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Abstract

:

This paper introduces a novel functionally graded metallic syntactic foam. The investigated foams are manufactured while using infiltration casting where molten A356 aluminum flows into the interstitial voids of packed expanded perlite (EP) particle beds. The partial pre-compaction of particle beds enables the creation of distinct and reproducible density gradients within the syntactic foam. In this study, the samples are produced using four gradually increasing compaction forces and are compared to non-compacted samples. X-ray imaging is used to detect the resulting spatial variation of foam density. In addition, quasi-static compression tests are performed to determine the mechanical foam properties. The results suggest that particle pre-compaction is an efficient tool for tailoring the density and mechanical properties of these novel functionally graded materials.
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1. Introduction


Metallic foams are multi-functional materials that combine low-density, high strength, damping, and controlled energy absorption with a large surface area and excellent thermal and electrical conductivity [1,2]. Unlike polymer foams [3], they are suitable for application at elevated temperatures and in chemically aggressive environments. As such, they are envisioned as structural and functional materials for a wide range of applications [3]. A major impediment to their widespread use has been their relatively high cost, which has given rise to a new generation of metallic foams [4]. One recent development is a focus on metallic syntactic foams (MSFs). In these materials, porosity is introduced by combining hollow [5,6,7,8] or inexpensive porous particles [9,10,11,12,13] with a metallic matrix. This approach enables the control of pore geometry and negates the need for costly foaming agents and manufacturing equipment [14].



Introducing a gradient is a known method for controlling material behavior [15]. In the case of metallic foams, density is usually the single most important property. Density vastly determines material strength and energy absorption capability. Therefore, the manufacturing of functionally graded (FG) foams with a spatial density variation has been previously studied in the literature. Most of this prior research was focused on closed-cell aluminum foams. He et al. [16] investigated the dynamic compression of FG closed-cell aluminum foam with a longitudinal pore size variation. Their results indicated the different mechanical behavior of uniform (i.e., foams without a significant change in density) and FG samples. Importantly, the FG structures showed an extended stress plateau, which is beneficial for the absorption of impact energy at controlled accelerations. In [17] FG closed-cell aluminum, foam was subjected to quasi-static compression testing. It was shown that the deformation initiates within low-density regions and then progressively extends to higher-density sections in a sequential deformation mode. Hangai et al. [18] manufactured two-layered closed-cell aluminum foams while using different amounts of foaming agents in each layer. The resulting spatial variation of porosity altered the deformation of the FG sample and two distinct plateau regions were observed. In another study [19] radially graded closed-cell aluminum foam was used to fabricate foam-filled tube structures. The concentration of smaller pores in the outer sections of the graded foam created a higher local strength, which increased its cohesion and interaction with the tube. In turn, this improved the crushing resistance of the material. Fan et al. [20] numerically investigated metal hollow sphere foams under dynamic loading. They observed optimum energy absorption when the testing load first affected the higher density side of the material.



The aim of this research study is to manufacture functionally-graded metallic syntactic foams (FG-MSF) with a tailored porosity arrangement along its longitudinal direction. It was previously shown [21,22] that using two different particle types could create a functional gradient. This enables the close control of the mechanical properties and energy absorption of the MSFs. In [21], FG-MSFs were manufactured while using two different types of particles, i.e., expanded perlite (EP) and activated carbon (AC) particles. Due to the different physical and mechanical properties of these particles, their respective MSF layers deformed in a distinctly different manner. In FG-MSFs, the catastrophic shear failure of the AC layer was successfully suppressed due to a smaller aspect ratio that prevented sample bisection. As a result, improved overall energy absorption of FG-MSF was found compared to uniform MSFs containing either particle type. Moreover, it was shown in [22] that increasing the number of layers (whilst decreasing their height) does not alter the deformation mechanism within individual layers. However, overall energy absorption was increased due to the earlier arrest of shear fractures in multi-layered FG-MSFs. One limitation of combining multiple particles to produce FG-MSF is the difficulty in obtaining gradual property changes. For these previously investigated layered structures, the properties (density, strength) rapidly change across the layer interphases.



