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Abstract
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Metal matrix syntactic foams with an Al 6082 matrix and hollow SiO2-Al2O3 microspheres were fabricated by infiltration casting. The energy absorption behaviours of the syntactic foams under monotonic, intermittent cyclic and two-stage repetitive cyclic compression conditions were studied. The compressive strength, yield strain and plateau stress are mainly dependent on the CM particle size and are less sensitive to the CM volume percentage. The specific dissipated energy under cyclic loading is mainly dependent on the loading stress and is proportional to the square of stress. Each syntactic foam has a nearly constant hysteretic specific damping capacity, which is proportional to the CM volume percentage but is not sensitive to the CM particle size. The cyclic loading history has an influence on the hysteretic energy dissipation. If the stress level is below the maximum stress experienced in the previous cycles, the specific dissipated energy and specific damping capacity are much lower than those measured at the same stress in previous cycles. The hysteretic energy dissipation is caused by microcrack formation and propagation in the CM particles. The accumulation of crack development leads to CM particle fracture, which results in a small permanent plastic deformation. 
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[bookmark: _Toc522726816]Introduction
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Metal matrix syntactic foam (MMSF) is a special composite material where a metal matrix is embedded with hollow or porous ceramic particles. Using hollow or porous ceramic particles as the reinforcement gives MMSF many outstanding mechanical properties, such as low density, high specific stiffness, high energy absorbing and damping capability [1]. MMSF is a candidate material for several structural components in automobiles and other modes of transportation because they can reduce weight and improve fuel efficiency [2]. Meanwhile, its porous structure provides a capability of a large amount of plastic deformation and thus an energy absorption capacity under compression or impact. It can serve as a protective material by sacrificing itself against damages caused by collision or impact. MMSF also has a good damping capacity so can be used in applications for mitigating vibration [3]. 
The research to date on the mechanical properties of MMSF has largely been focused on its energy absorbing capacity under compression and impact. Its energy absorption capacity can be evaluated by the area under the compressive stress-strain curve up to the onset of densification where the hollow or porous ceramic particles are fully crushed [4]. MMSF can absorb a huge amount of energy due to extensive strain accumulation at a relatively high plateau stress resulting from the reinforcing ceramic particles and a high densification strain, which is directly determined by the porosity of the MMSF [1, 5-16]. 
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Compared to the vast amount of literature available on the compressive properties of MMSF, however, the study on the damping capacity of MMSF is very limited. Wu et al. [3] measured the damping properties of the 6061Al/hollow sphere fly ash syntactic foam with different particle sizes by a multifunctional internal friction apparatus, in both the forced-vibration and bending-vibration modes. Their results showed that the syntactic foams with small particles had higher damping capacities than those with large particles in both vibration modes, and the damping capacity measured in the bending-vibration mode was more than twice of that measured in the forced-vibration mode. Cox et al. [2] and Licitra et al. [17] studied the damping behaviour of A356 matrix syntactic foams reinforced with hollow SiC and alumina particles, respectively, using a dynamic mechanical analyser (DMA) in the three-point bending mode. They found that the damping parameter of the syntactic foam with a lower density was lower than that of the syntactic foam with a higher density and both were lower than that of the A356 alloy, indicating small contributions from the hollow ceramic particles in damping. Katona et al. [18] studied the damping behaviour of Al matrix syntactic foams with Al-Si alloy matrices and hollow Al2O3-SiO2 spheres by DMA and showed that the matrix had a significant effect on the loss factor. In these studies, the dynamic tests were conducted at low stress, low strain conditions in the elastic region. The investigations were generally confined to the effects of particle size, temperature and test conditions on the damping capacity of a number of MMSFs. The mechanism of energy dissipation in dynamic damping in syntactic foams, especially under high stress conditions, has rarely been investigated.
In this study, MMSFs with an Al 6082 alloy matrix and different sized hollow ceramic microspheres have been manufactured by the melt infiltration casting method. The energy absorption and damping capacity of the syntactic foams have been studied under monotonic, intermittent cyclic and two-stage repetitive cyclic compression conditions. A new energy dissipation mechanism has been proposed to interpret the characteristic damping behaviour of the MMSFs under cyclic compression. 
[bookmark: _Toc522726817]Experimental
[bookmark: _Toc522726818]Raw materials
The raw materials used to produce the aluminium matrix syntactic foam samples are the commercial 6082 Al alloy and a ceramic microsphere (CM) powder supplied by Envirospheres Pty Ltd. The CM powder is composed of 55~65% SiO2, 30~36% Al2O3, 1~2% Fe2O3 and 0.5~1% TiO2 by weight, and has an effective density (the mass of the powder divided by the volume of the particles, without the air voids between them) of 0.66 g/cm3. The CM powder was divided into three particle size ranges, 75-150 μm, 125-250 μm and 250-500 μm, as shown in Figure 1. The wall thickness of the CM particles is approximately 10% of the particle diameter. 
a
b
c

