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Abstract 

This study addresses the dynamic compression of functionally-graded (FG) metal syntactic foams 

(MSF). Cylindrical MSFs are manufactured by combining a ZA27 alloy with equal sized layers 

of expanded perlite (EP) and activated carbon (AC) particles. For comparison, uniform MSFs 

containing either particle type are manufactured with different aspect ratios. Samples are tested at 

the loading velocities 0.2 mm∙s-1 (quasi-static) or 284 mm∙s-1 (dynamic) to probe for changes of 

the deformation mechanism and effective mechanical properties. It is shown that uniform MSFs 

with a lower aspect ratio exhibit an increased overall strength. The underlying mechanism is a 

change of the shear failure mode, which has been closely studied by combining infrared (IR) 

imaging with dynamic compression. EP-MSFs exhibit a strength reduction at the higher loading 

velocity whereas AC-MSFs show no significant change. The dynamic deformation of FG-MSFs 

originates in the weaker EP layer and thus closely resembles the deformation behavior of the EP-

MSFs. At higher strains, the deformation transitions to the AC layer and the stress-strain response 

changes accordingly.  

 

Keywords: Metal syntactic foam; Functionally-graded foam; Aspect ratio; Quasi-static and dynamic compression; 

Shear failure, Deformation mode. 

   

 

1. Introduction 
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In functionally graded materials (FGMs), physical (e.g. mechanical, thermal) properties change 

throughout the structure. [1]. Different types of FGMs such as sandwich plates were numerically 

studied to explore their dynamic, free vibration and buckling responses [2-4]. For instance, the 

influence of the aspect ratio was investigated on the buckling responses of FG plates [4]. 

Numerical studies were also carried out to explore the bending and free vibration of functionally 

graded porous plates [5, 6]. Auxetic cellular structures with functionally graded geometry, 

obtained by shape optimization, were also proposed and tested numerically in [7]. Metal syntactic 

foams (MSFs) are an emerging group of metallic foams consisting of either hollow [8,9] or porous 

[10-13] particles embedded within a metallic matrix. Due to their porous structure, MSFs absorb 

considerable deformation energy when compressed [14,15], making them attractive for impact 

attenuation [16] and energy absorbing structures [17]. Functionally-graded metal syntactic foam 

(FG-MSF) is a relatively new type of MSF. The FG-MSF contains at least two layers with 

different particles [18,19] and/or varying particle packing densities [20]. 

The mechanical properties and deformation mechanisms of FG-MSF in quasi-static compression 

were investigated in [18-20]. This is the first paper to discuss the dynamic compression of FG-

MSFs and the dynamic properties of uniform MSFs with different aspect ratios. However, the 

dynamic compression and shear loading of uniform metallic foams, a uniform MSF and other 

functionally-graded cellular structures have been previously investigated [21-28]. Fiedler et al. 

[28] studied the dynamic compression of an aluminum/expanded perlite (EP) syntactic foam. 

Their results indicate a positive strain rate sensitivity of the tested MSF. Moreover, it was 

suggested that a pressure build-up within the highly porous EP particles increased the compression 

resistance of the material at a higher loading velocity compared to a quasi-static loading. Zhang 

et al. [29] compared the quasi-static and dynamic compression of an aluminum/glass cenosphere 

MSF. They observed an increased peak strength, plateau stress and energy absorption for dynamic 

loading. In another study [30], a zinc alloy (ZA27) matrix was combined with either expanded 

perlite or expanded glass particles. Unlike the aforementioned studies, the dynamic compression 

of the MSF showed a decrease in mechanical properties (plateau stress and energy absorption) in 

comparison to quasi-static loading. This behavior was attributed to the embrittlement of the matrix 

alloy at increased loading velocities. Kiernan et al. [31] studied the dynamic compression of a FG 

foam model using the finite element method. It was found that the amplitude of stress wave was 

changed due to a variation of local foam density along the loading direction. He et al. [32] studied 

the dynamic compression of a FG closed-cell aluminum foam with changing pore size in the 

longitudinal direction of the samples. It was found that the plateau region of the FG structures was 
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extended relative to the uniform foams, which is beneficial for controlled energy absorption. In 

[33] the dynamic loading of functionally-graded hollow spheres was analyzed numerically. The 

results indicated an optimum energy absorption of the structure when compressed from the higher 

density side.  

The present study investigates the dynamic compression of a two-layered FG-MSF. Each layer 

corresponds to a uniform MSF containing only a single particle type embedded within a metallic 

ZA27 matrix. For comparison, both the FG-MSF and uniform MSF (designated EP-MSF and AC-

MSF) are tested in quasi-static and dynamic compression. In the FG-MSF samples, the 

height/diameter aspect ratio of the individual layers is halved. Therefore, uniform samples with 

different aspect ratios were tested to further investigate the effect of the aspect ratio on the 

deformation mechanism and mechanical properties of MSF. FG-MSFs are considered for 

application as optimized energy absorbers for dynamic loads in transport (e.g. automotive and 

railway) and structural applications [34]. 