Broxtermann et al. [23] manufactured MSFs by the pre-compaction of EP particles prior to infiltration casting. The aim of this procedure was the manufacturing of MSFs with a higher porosity. This was achieved by reducing the interstitial particle volume and, thus, the available melt volume prior to casting. Interestingly, this study revealed distinct density gradients in samples due to the friction effects between the particles themselves and their containing vessel. The study attempted to counteract these gradients by a modification of the pre-compaction procedure. However, these results also gave rise to a new strategy, i.e., the use of a single compressible particle type to produce functionally graded foams. The current study pursues this idea for the first time by using expanded perlite particles in a A356 alloy matrix. To achieve functional grading, the particle volume fraction of the foam is spatially altered in a reproducible manner. This is achieved by controlled particle pre-compaction prior to infiltration casting. Unlike in the previous study, only fractions of the particles are compressed to increase the density gradient within the material. The resulting density gradient is analysed and its impact on the mechanical foam properties is determined.




2. Materials and Methods


All of the samples were manufactured while using the infiltration casting procedure first described in [24]. In brief, a packed bed of porous particles is infiltrated with an A356 metallic melt to form metallic syntactic foam. For the current study, the expanded perlite particles were selected as the filler. These porous particles are lightweight (particle density 0.16–0.18 g/cm3), inexpensive (USD$ 0.13 per litre, December 2019), and, importantly, can be compressed to increase their packing density [23,24]. The particles that were used in this study were sieved between the mesh sizes of 2 mm (lower limit) and 2.8 mm (upper limit). Unlike hollow particles that are prone to fracture during compression and, thus, become infiltrated with melt, expanded perlite particles are composed of a large number of small pores. Consequently, particle compression only exposes a small number of surface pores, whereas most of the particle porosity is unaffected. This behaviour has been utilized in the current study, where two-layered FGMs were produced. In the first layer, particles were inserted into a crucible assisted by vibration to achieve dense packing. Next, a compressive force was gradually applied while using a 5 kN Shimadzu (Shimadzu manufacturing company, Kyoto, Japan) compression testing machine (1 mm/min.) until a target value of either 150, 250, or 350 N was reached. These compressive forces flattened the contact points of adjacent particles, resulting in denser packed particle beds. Naturally, this effect increased with the compaction force. For the second layer, additional particles were deposited on top of the compacted layer as indicated in the schematics (see Figure 1a). No vibration was performed to prevent the loosening of the first layer. For high compaction forces, the resulting change in particle packing density is clearly visible at the sample surfaces (e.g., see Figure 1b). Following casting, the upper and lower surfaces of all samples were machined to ensure similar heights of the compacted and non-compacted layers. The curved surfaces were not machined and each cast yielded one sample. For improved mechanical properties, all of the samples were further subjected to a T6 thermal treatment [23]. To this end, the samples where kept at 540 °C for 16 h followed by water quenching. The treatment was completed by artificial aging at 160 °C for 10 h.



2.1. Physical Properties


The (average) density of all the samples was calculated as the fraction of MSF mass    ( m )    and volume    ( V )   


   ρ  MSF   =  m V   



(1)







The sample height  h  and diameter d were determined while using a precision calliper at three different locations to determine the cylindrical sample volume. The average values were then inserted into   V =  π 4  ·  d 2  · h  . Next, the volume fraction of the metallic matrix   (  ϕ M  )   can be estimated using


   ϕ M  =     m −  m  EP      ρ  Al      V   



(2)