[bookmark: _Ref521573146]Figure 1 Morphologies of the ceramic microspheres with particle size ranges of: (a) 75-150 μm (b) 125-250 μm and (c) 250-500 μm.
[bookmark: _Toc522726819]Production process
The Al matrix syntactic foam samples were produced by the melt infiltration casting process as illustrated schematically in Figure 2. The process consisted of the following steps. (1) An Al block and a CM powder were prepared with a volume ratio of 1:2, with the Al slightly more than the amount needed to ensure full infiltration into the CM powder. (2) The CM powder was filled into a steel tube mould with the bottom sealed by a circular steel disc. The Al block, in the form of a cylinder, was then placed on top of the packed bed of CMs, separated by an ultrathin Kaowool filter paper. The filter paper was used to prevent contact between the Al melt and the CMs before pressure was applied and also to filter aluminium oxide films during infiltration. Another circular steel disc, which was slightly smaller than the internal diameter of the steel tube, was subsequently placed on top of the Al block. (3) The whole assembly was heated up and maintained at 730°C for 30 minutes in an electric furnace to fully melt the Al block. (4) The assembly was then moved to a hydraulic press and was rapidly compressed so that the molten Al infiltrated into the interstices between the CM particles. (5) After complete solidification of Al, the syntactic foam sample was removed from the steel tube mould. The steel discs and the extra Al layer at the top of the sample was then removed and the resultant syntactic foam sample was machined and ground to the desired shape and dimensions for subsequent tests. The syntactic foam samples have a nearly constant CM volume percentage of 60%, because a randomly packed spherical powder occupies approximately 60% of the total volume [19].
Three additional sets of samples with lower CM volume percentages were produced following the same procedure, except step (2). For these samples, the CM powder was firstly mixed with an Al 6082 powder, using a small amount of ethanol as binder, before step (3) [20]. The volume ratios between the Al and CM powders were 2:1, 5:7 and 1:5, resulting in CM volume percentages in the syntactic foam samples of 20%, 35% and 50% respectively. The density of the syntactic foam samples was measured by the Archimedes’ method using water as the working medium.
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[bookmark: _Ref521573436]Figure 2 Schematic of melt infiltration casting process.
[bookmark: _Toc522726821]Compression tests 
Three types of compression test, namely monotonic, intermittent cyclic and repetitive cyclic, were carried out. The syntactic foam specimens were machined to a cubic form with dimensions 15×15×15 mm3 and polished prior to testing. A thin layer of multipurpose grease was applied on the surface of the specimens as a lubricant to avoid the specimen barrelling effect due to friction during compression. All the compression tests were conducted at room temperature on an Instron 4045 test system equipped with a 50 kN load cell, with a strain rate of 10-3 s-1 to ensure quasi-static compression [21]. The load and displacement data were acquired with Bluehill 2.0 software and processed by Microsoft Excel. 
In the monotonic compression tests, the syntactic foam specimens were compressed uniaxially to an engineering strain of 0.7 until the specimen was completely crushed. Three specimens of each type of syntactic foam were tested and the compressive properties were characterised by the average values of the three tests. 
In the intermittent cyclic compression tests, the specimens were compressed uniaxially to a strain of 0.01, unloaded and then reloaded to a strain of 0.02. The unloading-loading cycles were repeated 6 more times at different strains up to 0.08 with an interval of 0.01. 
The repetitive cyclic compression tests were conducted on one syntactic foam specimen with small CMs (75-150 μm) in two stages. In stage 1, the tests were conducted first at 30 MPa, then at 60 MPa and finally at 80 MPa for 50 unloading-loading cycles each. In stage 2, the same tests were conducted again on the same specimen sequentially at 30 MPa, 60 MPa and 80 MPa, each for 50 unloading-loading cycles. The two stage tests were designed to investigate the difference of energy dissipation between fresh and further repetitive cyclic loading.
Figure 3 is a schematic diagram of an unloading-loading cycle and the hysteresis loop formed, with the arrows indicating the unloading and reloading sequence. The dissipated energy, or hysteretic energy loss, WD, corresponds to the area enclosed by this hysteresis loop, while the area under the lower path (unloading part) of the hysteresis curve represents the elastic energy stored, WE. The specific dissipated and elastic energies were determined by dividing WD and WE by the initial volume of the specimen. The specific damping capacity is the ratio of the energy dissipated in a cycle to the elastic or potential energy stored in this cycle [22, 23] and was determined by:
	