 

 

2. Materials and Methods 

2.1. Samples Manufacturing 

A counter-gravity infiltration casting technique was used to manufacture all MSF samples tested 

in this study [35]. The ZA27 alloy was used as the matrix material and contains 25 − 28 wt% 

aluminum and 2 wt% copper (the balance is zinc) [36]. First, uniform samples containing either 

EP or AC particles (supplied by Australian Perlite Pty and Seachem®, respectively) were 

manufactured and are subsequently referred to as EP-MSF and AC-MSF. In addition, FG-MSFs 

were produced via the infiltration of ZA27 into two stacked layers containing EP and AC particles. 

These particle layers were of equal height in the longitudinal sample direction. Further 

manufacturing details of FG-MSF samples are described in a previous study [18]. After 

solidification, all samples were machined to a height 𝐻𝐻 ≈ 30 mm and a diameter 𝐷𝐷 ≈ 20 mm in 

order to obtain an aspect ratio (AR) close to 1.5. Six uniform samples of each group (i.e. EP-MSF 

and AC-MSF) were kept with AR = 𝐻𝐻
𝐷𝐷� = 1.5. In addition, uniform MSF with aspect ratios of 

0.5 and 1 were obtained by bisecting the remaining samples into segments of 10 mm and 20 mm 

height. Following machining, all samples were T6 heat-treated to improve the ductility of the 

ZA27 matrix alloy [10, 37]. To this end, the samples were subjected to a solution treatment at 
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365 ℃ for 1 h followed by cold water quenching. Subsequent artificial aging was performed at 

140 ℃ for 24 h. The samples were then cooled to room temperature under atmospheric conditions. 

For engineering applications, MSFs can be cast in larger blocks and machined to the desired 

geometry. Alternatively, MSFs may be cast in-situ to fill structural elements such as tubes [11]. 

 

2.2. Samples Characterization 

2.2.1. Physical Properties 

The density of all syntactic foam samples (𝜌𝜌) was calculated using their mass (𝑚𝑚SF) and volume 

(𝑉𝑉SF) according to Eq. (1): 

𝜌𝜌 = 𝑚𝑚SF
𝑉𝑉SF�                                                                                                 (1) 

In a uniform MSF, the volume fraction of particles (𝜙𝜙P,i) was estimated based on the particle 

density (𝜌𝜌P) and bulk density (𝜙𝜙B) of the respective filler type: 

𝜙𝜙P,i = 𝜌𝜌B 𝜌𝜌P�  (2) 

In a FG-MSF, the overall volume fraction of particles (𝜙𝜙P) was estimated considering the volume 

fraction of each layer (𝜙𝜙i), which was assumed to be 𝜙𝜙i = 0.5 

𝜙𝜙P = ∑𝜙𝜙P,i.𝜙𝜙i = 0.5 ∙ �𝜙𝜙P,EP + 𝜙𝜙P,AC� (3) 

Samples were carefully machined at both ends to achieve an equal layer height (i.e. 𝜙𝜙i = 0.5); 

however, the visual localisation of the layer’s interphase at the sample’s surfaces introduces an 

inaccuracy (see e.g. Fig. 7c). Therefore, small deviations of the actual layer heights will decrease 

the accuracy for the subsequent calculations of the volume fractions. 

The volume fraction of the matrix (𝜙𝜙M) in the uniform samples was calculated using Eq. (4) 

[18]: 

 𝜙𝜙M =
𝑚𝑚SF − 𝑚𝑚P 𝜌𝜌ZA27

�
𝑉𝑉SF

                                                                                    (4)                                     

        

where 𝑚𝑚SF and 𝑚𝑚P are the sample mass and combined particle mass (EP or AC), respectively. 

The particle mass (𝑚𝑚P) in a uniform MSF was estimated using the bulk density of the 

corresponding particle type [18]:  
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𝑚𝑚P =  𝜌𝜌B .𝑉𝑉SF                                                                                                              (5) 

 

The total particle mass in FG-MSF was obtained using:  

𝑚𝑚P = 𝑉𝑉SF ∙ ∑�𝜙𝜙i.𝜙𝜙P,i.𝜌𝜌P,i� = 0.5𝑉𝑉SF ∙ �𝜌𝜌B,EP + 𝜌𝜌B,AC�    (6) 

 

where the subscript 𝑖𝑖 indicates the properties of each layer. The volume fraction of the matrix 

(𝜙𝜙M) in a FG-MSF was then calculated using Eq. (4). 