The use of this equation requires the knowledge of the solid aluminum density (2.68 g/cm3) and the combined mass of expanded perlite particles    (   m  EP    )   . For the non-compacted samples, this particle mass can be estimated based on the EP particle bulk density (   ρ  EP , B   = 0.09   g/cm3 [25]) and the sample volume, i.e.,    m  EP   =  ρ  EP , B   · V  . Unfortunately, this approach cannot be applied in the case of the pre-compacted samples, as compaction significantly increases the EP particle bulk density. Instead, the physical properties of the non-compacted layer in FG-MSF were assumed to exhibit the average volume fraction    (     ϕ M   ¯   )    and density      ρ  MSF    ¯    of the non-compacted samples. To estimate the properties of the compacted layer, its mass    (   m C   )    is estimated according to


   m C  = m −  V 2  ·    ρ  MSF    ¯   



(3)







The expression    V 2  ·    ρ  MSF    ¯    estimates the mass of the non-compacted layer in FG-MSF as each layer encompasses half of the total sample volume    ( V )   . Next, the matrix volume fraction in the compacted layer   (  ϕ  M , C   )   can be calculated while using a modified Equation (2):


   ϕ  M , C   =      m C  −  m  EP , C      ρ  Al        V 2     



(4)







The combined mass of expanded perlite particles in the compressed layer    (   m  EP , C    )    was measured during manufacturing. However, an additional inaccuracy is introduced due to the machining of the samples, which removes some of the compacted perlite particles resulting in a slight overestimation of    m  EP , C    . Limiting the machining of the samples minimised this effect. An additional inaccuracy stems from the fact that the height of both layers slightly deviates in most samples due to the difficulty of precisely locating the interface on the outer sample surface. The overall metal volume fraction of FG-MSF is then estimated while using    (   ϕ  M , C   +    ϕ M   ¯   )  / 2  .




2.2. X-ray Imaging


X-ray imaging was conducted in order to investigate the density gradient within the samples. All of the scans were performed on a Bruker Skyscan Microtomographic Scanner 1172 (Billerica, MA, USA) with 100 kV source voltage and 100 μA source current. The samples were scanned in four segments to achieve a sufficiently high resolution, i.e., a pixel size of 35.32 μm. These segments were then automatically merged to obtain sample projections with a final resolution of 1000 × 524 pixels. Five different projections were captured of each sample, with an incremental angle increase of 60 degrees and the obtained data were averaged. In all X-ray projections, dark grey values (minimum 0 = black) correspond to a high material density and light grey values (maximum 256 = white) indicate a low density (Figure 2). For an easier interpretation of the density gradient, the average grey level of each horizontal line of pixels is calculated in Figure 3 and plotted versus the sample height (i.e., the vertical direction).




2.3. Mechanical Testing


Compressive testing was performed on a 250 kN servo-hydraulic Material Testing System (MTS, Eden Prairie, MN, USA). All of the tests were quasi-static with a crosshead displacement speed of 1 mm/min. The load cell force and machine crosshead displacement were captured throughout the compression and converted into engineering stress    ( σ )    and strain    ( ε )    based on the initial sample dimensions (see Table A1). The samples were compressed between two steel platens that were lubricated with CRC® 5-56 (CRC Industries, NSW, Australia) multipurpose lubricant to minimize the frictional effects.



All subsequent data evaluation followed ISO13314 [26]:




	
The quasi-elastic gradient  E  corresponds to the maximum slope of the stress-strain data at low strains (  ε < 0.05  ). Following ISO13314, this value is selected on behalf of Young’s modulus. Young’s modulus is difficult to measure for metallic foams, as it is sensitive to settling effects and a direct attachment of strain gauges to the sample surface is usually not possible due to surface pores.



	
The 1% offset yield stress   (  σ  1.0   )   is the stress at 1.0% plastic deformation.



	
The plateau stress    (   σ  Pl    )    is the arithmetic mean of the stresses between   ε = 0.2 − 0.4  .