	
	(1)


[image: ]
[bookmark: _Ref533152744]Figure 3 Schematic diagram of an unloading-loading cycle showing the amounts of dissipated energy and elastic energy.
[bookmark: _Toc522726822]Results 
[bookmark: _Toc522726823]Microstructure and density
The typical microstructures of the Al matrix syntactic foams are shown in Figure 4. For all the three particle size ranges, the distribution of the CMs in the Al matrix is random and homogeneous, showing that the molten Al has fully infiltrated into the interparticle spaces in the closely packed bed of CMs. An intimate contact between the matrix and the CM particles can be observed (Figure 4 (d)), indicting good wetting at the matrix-CM interface. However, some CM particles (less than 10%) were infiltrated by Al due to their broken structure.
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[bookmark: _Ref533152774]Figure 4 Optical micrographs of the Al matrix syntactic foams with CM particle ranges of (a) 75-150 μm, (b) 125-250 μm and (c) 250-500 μm, and (d) a high magnification image showing the interface between the matrix and CM particles.
The syntactic foam specimens with three different CM particle sizes but the same CM volume percentage of 60% had similar density values in a narrow range of 1.4~1.45 g/cm3. When the CM volume percentage was reduced to 50%, 35% and 20%, the density of the syntactic foam increased to 1.70, 1.98 and 2.29 g/cm3, respectively.
[bookmark: _Toc522726824]Monotonic compression
The representative stress-strain curves of the syntactic foams with different CM particle size ranges and different CM volume percentages, under quasi-static compression, are shown in Figure 5. Similar to the previous observations [1, 5-16], the stress-strain curves are characterised by three regions, namely elastic, plateau and densification regions. 

[bookmark: _Ref530571049]Figure 5 Representative stress-strain curves of the syntactic foams with different (a) CM particle size ranges and (b) CM volume percentages.
The characteristic compressive properties of the syntactic foams under the quasi-static compression, obtained by averaging the values of three specimens, are summarized in Table 1. The compressive strength is defined according to ISO 13314 as the maximum stress at fracture or collapse of the foam and the plateau stress is the mean of the stress in the plastic deformation region after the initial drop until the densification strain [21]. The yield strain is the strain corresponding to the yield stress. The densification strain is defined as the intersection of the tangents to the plateau region and the densification region [24]. The specific energy absorption, which quantifies the energy absorption capacity of the syntactic foam, is the area under the stress-strain curve up to the densification.
[bookmark: _Ref521665520]Table 1 Monotonic compressive properties of the Al matrix syntactic foams with different CM particle size ranges and different CM volume percentages.
	No.
	CM particle size (μm)
	CM vol. %
(%)
	Compressive strength (MPa)
	Yield strain
	Plateau stress (MPa)
	Densification strain
	Specific energy absorption (MJ/m3)