In all samples, the combined volume fractions of all constituents must be unity. Therefore, the 

volume fraction of the voids can be calculated using [18]: 

𝜙𝜙V = 1 − 𝜙𝜙M + 𝜙𝜙P      (7)  

The physical properties of EP-MSF and AC-MSF samples with different aspect ratios and physical 

properties of graded samples are shown in Table 1.  
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Table 1. Physical properties of MSF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Mechanical Properties 

The compressive properties of the samples were characterized using a servo-hydraulic dynamic 

INSTRON 8801 testing machine. The crosshead displacement velocity was either 0.2 mm.s-1 

(quasi-static) or 284 mm.s-1 (dynamic). Considering the average sample height, the higher loading 

velocity corresponds to engineering strain rates of  10 s-1, 15 s-1 and 30 s-1 for MSFs with aspect 

ratios of 1.5, 1 and 0.5, respectively. Prior to compression, all samples were lubricated on both 

   

 
Height   
[mm] 

        Diameter     
          [mm] 

     Mass  
      [g] 

Density  
[g∙cm-3]  

 
     𝜙𝜙M 
      [-]            

      
𝜙𝜙P 

     [-] 

 
 𝜙𝜙V     
[-] 

EP-MSF 

AR≈1.5 

QS 
30.12 20.02 18.56 1.96 0.37 0.56 0.07 
30.17 19.99 19.58 2.07 0.40 0.56 0.04 
30.09 19.99 20.08 2.12 0.41 0.56 0.03 

Dynamic 
30.14 20.09 17.56 1.84 0.35 0.56 0.09 
30.19 20.16 17.42 1.81 0.34 0.56 0.10 
30.00 19.96 17.92 1.91 0.36 0.56 0.08 

AR≈1 Dynamic 
19.04 20.05 11.77 1.96 0.37 0.56 0.07 
19.04 19.98 12.23 2.05 0.39 0.56 0.05 
18.90 20.00 11.49 1.94 0.37 0.56 0.07 

AR≈0.5 Dynamic 
9.07 20.03 5.67 1.98 0.38 0.56 0.06 
9.08 19.92 5.62 1.99 0.38 0.56 0.06 
9.05 19.90 5.26 1.87 0.36 0.56 0.08 

AC-MSF 

AR≈1.5 

QS 
30.11 20.04 22.29 2.35 0.37 0.59 0.04 
29.97 20.04 21.80 2.31 0.36 0.59 0.05 
30.10 19.99 21.48 2.27 0.36 0.59 0.05 

Dynamic 
30.15 20.07 20.76 2.18 0.34 0.59 0.07 
30.07 20.12 20.62 2.16 0.33 0.59 0.08 
30.19 20.15 20.47 2.13 0.33 0.59 0.08 

AR≈1 Dynamic 
19.09 20.06 13.19 2.19 0.34 0.59 0.07 
19.11 20.18 13.38 2.19 0.34 0.59 0.07 
19.07 20.06 13.37 2.22 0.35 0.59 0.06 

AR≈0.5 Dynamic 
9.02 20.04 6.62 2.33 0.37 0.59 0.04 
9.06 20.07 6.20 2.17 0.34 0.59 0.07 
9.07 20.02 6.19 2.17 0.34 0.59 0.07 

FG-MSF AR≈1.5 

QS 
29.97 20.01 20.93 2.22 0.39 0.58 0.03 
30.30 20.05 20.64 2.17 0.37 0.58 0.05 
29.86 19.99 20.08 2.14 0.37 0.58 0.05 

Dynamic 
from EP 

layer 

30.22 19.98 20.29 2.14 0.37 0.58 0.05 
30.28 20.24 18.99 1.95 0.33 0.58 0.09 
30.08 20.00 20.49 2.17 0.37 0.58 0.05 

Dynamic 
from AC 

Layer 

30.21 20.02 19.46 2.05 0.35 0.58 0.07 
30.35 19.98 20.07 2.11 0.36 0.58 0.06 
30.00 19.91 20.20 2.16 0.37 0.58 0.05 
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ends using the silicone-based MOLYKOTE 22 Medium lubricant. The force was measured using 

a 50 kN INSTRON DYNACELL load cell and logged alongside time and the machine crosshead 

displacement at a sampling rate of 5000 Hz. The corresponding engineering stress (𝜎𝜎) and strain 

(𝜀𝜀) values were then calculated based on the initial sample dimensions. Compressive stress-strain 

curves of the samples in each group were obtained for comparison. The mechanical properties of 

the samples were derived from the stress-strain data according to ISO 13314 [38]. According to 

ISO 13314, the compressive proof strength is the compressive stress at 1% plastic deformation. 

The plateau stress is the arithmetic mean of stress between 20% and 40% of total strain. The 

volumetric energy absorption was calculated up to 50% total strain according to Eq. (8) below 

[38]. Graphically, this energy can be interpreted as the area under the stress-strain curve up to 

50% of compressive strain:  

𝑊𝑊 = � 𝜎𝜎 𝑑𝑑𝜀𝜀
0.5

0
                                                                                                 (8)           

Lastly, the energy absorption efficiency was obtained using Eq. (9) [38]: 

𝜂𝜂 = 𝑊𝑊
0.5 ∙ 𝜎𝜎max�  ,                                                                                     (9) 

where  𝜎𝜎max  is the maximum stress up to 50% of the macroscopic strain.          