	
The volumetric energy absorption    ( W )    is obtained by the integration of the stress-strain curve according to Equation (5),


  W =   ∫  0  0.5   σ · d ϵ  



(5)














3. Results and Discussion


3.1. X-ray Imaging


Prior to destructive testing, two samples per compaction force were subjected to X-ray imaging. Selected projections are shown in Figure 2, below. In all of the projections, lighter grey levels indicate that a larger amount of X-rays have penetrated through the sample and can thus be related to a lower local sample density. The brightness increases towards the left and right edges of the projections for the same reason and due to the cylindrical sample geometry. It can additionally be noted that the brightness towards the edges, as well as, towards the interface of the compacted volume increases with increasing compaction force. This can be attributed to the higher particle volume fraction that is caused by the particle compaction. In the case of the non-compacted sample (a), an approximately constant grey level is observed throughout the sample height. In all pre-compacted samples (b–d), a clearly defined interphase can be seen separating two distinct layers. It can further be observed that the brightness (and thus the porosity) of the compacted layer increases with higher compaction forces.



These projections were further processed to better analyse the density gradients. To this end, the average grey level of each horizontal line in these images was determined and plotted against the vertical direction (i.e., the sample height). These grey level values are dimensionless and defined between 0 (black) and 255 (white). The resulting grey level curves are shown in Figure 3, below. The black curve represents the non-compacted sample and no sudden changes in density are observed. However, a gradual density increase is detected that has been previously explained by friction effects between particles and the surfaces of their containment vessel during particle packing [23]. The density of the non-compacted layers in FG-MSF (height   ≥ 20   mm) is higher when compared to the non-compacted MSF. The likely explanation is the lack of particle bed vibration in FG-MSF, which was avoided to prevent the loosening of the already compacted layer. Applying a compaction force of 150 N distinctly decreases the density of the compacted layer (yellow curves). This trend continues for higher compaction forces and steadily decreasing layer densities are observed.



The high-density FG-MSF interphase layers that were first observed in Figure 2 are clearly visible as sudden density changes in Figure 3 (see dashed box). The occurrence of these interphases can be explained based on the schematics presented in Figure 4. Particle pre-compaction flattens the compacted layer, resulting in a relatively large interstitial volume with the next non-compacted particle layer. This interphase is then infiltrated with melt aluminium during casting resulting in a low local porosity. The schematics further explains the distinct grey level/porosity oscillations apparent in Figure 3. Mono-sized spherical particles tend to arrange themselves in regular patterns [27]. Consequently, the grey level oscillation length    (  Δ h  )    coincides with the average particle diameter. As further visible in Figure 3, these oscillations tend to attenuate with increasing compaction force as the particle shape is altered.




3.2. Physical Properties


The physical sample properties are plotted versus the compaction force in Figure 5. As expected, the sample density (blue markers) steadily decreases with the compaction force. The sample density further closely correlates with the matrix volume fraction   (  ϕ M  )   (orange markers). This is due to a significantly higher density of the aluminium when compared to the particles, which thus determines the sample density. With increasing compaction force, less interstitial volume remains inside the compacted layer (see Figure 4) and it can be infiltrated by melt aluminium. Consequently, the matrix volume fraction steadily declines.




3.3. Mechanical Properties


Figure 6 shows the compressive stress-strain data. Individual data sets are plotted as thin lines and the thick lines represent the average stress-strain response for a given compaction force. Similar to e.g. [21], for the functionally-graded samples, two distinct stress plateaus can be observed.



At low strains, the non-compacted sample (black line) exhibits the highest stress. The initial stresses (  ε ≤ 0.3  ) gradually decrease with increasing compaction force. The explanation is the concentration of initial foam deformation in the weakest foam subvolume, in this case the compacted layers. The strength of the compacted layer is largely determined by the matrix volume fraction   (  ϕ M  )   and, thus, the compaction force (see Figure 5). At higher strains (  ε ≥ 0.4  ), the stresses of the FG-MSF exceed the non-compacted foam. At this point, the compacted layer had entered the densification regime and the deformation shifts to the non-compacted FG-MSF layer. The non-compacted layer of FG-MSF has a higher density (and thus strength) when compared to the non-compacted sample due to a lack of particle vibration, as discussed earlier.