	1
	75-150
	60
	123.2±8.5
	0.06±0.006
	108.5±5.6
	0.60±0.05
	62.5±2.1

	2
	125-250
	60
	80.9±5.1
	0.05±0.002
	65.3±0.9
	0.58±0.02
	36.7±0.4

	3
	250-500
	60
	41.9±1.1
	0.03±0.003
	35.7±1.0
	0.59±0.01
	19.6±0.5

	4
	125-250
	20
	116.5±1.7
	0.07±0.007
	116.0±1.0
	0.32±0.06
	36.9±0.2

	5
	125-250
	35
	115.8±1.5
	0.07±0.006
	110.7±1.7
	0.38±0.06
	41.9±0.8

	6
	125-250
	50
	105.2±2.0
	0.07±0.003
	98.4±1.4
	0.51±0.07
	51.1±0.1



Table 1 shows that compressive strength, yield strain and plateau stress are mainly dependent upon the CM particle size (cf. specimens 1-3). The Al matrix syntactic foams with the smallest CM particles (specimen 1) have the highest compressive stress and plateau stress, while those with the largest CM particles (specimen 3) have the lowest compressive stress and plateau stress. This is because the smaller CM particles produce a stronger strengthening effect, if the spheres being compared have the same wall thickness or the same thickness-to-radius ratio [4]. The yield strain follows the same pattern as the yield stress, because all the specimens have a very similar elastic modulus, as evidenced in Figure 5. 
The compressive strength, yield strain and plateau stress are less sensitive to the CM volume percentage (cf. specimens 4-6). Reducing the CM volume percentage from 50% to 35% and to 20% by increasing the amount of Al particles in the syntactic foam samples has an insignificant effect on the compressive strength, because the strength of syntactic foams is determined by the compressive strength of the CMs rather than the volume fraction of the Al matrix in this case [20]. Compared with the normal syntactic foam samples without Al particle toughening (specimen 2), the compressive strength of the samples toughened with Al particles (specimens 4-6) is improved by 24-36 MPa. This improvement of compressive strength, however, can be attributed to the different failure modes between the normal and Al particle toughened syntactic foams [20]. The normal syntactic foam samples failed by shear or cracking, while the syntactic foam samples toughened with Al particles failed by collapse and crushing of the CMs. 
Table 1 also shows that the densification is mainly determined by the CM volume percentage (specimens 2, 4-6). This is not surprising because the upper limit of the densification strain is the total porosity of the syntactic foam, which directly depends on the CM volume percentage. The specific energy absorption is a function of both the plateau stress and the densification strain as expected and can be approximated by their product. The specific energy absorption values of the three types of syntactic foams are in the range of 20–63 MJ/m3 (specimens 1-3) are considerably higher than those of Al foams, which are usually less than 13 MJ/m3 [25]. 
[bookmark: _Ref521933169][bookmark: _Toc522726825]Intermittent cyclic compression 
The typical stress-strain curves of the syntactic foams with different CM particle sizes and different CM volume percentages under intermittent cyclic loading are shown in Figure 6. Excluding the appreciable hysteresis loops of the unloading-loading cycles at the given strains, the envelop curves broadly coincide with the stress-strain curves of the corresponding syntactic foams under monotonic compression. 
Figure 7 compares the specific dissipated energy at different strains for the syntactic foams with different CM particle sizes (Figure 7a) and different CM volume percentages (Figure 7b). The specific dissipated energy for each unloading-loading cycle is mainly dependent on the stress at which the cyclic loading was conducted, which increased with the strain in the elastic region and fluctuated in the plateau region, depending on whether the deformation was ductile or brittle. 
Figure 7 also compares the specific damping capacity at different strains for the syntactic foams with different CM particle sizes (Figure 7c) and different CM volume percentages (Figure 7d). In the first unloading-loading cycle, i.e. at the strain of 0.01, the specific damping capacity was small. A reasonable explanation for the low ratio of the dissipated energy to the stored elastic energy is that the low amplitude of stress in this cycle was high enough to close the voids in the matrix of the syntactic foam, usually present at the Al-CM interfaces, but insufficient to cause significant damages to the CM particles, which is considered to be the key contributor to energy dissipation as will be discussed in section 4.2. In the subsequent unloading-loading cycles, i.e. at the strains between 0.02 and 0.08, however, the specific damping capacity remained nearly constant for any particular syntactic foam. In other words, the energy dissipated in an unloading-loading cycle was proportional to the elastic or potential energy stored in this cycle, i.e., a fixed proportion of the total energy absorbed by the material was dissipated, regardless of the stress and strain at which the loading cycle was conducted.