 

2.2.3. Deformation Mechanism 

To examine the deformation of the samples undergoing dynamic compression, infrared (IR) 

thermography imaging was conducted using a Flir SC 5000 high speed cooled middle-wave InSb 

detector camera [39]. A frequency of 320 Hz was employed to capture the plastic deformation of 

sample surfaces under dynamic loading. Due to rapid heat dissipation, IR imaging could not be 

used in case of quasi-static compression tests. The IR images were selected at constant time 

intervals to analyse the deformation mechanism of samples. 

 

3. Results and Discussion 

3.1. EP-MSF Samples 

3.1.1. Physical Properties 
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The physical properties of all samples are shown in Table 1. The density of EP-MSF varies from 

1.81 to 2.12 g∙cm-3. A comparison between the physical properties of samples with different 

aspect ratios shows little deviation of the density and matrix volume fraction. As a result, any 

deviation of mechanical properties can be attributed to changes in the sample geometry and not 

density variations, which are well known to affect foam strength [40]. The EP-MSF samples used 

for quasi-static testing were manufactured in a second batch. It is evident that these samples 

exhibit a slightly higher average density compared to the dynamic samples. This is attributed to 

the wear of the graphite mold used for sample manufacturing.  

 

3.1.2. Mechanical Properties 

The compressive stress-strain curves of EP-MSFs are shown in Fig. 1. Density deviations between 

different EP-MSFs samples are relatively small (see Table. 1). Therefore, any deviation between 

their stress-strain curves is most likely due to their aspect ratios or loading velocity (see Fig. 1). 

The corresponding deformation mechanisms are detailed in the following section. Regardless of 

the sample aspect ratio and loading velocity, all curves exhibit the typical compressive stress-

strain characteristics of cellular materials, i.e. initial linear elastic deformation followed by a stress 

plateau and eventually densification [41, 42]. Minor stress oscillations are observed in the plateau 

region of all EP-MSF samples. These are most likely related to the brittle deformation of the ZA27 

matrix and the activation and arresting of shear bands. In addition to the individual curves, the 

average stress-strain curves of each group are plotted as bold lines for easier comparison. The 

morphology of the stress-strain curves changes with the aspect ratio of the samples in dynamic 

loading. EP-MSFs with the same aspect ratio exhibit almost identical compressive stress-strain 

curves; however, a distinct stress increase is visible for decreasing aspect ratios.  
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Fig. 1 Compressive stress-strain curves of EP-MSF samples with different aspect ratios under  
dynamic and quasi-static loading conditions 

 

Following a linear quasi-elastic region, a stress drop is observed for all EP-MSF samples. In a 

previous study [10] it was shown that the stress drop is related to initiation of shear bands (cracks) 

during compression of MSFs. EP-MSFs with 𝐻𝐻 𝐷𝐷� = 0.5 uniquely exhibit strain hardening in their 

subsequent plastic plateau region. In contrast, an almost constant plateau stress is observed for the 

samples with the higher aspect ratios 𝐻𝐻 𝐷𝐷� = 1, 1.5. Moreover, increasing the aspect ratio of EP-

MSF extends the plateau region to higher strain values and thus delays the onset of foam 

densification.  

The compressive stress-strain curves of EP-MSFs with the aspect ratio 1.5 show a distinct 

deviation between quasi-static and dynamic loading. The quasi-static data exhibits higher stresses 

with a near constant stress offset at all strains. This deviation may be partially explained by the 

higher average density of the quasi-static EP-MSF samples (see Table 1). However, two samples 

exhibit similar densities (quasi-static: 1.96 g∙cm-3 and dynamic: 1.91 g∙cm-3) and a clear stress 

deviation remains that can thus not be attributed to density variation alone. The contribution of 

the expanded perlite particles to the deformation of EP-MSFs (either in quasi-static or dynamic 

loading) is considered negligible due to the low strength of these particles. Hence, foam 

deformation is almost exclusively controlled by the ZA27 matrix material [18]. In a previous 
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study, a negative strain rate sensitivity of ZA27 alloy was observed [30]. This negative strain rate 

sensitivity is attributed to an increasing brittleness of the zinc alloy with increasing deformation 

rate due to its HCP crystal structure [43, 44] and explains the lower strength of EP-MSF for 

dynamic compression. Interestingly, this behavior differs from A356 aluminum EP-MSF where a 

positive strain rate sensitive was observed instead [28].  

