s is 

density of the solid). Because of this, test method procedures ad-
dressed to determining the set of mechanical parameters for conven-
tional metallic materials are not appropriate for porous Al and Al 
foams. Whereupon, theoretical models [1, 3, 9, 10] based on an ideal-
ized representation of cellular structure were found to be inadequate 

to represent the actual profile of mechanical properties for real porous 

metals and metallic foams [9, 10]. Different imperfections existing in 

real Al foams, processing additives, and variation in the testing condi-
tions result in considerable disagreements between experimental re-
sults and theoretical predictions [10, 15–22]. Thus, specification of 

mechanical tests for porous Al and Al foams with well-defined data re-
lated to microstructure of the cell wall material is a way to provide for 

validity of material verification essential for engineering design. 

Guidelines for test method procedure suitable for porous Al and Al 
foams are originated from distinctive features of their compressive 

response. Figure 1 shows schematically distinctive features of com-
pressive response of highly porous Al and Al foam with relative densi-
ty / s  0.5. 
 Linear elastic regime I before general yielding is followed by well-
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defined plateau regime II that continues up to large strains beyond 

which the stress increases sharply within densification regime III. It 

was specified that linear elastic response be related to cell edge bending 

in open-cell material while the edge bending combined with face 

stretching is typical for closed-cell foam [3, 9]. 
 As the stress increases, the cells begin to collapse in response to 

roughly constant stress by elastic buckling, yielding or fracture, de-
pending on the nature of the cell wall material [3, 9]. As shown in Fig. 
1, plateau stress is smooth for elastic-plastic material while numerous 

hardening/softening sequences are visible in plateau stress when local-
ized crushing of deformation bands contributes in geometrical cell col-
lapse. In the case of closed-cell foam, tensile membrane being originat-
ed under the pressure of entrapped gas leads to stretching of cell faces 

and, as consequence, causes the stress to rise up gradually up to densi-
fication [1]. Once all of the cells have collapsed, further deformation 

causes opposing cell walls to touch each other, originating sharp in-
creasing the stress. Finally, material commences to densify complete-
ly. Of importance is the fact that open-cell material is strain rate in-
sensitive while rate sensitive response may be expected for closed-cell 
Al foam, for which elastic-plastic is typical and, hence, micro-inertia 

effect dominates [23–25]. The latter effect results in the increase of 

plateau stress when strain rate increases essentially. The next charac-
teristic feature concerns the initial responses of highly porous Al and 

Al foams, as can be seen in Fig. 2. 
 The slopes of the loading and unloading curves for elastic-plastic 

deformation are not identical. The slope of the loading curve is much 

lesser than that of unloading curve, indicating that local plastic de-
formation within the cell walls even at low strains and reducing the 

loading modulus below the unloading modulus. Because of this deter-

 

Fig. 1. Schematic presentation of compression stress–strain curves for porous 

Al and Al foam showing the linear elastic, plateau and densification regimes: 
plastic cell collapse (a), cell collapse partially affected by fracture mode (b). 
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mining the stiffness m of porous Al and Al foams is realized with pre-
cautions shown schematically in Fig. 2 to overcome the risk of strong 

scatter of the data, ensuring the reproducibility of results. 
 The intent of the present paper is to clarify the distinctive features 

of test method procedure applicable for porous Al and Al foams, which 

is based on Standard ISO 13314: 2011 newly developed for compression 

test for porous and cellular metals. 

2. COMPRESSION TESTING OF POROUS ALUMINIUM 
AND ALUMINIUM FOAMS 

Harmonized conditions for compression tests are primary applicable 

for materials having cellular structure and relative density less than 

/ s  0.5 [26]. Compression tests are carried out by using universal 
servo hydraulic testing machines under displacement control and 

strain rates varied from 1 10 3
 to 1.3 10 1

 s
1. The specimens are placed 

between two lubricated (e.g., by graphite) and parallel steel plates of 

the hardness not less than 60 HRC. The dimensions of specimen with 

no skin have to be chosen in such a way that the each spatial direction 

should contain at least ten cells to avoid size effect. Specimens of cy-
lindrical or rectangular shape and the ratio of length to diameter/edge 

between 1.5 and 2.0 are used to establish plane-strain conditions. Rec-
ommended dimensions of samples are 50 mm in diameter/edge and 

length of 100 mm. Number of tested specimens should be not less than 

three although five ones are more acceptable. One additional specimen 

is required for a pre-test. Pre-test at strain rate of 
2 1

10  se  is im-
plemented prior final testing to estimate the rough level of plateau 

stress pl. In the final test, the sample is pre-loaded up to 0.02 pl at the 

 