Figure 7 shows the corresponding deformation mechanism of the samples. Light-photography was taken during compression at the macroscopic strains   ε = 0 ,   0.1 ,   0.2 ,   0.4   and   0.6  . The non-compacted samples exhibit distinct barrelling that originates from the centre of the sample (see white arrows). At higher strains, the ongoing barrelling eventually causes vertical splitting of the sample. In the case of FG-MSF, the initial deformation is largely limited to the weaker, i.e., the compacted, layer. For the compaction force of 150 N, some barrelling is observed; however, this deformation mechanism diminishes for the higher compaction forces. Instead, layer-by-layer collapse without significant lateral deformation is found. Interestingly, no evidence of macroscopic shear band formation was found in any of the tested samples. The shear failure of MSF is characteristic for brittle matrices [28]. Thus, an advantage of two volumes with different particle volume fractions is the increased control over the deformation behaviour. Shear bands can be supressed to prevent catastrophic failure of the sample (smaller aspect ratio). This is of particular interest for materials showing brittle deformation and shear failure. It has been previously shown that T6 thermal treatment increases the ductility of the matrix alloy and the MSFs [29], which favours layer-by-layer deformation. At higher strains   ε > 0.3  , the deformation transitions to the non-compacted FG-MSF layers. This transition coincides with a distinct stress increase (see Figure 6). The non-compacted layer of FG-MSFs then deforms via barrelling that is similar to the non-compacted samples.



The stress-strain data that are shown in Figure 6 were processed following ISO13314. Figure 8 shows the obtained effective material properties and Appendix A, Table A2 list the numerical values.



Globally, the quasi-elastic gradient (see Figure 8a) exhibits a linear trend with respect to the average sample density. The highest stiffness is observed for the non-compacted samples, which also exhibit the highest density and, thus, the highest metal volume fraction. A clear correlation between the quasi-elastic modulus and the sample density is observed. However, this is superimposed by a strong scattering between individual samples. In the case of FG-MSF, the stiff (non-compacted) and softer (compacted) layers are arranged in series. In this case, the elastic stiffness can be estimated while using the harmonic mean of the individual layer stiffnesses and is thus dominated by the properties of the softer (compacted) layer. Hence, a clear correlation between the compaction force and quasi-elastic modulus can be expected. Figure 8d visualises this relationship, where the quasi-elastic modulus (blue markers) is plotted against the compaction force. In [23], samples only containing pre-compacted particles (150 N) were investigated. Their quasi-elastic gradient is between 830–1140 MPa and, thus, below the corresponding values of the functionally graded structures (2191–2964 MPa). However, as the entire particle beds were compacted, the sample densities are also significantly lower, i.e., 0.72–0.76 g/cm3. Their lower stiffness is likely related to density gradients within these samples resulting in high porosity subvolumes.



The 1% offset yield stress (see Figure 8b) shows a distinct dependence on the compaction force. A stepwise increase is observed for a decreasing compaction force. It is shown in Figure 7 that the initial deformation is limited to the weaker (compacted) layer. Hence, the strength of this layer will determine the 1% offset yield stress explaining the observed pattern. The correlation between initial strength and compaction force is further demonstrated in Figure 8d, where a near linear relationship is found. The comparison of samples that were manufactured with the same compaction force reveals only a marginal increase of the offset yield stress with increasing density. A previous study on completely compacted samples [23] yielded 1% offset yield stresses of 4.5–7.1 MPa for a compaction force of 150 N. These values are significantly below the findings of the current study (13.54–16.65 MPa) and are again attributed to distinct density gradients within the completely compacted samples.



In Figure 8c, the plateau stress is plotted versus the average foam density. This material property appears to be controlled by the sample density. Independent of the compaction force, the plateau stress continuously increases with the average sample density. Higher strains can explain the distinct deviation from the pattern of the 1% offset yield stress data (see. Figure 8b). The plateau stress is the arithmetic stress mean between 20 and 40% macroscopic compression. At this stage, deformation transitions towards the non-compacted layer (see Figure 7). Consiequently, the metal volume fraction of both layers (and thus the sample density) determines the magnitude of the plateau stress.