 

3.1.3. Deformation Mechanism 

The deformation of EP-MSF under dynamic loading is visualized in the IR images shown below 

(see Figs. 2a-c). In all samples, shear bands with an angle of 40 − 45° relative to the loading 

direction emerge during early deformation (see dashed rectangles in Figs. 2a-c). As described in 

section 3.1.2, the stress-strain curves of EP-MSF exhibit an initial stress drop that can be related 

to the activation of these shear bands. Further compression of the samples results in growth of the 

shear bands and eventually shear fracture (see Fig. 2a-c).   
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Fig. 2 Deformation of EP-MSF samples with different aspect ratios for dynamic loading  
(a) 𝐻𝐻 𝐷𝐷� = 0.5, (b) 𝐻𝐻 𝐷𝐷� = 1 and (c) 𝐻𝐻 𝐷𝐷� = 1.5. and (d) 𝐻𝐻 𝐷𝐷� = 1.5 (quasi-static loading). 

 

The aspect ratio of a sample clearly affects its stress-strain response and deformation mechanism. 

In EP-MSFs with 𝐻𝐻 𝐷𝐷� = 0.5, the 40 − 45° shear bands cannot geometrically bisect the samples 

across their vertical surfaces (see Fig. 3). As a result, the sample cannot compress via lateral 

motion and consequently plastic deformation with barreling is observed instead (see also Fig. 2 

a). Following shear fracture, the larger sample fragment must still undergo plastic deformation, 

which becomes visible as increased temperatures across most of the sample surface in the IR 

imaging. This ongoing plastic deformation results in a decreased stress drop following shear 

fracture and strain hardening within the stress plateau. In EP-MSFs with 𝐻𝐻 𝐷𝐷� = 1, shear bands 

with an orientation of 40° can bisect two vertical sample surfaces. The probability for this event 

is relatively low and most shear bands will instead cross one horizontal surface resulting in a 

similar deformation behavior to 𝐻𝐻 𝐷𝐷� = 0.5. However, if the sample has been vertically separated 

(see the red shear band in Fig. 3) the deformation mechanism changes. Fragments shift laterally 

to permit the overall compression of the sample thus decreasing plastic deformation. This lateral 

motion requires less energy (and thus force) because plastic deformation and friction are mostly 

limited to the vicinity of the activated shear band. This lateral motion along shear bands is visible 

in both the dynamic IR images and quasi-static light photography (see Fig. 2). For the highest 

aspect ratio 𝐻𝐻 𝐷𝐷� = 1.5, shear bands are more likely to intersect only vertical surfaces thus 

explaining the higher observed stress drop and lower plateau stress.  

  

Fig.3 Schematic of EP-MSF deformation with different aspect ratios under dynamic loading. 

No significant change of the deformation mechanism has been observed for quasi-static and 

dynamic loading of samples with 𝐻𝐻 𝐷𝐷� = 1.5. 
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3.2. AC-MSF Samples 

3.2.1. Physical Properties 

The physical properties of AC-MSF samples are shown in Table 1. Like EP-MSF, low scattering 

of the AC-MSF samples with a similar aspect ratio is observed. An overall comparison shows that 

the volume fraction of AC-MSF constituents (𝜙𝜙M,𝜙𝜙P,𝜙𝜙V) falls within a narrow band for all 

samples. This ensures that the mechanical properties and deformation mechanism of AC-MSFs 

are influenced by their different aspect ratios and loading velocities rather than their composition. 

Analogous to EP-MSF, the AC-MSF samples used for quasi-static testing were manufactured in 

a second batch and exhibit a slightly increased density.  

 

3.2.2. Mechanical Properties 

The compressive stress-strain curves of AC-MSF are shown in Fig. 4. Unfortunately, the overload 

protection of the testing machine was triggered for the AC-MSF samples with an aspect ratio of 

0.5 and the data is hence incomplete.  All samples exhibit an initial stress peak that is followed by 

a significant rapid decline. Compared to the stress-strain curves of EP-MSF (see Fig. 1), the 

observed stress drop is significantly larger. The AC particles possess a much higher compressive 

strength compared to EP particles [18]. This is reflected in an increased peak stress of AC-MSF 

compared to EP-MSF. It was shown in [12] that stronger particles promote shear fracture in metal 

syntactic foams. The large observed stress drop is thus likely related to the partial failure of the 

strong AC particles followed by the formation of a catastrophic shear band through the brittle 

ZA27 matrix. Due to the same mechanism already described for EP-MSF, increasing the aspect 

ratio decreases the overall foam strength, especially for strains 𝜀𝜀 < 0.3. Samples with a higher 

aspect ratio eventually stabilize towards a stress plateau before undergoing densification at large 

strains. 