Fig. 2. Schematic presentation of determining the structural stiffness m from 

initial region of stress-strain curve recorded in compression of porous Al and 

Al foams. 
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strain rate 
3 1

10  se . Then, the sample is subjected to the loading to 

roughly about 0.7 pl when nominal strain  remains less than  0.01. 
Prior continuation of compression, the specimen is unloaded to 0.2 pl 

and, then, reloaded to identify Young’s modulus as a quasi-elastic 

structural stiffness m being determined by the slope of secant line in 

hysteresis loop and shown by dashed line in Fig. 2. In addition, zero 

point for compression strain is defined by the intersection of quasi-
elastic secant with abscissa, as shown in Fig. 2. Compression at the 

strain rate of 
3 1

10  se  is used until the strain reaches the value   

 0.2. Further compression test can be fulfilled either at the same or at 

the higher strain rates, i.e., from 
3 1

10  se  to 
1 1

10  se . The test 

can be terminated when compressive stress exceeds the value about   

 1.3 pl suggesting global densification of structure. 
 Besides quasi-elastic structural stiffness m, offset yield strength y, 

and plateau strength pl are the most important characteristics as to 

design purposes. Yield strength y is found at the onset of yielding and 

defined as the stress usually corresponding to nominal strain about   

 0.01, as shown in Fig. 3. Upper yield strength 

up

y  can additionally be 

measured when pronounced peak stress arises at the onset of global col-
lapse. In this case, ratio /

up

y y  may be used as a measure of ductility 

for cellular structure. Plateau strength pl is defined in slightly differ-
ent ways. Generally, the above strength characteristic is ascribed to 

the plateau stress either at the strain of   0.2 or that of   0.4. In ad-
dition, plateau strength reached just at the densification regime is also 

important. For this purpose, densification strain D has to be defined as 

the first step. The latter corresponds to crossing the tangent to defor-
mation plateau and that to onset of densification, as shown in Fig. 3. In 

any way, nominal strain  at which plateau stress was determined has 

 

Fig. 3. Schematic presentation of determining key mechanical parameters 

from stress–strain curve recorded in compression of porous Al and Al foams. 
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to be pointed out in the test report. 
 Area below plateau regime limited to densification strain d specify 

capability of cellular material to absorb mechanical energy E, as shown 

in Fig. 3. In addition, energy absorption at nominal strains such as 

  0.2 and   0.4 can be identified when it is necessary. 

3. EXPERIMENTAL EVALUATION OF COMPRESSIVE RESPONSE 

FOR ALUMINIUM FOAMS 

3.1. Materials and Processing 

As an example, capability approval of harmonized test method proce-
dure listed above (see Section 2) for analysis compressing response 

were done by using different kinds of closed-cell Al foams denoted here 

as F1, F2, F3, F4, as listed in Table 1. Relatively ductile Al–Si–Mg-alloy 

with composition Al–1Mg–0.6Si–0.28Cu–0.2Cr (similar to 6061) and 

Al–Zn–Mg-alloy with composition Al–5.5Zn–3Mg–0.6Cu–0.5Mn 

(similar to 7075 alloy) doped additionally by small amount (  0.6% 

mass) of Sc and Zr were used as parent alloys in experiments. 
 As shown in Fig. 4, a, microstructure of AlSiMg-alloy consist of 

coarse -Al dendrites rounded by thin network of the eutectic domains. 
 The results of elementary distribution combined with evidences of 

appropriate phase diagrams testify that composition of eutectic do-
mains of Al–Si–Mg-alloy are found to be compositionally corresponded 

to either E ( -Al  Mg2Si) (1) or E { -Al  S(Al2CuMg)} (2) that includes 

a few zones of E ( -Al  CuAl2) (3). 
 Dendrites of -Al are rounded by interdendritic network of brittle E 

{ -Al  T(AlCuMgZn)} redundant phase (4) together with randomly 

scattered primary crystals of Al3(ScZr) intermetallic compound (5) are 

 

Fig. 4. SEM micrographs for microstructure of parent alloys Al–Mg–0.6Si-
alloy (a) and Al–Zn–Mg-alloy (b): E ( -Al  Mg2Si) (1), E { -Al  S(Al2CuMg)} 

(2), E ( -Al  CuAl2) (3), E { -Al  [T(Mg3Zn3Al2)  T(CuMg4Al6)]} (4), 
Al3(ScZr) crystals (5). 
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found in microstructure of AlZnMg-alloy, as shown in Fig. 4, b. In ad-
dition, pronounced segregation of alloyed elements is visible within 

eutectic domains since T(AlCuMgZn) phase is a mixture of two differ-
ent phase, i.e. T(Mg3Zn3Al2) and T(CuMg4Al6). It is a fact of great im-
portance that fraction volume of eutectic domains contained by Al–
Zn–Mg-alloy much superior to that presented in Al–Si–Mg-alloy. 
 All kinds of Al foams were fabricated in line with melt processing 

like Alporas route, in which either titanium hydride TiH2 (F1) or cal-
cium carbonate CaCO3 (F2–F4) were employed as foaming agents and 

produced either with or without Ca additive introduced into melt as 

thickening agent, as evidenced from Table 1. In addition, the Ca-
bearing Al foams (F1, F3) were fabricated according to procedure de-
scribed in details in [12–14] while the Al foams (F2, F4) were produced 

using modified processing route [8]. 