The energy absorption (not plotted, the values are listed in the Appendix, Table A2) is determined to be similar to the plateau stress and thus exhibits the same trend.





4. Conclusions


In this paper, functionally graded metallic syntactic foams were successfully produced while using a single compressible particle type, i.e., expanded perlite. Controlled particle pre-compaction prior to casting allowed for the manufacturing of samples with consistent and repeatable physical and mechanical properties. The key findings of this study are:




	
Particle pre-compaction locally decreases the density of the affected foam layer.



	
The magnitude of the pre-compaction force directly controls the elastic stiffness and initial strength of the foam samples.



	
In contrast, the plateau stress and energy absorption primarily depend on the overall sample density.



	
The stress-strain data of the functionally graded samples exhibits two distinct stress plateaus corresponding to the individual layers.



	
Non-compacted layers deform via barrelling, whereas compacted layers transition towards layer-by-layer deformation.
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Table A1. Geometric dimensions of samples.






Table A1. Geometric dimensions of samples.














	Compaction Force

[N]
	Height

[mm]
	Diameter

[mm]
	Volume

[cm3]
	Mass

[g]
	Density

[g/cm3]
	Matrix Volume Fraction

[%]





	
	41.94
	28.22
	26.23
	28.730
	1.10
	35.91



	0
	41.92
	28.28
	26.33
	30.770
	1.17
	38.59



	
	41.96
	28.29
	26.37
	29.259
	1.11
	36.52



	
	39.97
	28.33
	27.25
	26.134
	1.04
	33.60



	150
	43.70
	28.35
	27.51
	30.152
	1.09
	36.11



	
	43.91
	28.32
	27.55
	30.420
	1.10
	36.16



	
	43.14
	28.36
	26.01
	27.158
	1.00
	32.24



	250
	43.61
	28.34
	25.40
	25.931
	0.94
	30.08



	
	43.59
	28.37
	25.38
	28.534
	1.04
	33.63



	
	41.23
	28.34
	25.20
	24.378
	0.94
	29.34



	350
	40.27
	28.34
	27.59
	24.460
	0.96
	30.33



	
	40.23
	28.34
	27.66
	22.249
	0.88
	27.12
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Table A2. Effective mechanical properties.






Table A2. Effective mechanical properties.













	Compaction Force
	Density
	Quasi-Elastic Modulus
	1% Offset Yield Stress
	Plateau Stress
	Volumetric Energy Absorption





	[N]
	[g/cm3]
	[MPa]
	[MPa]
	[MPa]
	[MPa]



	
	1.10
	3749
	34.19
	41.56
	19.83



	0
	1.17
	3870
	35.48
	49.63
	23.32



	
	1.11
	4006
	35.67
	46.08
	21.14



	
	1.04
	2593
	16.07
	43.73
	19.01



	150
	1.09
	2964
	16.65
	48.86
	21.38



	
	1.10
	2191
	13.54
	44.21
	19.11



	
	1.00
	1602
	7.92
	44.29
	19.08



	250
	0.94
	1566
	6.93
	35.17
	15.37



	
	1.04
	735
	6.50
	24.13
	11.27



	
	0.94
	1255
	7.68
	41.13
	16.99



	350
	0.96
	521
	3.25
	22.50
	11.08



	
	0.88
	845
	4.54
	33.09
	14.19
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Figure 1. Functionally graded metallic syntactic foam (MSF): (a) schematics, and (b) completed sample. 
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Figure 2. X-ray imaging of selected samples: (a) non-compacted, (b) 150N, (c) 250 N, and (d) 350 N. 
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Figure 3. Average grey level intensity plotted versus sample height. 
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Figure 4. Schematics of particle and porosity distribution. 
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Figure 5. Physical properties of manufactured samples. 
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Figure 6. Compressive stress-strain curves of manufactured samples. 
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Figure 7. Deformation mechanism of samples under compression. 
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Figure 8. Effective mechanical properties of the compressed syntactic foam samples. 
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