Interestingly, the stress-strain curves of AC-MSF with an aspect ratio of 1.5 show little deviation 

irrespective of quasi-static and dynamic compression. This is contrary to the results observed for 

EP-MSF where the increasing brittleness of ZA27 under dynamic loading conditions [30] 

decreased the foam strength. A likely explanation for this discrepancy is the significantly higher 

strength of the AC particles, which thus contribute to the initial AC-MSF strength. Apparently, 

the AC particle strength is unaffected by the selected testing velocities and hence no clear 
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deviation of the initial AC-MSF peak stress is found. However, the stress decline of the quasi-

static samples has a decreased slope. The likely explanation is the increased brittleness of the 

ZA27 matrix for dynamic loading, which promotes the formation of shear bands [12] and thus 

accelerates the stress decline. 

 

Fig. 4 Compressive stress-strain curves of AC-MSF samples with different aspect ratios under  

dynamic and quasi-static loading conditions. 

 

3.2.3. Deformation Mechanism 

The deformation of the AC-MSF samples is shown in Fig.5. All samples form shear bands 

resulting generally in sample fragmentation. However, AC-MSFs with an 𝐻𝐻 𝐷𝐷� = 0.5 remains 

mostly intact without severe fragmentation, and barreling can be observed instead (see Fig. 5a). 

This deformation behavior resembles the EP-MSF samples of the same aspect ratio. The increased 

plastic deformation further explains the decreased stress drop (see Fig. 4) of AC-MSFs with AR 

=  0.5 compared to the other samples. The deformation mechanism of AC-MSF with 𝐻𝐻 𝐷𝐷� ≥ 1.0 

closely resembles EP-MSF, i.e. shear fracture is followed by the lateral motion of fragments. For 
𝐻𝐻
𝐷𝐷� = 1, multiple crossed shear bands emerge at low compressive strains (see Fig. 5b at 𝜀𝜀 =

6.8%). Upon further compression, shear fracture eventually results in the fragmentation of the 
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sample (see the dashed circle in Fig. 5b at 𝜀𝜀 ≈ 17%). The dynamic compression of AC-MSF with 
𝐻𝐻
𝐷𝐷� = 1.5 results in the formation of a major shear band with an angle of ~45° relative to the 

loading direction and the subsequent deformation of the sample occurs predominantly by lateral 

motion along this major shear band.  

The quasi-static deformation of an AC-MSF sample with an aspect ratio 1.5 is shown in Fig. 5d. 

As in dynamic loading, compression is controlled by the lateral motion of partially connected 

sample fragments across major shear bands.  

 

 

Fig. 5 Deformation of AC-MSF samples with different aspect ratios for dynamic loading  
(a) 𝐻𝐻 𝐷𝐷� = 0.5, (b) 𝐻𝐻 𝐷𝐷� = 1 and (c) 𝐻𝐻 𝐷𝐷� = 1.5. and (d) 𝐻𝐻 𝐷𝐷� = 1.5 (quasi-static loading). 
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3.3. FG-MSF Samples 

3.3.1. Physical Properties 

All FG-MSF samples were manufactured with the aspect ratio 1.5. As expected, the densities of 

the FG-MSF samples fall between the values of EP-MSFs and AC-MSFs (see Table 1). Analogous 

to the uniform MSF, the volume fractions of the matrix and voids in FG-MSFs exhibit only low 

scattering. 

 

3.3.2. Mechanical Properties 

The compressive stress-strain curves of FG-MSF are shown in Fig. 6. The different red line types 

represent dynamic loading from either the EP or the AC layer. It is apparaent that the stress-strain 

response is independent of the loading direction. This can be explained by the relatively low 

loading velocity which is four orders of magnitude below the sound velocity of the ZA27 alloy 

and allows the external load to be uniformly distributed within the material. Compared to the 

stress-strain data of EP-MSF and AC-MSF, the FG-MSF curves exhibit a distinctly higher 

scattering. A possible explanation are deviations in the layer heights that may reinforce the 

intrinsic strength variation of the metallic foams. 

 

 Fig. 6 Compressive stress-strain curves of FG-MSF samples under dynamic and quasi-static loading conditions. 

 

The initial stress-strain response of FG-MSF resembles the data of EP-MSF (see Fig. 1). Similar 

to EP-MSF with 𝐻𝐻 𝐷𝐷� = 0.5, an initial stress peak is followed by strain hardening behavior up to 
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the emergence of a second peak. Following this second peak, the stress declines, now resembling 

the compression behavior of uniform AC-MSFs (see Fig. 4). It is worth highlighting that the 

second stress peak of FG-MSF does not reach the magnitude of AC-MSF. In summary, the stress-

strain curves of FG-MSF are composed of two sections that can be related to the deformation of 

its individual layers. A similar behavior was observed for the quasi-static deformation of layered 

FG-MSF [18-20].  

The comparison between the quasi-static and dynamic stress at low strains reveals a near constant 

offset analogous to EP-MSF. Thus, FG-MSF exhibits a higher strength for quasi-static compared 

to dynamic loading. Moreover, the second peak in quasi-static loading reaches higher stress values 

compared to dynamic loading. Once again, this can be explained by the decreased brittleness of 

the ZA27 alloy at lower loading velocities, which delays the onset of macroscopic shear failure.  