3.2. Compressive Testing 

Several prismatic specimens with dimensions 20 20 30 mm3
 and com-

parable relative density p/ps were machined from large foamed blocks. 

All the foamed samples were compressed in line with newly developed 

recommendations, which are presented in subscription 2. In addition, 

several samples of the same dimensions and compositions roughly cor-
responded to the cell wall materials, which are formed in the studied Al 
foams, were fabricated by casting and then subjected to compression to 

determine their yield strength ys listed in Table 1. Quasi-static tests of 

the samples were performed under uniaxial compression by using In-
stron testing machine. 

3.3. Results and Discussion 

Figure 5 shows compressive stress–strain curves for the different 

TABLE 1. Characteristics for different kind of Al foams and cell wall solid 

materials. 

Code Parent alloy 
Processing  

additives, % wt. 
Relative density, 

(p/p
s)

2) 
Solid yield 

strength ys, MPa 

F1 6061 1.5 TiH2  1 Ca 0.26 124  11.2 

F2 6061 2 CaCO3 0.28 178  10.0 

F3 70751) 2 CaCO3  1 Ca 0.26 213  9.5 

F4 70751) 2 CaCO3 0.28 260  13.0 

Note: 
1)alloy was additionally doped by small amount of Sc and Zr (totally of 0.6% wt.), 

2)p and ps 
correspond to the density of foam and dense solid, respectively. 
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kinds of Al foams with roughly comparable relative density. As an ex-
ample, determination of the structural stiffness m and zero point for 

compression strain of the Al foam F2 are also shown in insertion of 

Fig. 5. 
 It can be seen that Al foams exhibit rather different quasi-elastic 

structural stiffness m and shape of deformation patterns. The slope of 

the stress–strain curve before yield for the Al foam F1 is greater than 

that for the other kinds of the Al foams (F2, F3, and F4), which demon-
strate rather similar elasticity stiffness. Pronounced differences 

among deformation patterns for different kinds of Al foams are re-
vealed under plateau regime. Smooth plateau stress is observed for the 

Al foam F1 while inhomogeneous microscopic deformation is typical 
for the Al foams F2, F3, F4. Beyond the yield, the Al foams F2, F3, F4 

display peak stress that is followed by a load softening to plateau re-
gime. 
 In addition, pronounced oscillations superimposed upon increasing 

plateau stress level with increasing strain are found to be typical for 

the Al foams F3, F4 while only a few very small hardening/softening 

sequences are visible in deformation pattern of the Al foam F2. 
 The above deformation events are commonly ascribed to brittle fail-

 

Fig. 5. Stress–strain curves for different kinds of Al foams with roughly 

comparable relative density. Determination of the structural stiffness m and 

zero point for compression strain of the Al foam F2 is shown as example at the 

upper left-hand corner. 
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ure of the cell walls resulted from the presence of brittle constituents, 
which contribute in the cell geometrical collapse [11–14]. In addition, 

hardening rate for different kinds of Al foams is rather different and 

dependent on contribution of brittle failure mode. Actually, hardening 

rate for the Al foam F2 processed with relatively ductile Al–Si–Mg-
alloy much superior to that of the other kinds of Al foams. Contribu-
tion of brittle failure mode in geometrical collapse is the most pro-
nounced for the Al foam F4 whose cell wall material comprises brittle 

eutectic domains. Attention is paid to substantial strength degrada-
tion of the Ca-bearing Al foams F1, F3 compared to the Al foams F2, F4 

processed with the same parent alloys but without Ca additive. Actual-
ly, addition of Ca in the melt leads to substantial softening of dense Al 
alloys, as evidenced from Table 1. Pronounced difference in structure 

of the cell wall material resulted from addition of Ca was originally 

shown in [14]. Figure 6 shows microstructure of the cell wall material 
for the Al foams F1, F3 processed with Ca additive. 