 

3.3.3. Deformation Mechanism 

Fig. 7 shows the deformation of FG-MSF loaded from the EP-layer (a) and the AC-layer (b). 

Regardless of loading direction, the dynamic deformation of FG-MSF is sequential, initiates 

within the weaker EP-layer, and only encompasses the stronger AC-layer at higher strains. The 

same deformation mechanism is observed for the quasi-static compression of FG-MSF shown in 

Fig. 7c.  
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Fig.7 Deformation of FG-MSF samples loaded from (a) EP layer (b) AC layer and (c) quasi-static loading 

A FG-MSF layer height of approximately 15 mm results in the layer aspect ratio 0.75. Therefore, 

a deformation behavior similar to uniform MSF with the aspect ratio 0.5 to 1.0 is expected. At 

low strain, the EP layer starts to compress and shear bands emerge. This is independent of the 

loading direction. Unlike the dynamic deformation of uniform EP-MSF with the aspect ratio 0.5 

(see Fig. 2a), lateral motion of the EP layer occurs at higher strains (see dashed circles in Fig.7 a 

and b). Therefore, the deformation mechanism of the EP-layer more closely resembles the 

deformation of uniform EP-MSF with the aspect ratio 1 (see Fig. 2b). The subsequent deformation 

of the AC layer leads to the formation of a macroscopic shear band. Analogous to AC-MSF (see 

Fig.5b), the deformation of the AC-layer progresses by lateral motion along shear bands.  

 

3.4. Effective Mechanical Properties 

Fig. 8 shows the effective mechanical properties of EP-MSF, AC-MSF and FG-MSF. Data points 

are plotted versus the average sample density for the considered aspect ratios and dynamic and 

quasi-static compression.  
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Fig. 8 Effective mechanical properties of EP-MSF, AC-MSF and FG-MSF. 

  

 

Compressive Proof Stress 

Fig. 8a shows the compressive proof stress plotted versus the average density. As an overall trend, 

the proof stress increases with the foam density. In the case of EP-MSF, only a minor increase of 

the proof stress is observed for smaller aspect ratios. This effect is distinctly more pronounced in 

the case of AC-MSF and is likely attributed to the earlier discussed differences in shear band 

propagation. AC-MSF exhibits a higher compressive proof stress compared to EP-MSF. Given 

similar ZA27 matrix volume fractions (see Table 1), this deviation can be attributed to the 

differing compressive strength of filler particles. In [18] it was shown that the compression of 
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individual AC particles requires a considerably higher force compared to EP fillers. The 

compressive proof stress of FG-MSF is similar to the values of EP-MSF. As described in section 

3.3, the initial deformation of FG-MSF is concentrated within the weaker EP layer and hence EP-

MSF and FG-MSF share similar properties at 1% macroscopic compression. 

Samples with the aspect ratio 1.5 were tested both at quasi-static and dynamic loading velocities. 

A slight increase of the proof stress can be found for quasi-static loading compared to dynamic 

compression. This may, at least in part, be attributed to a negative strain rate sensitivity of the 

ZA27 alloy [30, 44]. However, the quasi-static samples also exhibit slightly higher densities, 

which superimposes a possible minor dependency on the loading velocity.  

 

Plateau Stress 

The 20 − 40% plateau stress of uniform and functionally-graded MSF is shown in Fig. 8b. Due 

to the premature termination during the compressive testing of AC-MSF with the aspect ratio 0.5, 

no plateau stresses could be obtained for these samples. A correlation between the aspect ratio of 

uniform MSF and their plateau stress can be observed. In particular, the plateau stress of EP-MSF 

exhibits a strong dependency on the aspect ratio. The plateau stress is defined as the stress average 

between 0.2 − 0.4 of strain. This interval follows the initial stress drop in the stress-strain curves 

(shearing of the sample under compressive loading). Therefore, a likely explanation for the 

observed dependency of the plateau stress on the aspect ratio are the different shearing modes 

either suppressing or promoting lateral sample motion during compression (see Fig. 3). In EP-

MSFs with the aspect ratio 0.5, sample fragments undergo significant plastic deformation (see 

Figs.2a and 3) resulting in a higher plateau stress. For higher aspect ratios (see corresponding IR 

Figs.2b and c), lateral sample motion is observed instead which requires lower forces resulting in 

a decreased plateau stress. AC-MSFs with the aspect ratio 1 and 1.5 exhibit similar shear fracture 

behavior (see Figs. 5b and c) and hence only a minor change in their plateau stress. 

The effect of the loading velocity on the plateau stress of EP-MSF is apparent, i.e. the plateau 

stress under quasi-static loading is significantly higher compared to dynamic loading. 