 The results of elementary distribution specified rearrangement of 

alloyed elements, resulting in formation of foreign Ca-bearing eutectic 

zones/particles. Besides E ( -Al  Mg2Si) eutectic domains indicative 

of parent Al–Mg–Si alloy, foreign eutectic zones such as E ( -Al  

 Al4Ca) (6), E ( -Al  Al4CaCu) (7) and crystals/particles of Al2CaSi2 

are formed in the Al foam (F1), as shown in Fig. 6, a. In addition, parti-
cle of partly decomposed TiH2 rounded by Al2Ti/Al3T layer are also 

presented in the microstructure of the Al foam (F1) processed with ti-
tanium hydride. The most sizable disturbance of material microstruc-
ture induced by Ca additive is found in Al–Zn–Mg-alloy, as can be seen 

in Fig. 6, b. Dissolved Ca is largely accumulated within the eutectic 

domains of redundant phase, stimulating outflow of Mg into Al ma-

 

Fig. 6. SEM micrographs of the cell wall materials for the Al foams F1 (a) and 

F3 (b) both processed with Ca additive. In (a), E ( -Al  Al4Ca) (6), E ( -Al  

 Al4CaCu) (7), crystals/particles of Al2CaSi2 (8), particle of partly decom-
posed TiH2 rounded by Al2Ti/Al3T layer (9); in (b), E { -Al  T(Al2CaZn2)} (10), 
E { -Al  T(Al4CaCu)} (11), E { -Al  {T(Al2CaZn2)  T(Al4CaCu)} (12). 
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trix. As a result Ca-bearing intermetallic compounds such as Al2CaZn2 

(10) and Al4CaCu (11) are formed in eutectic domains since they are the 

most expected products appointed by corresponding phase diagrams. It 

is noticeable that despite of softening effect the above Ca-bearing com-
pounds remain quite brittle for crack initiations, as was shown in [14]. 
 The above structural characteristic features affect compressive re-
sponse of Al foams, which give different values of key mechanical pa-
rameters listed in Table 2. Standard deviation in structural stiffness m 

associated with Young’s modulus varied between 5% and 25% of the 

mean, while deviations in the compressive stresses y and pl were 

found to be typically between 5% and 15%, respectively. 
 Several aspects are reasonable to be mention here. Quasi-elastic 

structural stiffness m increases as relative density p/ps increases. Mi-
cromechanism of deformation dominates considerably all the other 

strength properties although variation of relative density p/ps has 

much smaller effect. Increased ratio /
up

y y  as a measure of ductility 

for cellular structure suggests contribution of brittle failure mode in 

cell geometrical collapse. The latter increased as the value of ratio 

/
up

y y  increases. It is noticeable that increased contribution of brittle 

failure mode provides for increasing the strain that Al foams can un-
dergo up to densification, resulting in enhancement of energy absorp-
tion under plateau regime. Attention is paid to discrepancy of the ac-
tual compressive strength for Al foams and theoretical predictions, 

making necessity of compression testing of strong importance to 

achieve reliability of engineering design. 

4. CONCLUDING REMARKS 

Comprehensive details of distinctive features required for compres-

TABLE 2. Key mechanical parameters for different kinds of Al foams. 

Code 

Experimental results Theoretical 
predictions 

5)
pl/ ys 

m, 
GPa y/ ys 

up

y / y d pl
1)/ ys pl

2)/ ys pl
3)/ ys 

E4), 
MJ/m3 

F1 3.750 0.04 – 0.3 0.07 – 0.08 2.2 0.15 

F2 5.960 0.07 1.08 0.38 0.11 – 0.15 7.0 0.17 

F3 4.615 0.03 1.10 0.42 0.04 0.05 0.06 3.2 0.15 

F4 5.660 0.06 1.16 0.5 0.05 0.06 0.07 7.2 0.17 

Note: m—quasi-elastic structural stiffness, y—offset yield stress, 
up

y —peak stress, 

pl—plateau stress at the prescribed strains such as 
1)

  0.2, 
2)

  0.4, 
3)

  d, d—
densification strain, 

4)energy absorption up to densification, 
5)calculated over theoret-

ical relations [9] the same as it was fulfilled previously [13, 14]. 
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sion tests of porous Al and Al foams was done on the base of newly de-
veloped Standard ISO. Special attention was paid for determination of 

key mechanical parameters. Among them, (i) quasi-elastic structural 
stiffness m as equivalent of Young’s modulus for dense materials, (ii) 

compressive offset yield stress, (iii) plateau stress that is strongly de-
pendent on processing route and, hence, on ductility and damage be-
haviour of the cell wall materials were designated as those the most 

important for engineering design. 
 Successful application of harmonized recommendations was demon-
strated for determination of key mechanical parameters of several 
kinds of closed-cell Al foams, all fabricated via melt processing like Al 
pores route in which either titanium hydride TiH2 or calcium carbonate 

CaCO3 were employed as foaming agents. Significant effect of pro-
cessing additives on micromechanism of deformation and, in turn, on 

macroscopic compressive response of Al foams resulted from contami-
nation of the cell wall material by side products has been shown and 

clarified. 
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