Interestingly, the loading velocity does not appear to change the plateau stress of AC-MSF. A 

likely explanation is that the deformation of AC-MSFs is strongly affected by the strong AC 

particles. In contrast, the ZA27 matrix provides the structural support in EP-MSFs. As a result, 

the negative strain rate sensitivity of ZA27 [30, 44] becomes visible as a decreasing plateau stress 
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in the case of dynamic compression. In addition, the higher densities of the quasi-static samples 

may contribute to this trend.  

The plateau stress of FG-MSF is similar to EP-MSF. Albeit the compressive deformation reaches 

the AC layer at 20 − 30% compression (see Figs. 6 and 7), most deformation remains 

concentrated within the EP layer. Following the trend of EP-MSF, FG-MSF also exhibits higher 

plateau stresses for quasi-static compression.  

   

Volumetric Energy Absorption 

The definition of the volumetric energy absorption resembles the plateau stress, i.e. it is mostly 

determined by the average stresses within a similar strain interval. As a result, the data points 

mirror the trends observed for the plateau stress (see Fig. 8c). Most importantly, the energy 

absorption of uniform MSF increases with decreasing aspect ratio and lower loading velocities. 

The maximum energy absorption is obtained for EP-MSF with the aspect ratio 0.5. The energy 

absorption of FG-MSF is similar to EP-MSF. 

 

Energy Absorption Efficiency 

The energy absorption efficiency is plotted in Fig. 8d. This property is a measure for stress 

variation within the stress plateau. A high efficiency corresponds to near constant plateau stresses, 

which is beneficial for impact attenuation. Globally, an opposing trend to the other material 

properties emerges, i.e. the efficiency appears to decrease with increasing density. Furthermore, 

the energy absorption of EP-MSF clearly exceeds the values obtained for AC-MSF. The maximum 

values are observed for EP-MSF with the aspect ratio 1.5. This is true for both quasi-static and 

dynamic compression. The high energy absorption efficiency of EP-MSF can be related to a 

uniform plateau stress (see Fig. 1). This stress-strain data further shows strain hardening for EP-

MSF samples with the aspect ratio 0.5, which visibly decreases the corresponding energy 

absorption efficiency. The efficiency of AC-MSF is generally lower, which can be explained by 

the high peak stress that is followed by a significant stress drop towards the plateau (see Fig. 4).  

The energy absorption efficiency of FG-MSF falls between the values of EP-MSF and AC-MSF. 

Whilst the initial deformation of these samples is dominated by the EP-MSF layer, the stress drop 

at the compressive strains 0.2 −  0.3 negatively affects the efficiency. As a result, the samples are 

unable to reach the performance of EP-MSFs but outperform AC-MSFs.  
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No clear correlation between the loading velocity and the energy absorption efficiency of AC-

MSF can be identified. In the case of EP-MSF and FG-MSF, the data suggests an increase of the 

efficiency for quasi-static compression. This can attributed to the decreased brittleness of the 

ZA27 alloy at lower loading velocities.  

 

4. Conclusions 

In the presented study, uniform and functionally-graded MSF were subjected to dynamic and 

quasi-static compression. The following conclusions can be drawn: 

• The formation of shear bands was observed in all tests. 

• At higher strains, most samples underwent shear fracture. 

• IR imaging of samples with a low aspect ratio showed significant plastic deformation, 

even following shear fracture. In contrast, samples with a higher aspect ratio compressed 

via the lateral motion of sample fragments. In this case, plastic deformation was limited to 

the vicinity of shear sliding planes. 

• Regardless of the loading direction, the dynamic deformation of FG-MSF commenced 

within the weaker EP layer. As a result, the initial deformation behavior closely resembled 

EP-MSF with the aspect ratio 1. At higher strains, the deformation transitioned to the AC 

layer. 

• The deformation mechanism was not affected by the considered loading velocities. 

• In all samples, increasing deformation velocity decreases the overall strength of the 

matrix material due to a negative strain rate sensitivity of the ZA27 alloy. This is visible 

in the properties of EP-MSF that tend to deteriorate with increasing loading velocity. 

However, the high strength AC particles partially suppress this effect in AC-MSF. 

• AC-MSF exhibits the highest compressive proof stress. The compressive proof stress of 

FG-MSF is similar to EP-MSF. The proof stress of all sample types decreases with 

increasing aspect ratio.   

• EP-MSF exhibits the highest plateau stress. The plateau stress of FG-MSF is similar to 

EP-MSF. The plateau stress of EP-MSF rapidly decreases with increasing aspect ratio. 

This trend is much weaker in the case of AC-MSF. 

• Volumetric energy absorption follows the same trend as the plateau stress.  
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• EP-MSF exhibits the highest energy absorption efficiency. In comparison, the energy 

absorption efficiency of AC-MSF is significantly lower (almost 1/3). The energy 

absorption efficiency of FG-MSF falls between these groups.  
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