[bookmark: _Ref533152883]Figure 6 Typical stress-strain curves of the Al matrix syntactic foams with different CM particle sizes and volume fractions: (a) 75-150 μm, 60%; (b) 125-250 μm, 60%; (c) 250-500 μm, 60%; (d) 125-250 μm, 20%; (e) 125-250 μm, 35%; and (f) 125-250 μm, 50%; under cyclic compression.

[bookmark: _Ref521921254]Figure 7 Hysteretic dissipated energy (a, b) and specific damping capacity (c, d) of each unloading-loading cycle of the syntactic foams with different CM particle sizes (a, c) and different CM volume percentages (b, d).
Figure 8 shows that the average specific damping capacity between the strains of 0.02 to 0.08 for each type of syntactic foam is proportional to the CM volume percentage, indicating that the energy dissipation in cyclic loading is due to changes inside the CM particles. The syntactic foams with the same CM volume percentage of 60% but different CM particle sizes show similar specific damping capacity values (0.083-0.088), indicating low sensitivity to CM particle size. 
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[bookmark: _Ref521915661]Figure 8 Specific damping capacity vs CM volume percentage for the syntactic foams.
[bookmark: _Toc522726826]Repetitive cyclic compression
The stress-strain responses of the syntactic foam specimen reinforced with the small CMs (75-150 μm) under the repetitive cyclic compression in both stage 1 and stage 2 are shown in Figure 9. To amplify and compare the evolution of the hysteresis loops during cyclic loading in both stages, the 1st, 25th and 50th hysteresis cycles at each stress amplitude for both stage 1 and stage 2 loading are shown side by side in Figure 10. 
[image: ]
[bookmark: _Ref530399925]Figure 9 Stress-strain curves of the syntactic foam under repetitive cyclic compression in (a) stage 1, and stage 2 at (b) 30 MPa, (c) 60 MPa and (d) 80 MPa.


[bookmark: _Ref521931734]Figure 10 Hysteresis loops of the 1st, 25th and 50th cycles in the repetitive cyclic compression in stage 1 and stage 2, conducted at (a) 30 MPa, (b) 60 MPa and (c) 80 MPa.
Figure 9 and Figure 10 show that the behaviours of the hysteresis loops generated by the repetitive cyclic compression in the stage 1 and stage 2 are significantly different, in spite of the same loading conditions. In stage 1, the strain displacements and the hysteresis loops are evident at all the three stress amplitudes of 30, 60 and 80 MPa. In stage 2, however, large hysteresis loops are only seen at the highest stress amplitude of 80 MPa. Appreciable hysteresis loops are also exhibited at the intermediate stress amplitude of 60 MPa, but they are narrower than those in stage 1. The hysteresis loops at the lowest stress amplitude of 30 MPa in stage 2 are very small, with nearly overlapping unloading and loading paths.
The evolutions of the hysteresis loops in the two stages are demonstrated more clearly in terms of specific dissipated energy (Figure 11a) and specific damping capacity (Figure 11b). As a general observation, the specific dissipated energy tends to decrease with increasing number of cycles in stage 1 but remains unchanged in stage 2. In stage 1, the average magnitudes of the specific dissipated energy at the stress amplitudes of 30, 60 and 80 MPa are approximately 10, 30 and 50 kJ/m3, respectively. They are similar to those observed in the intermittent cyclic compression. In stage 2, the average magnitudes of the specific dissipated energy at 30 and 60 MPa are reduced considerably to approximately 1 and 13 kJ/m3, which are approximately 10% and 30% of the stage 1 values, respectively. The specific dissipated energy at 80 MPa in stage 2 follows the same trend as in stage 1, with a slightly lower average magnitude of 45 kJ/m3.
The difference in energy dissipation behaviour between stage 1 and stage 2 is more visible in terms of the specific damping capacity (Figure 11 Evolutions of (a) specific dissipated energy ). The specific damping capacity is not sensitive to the stress amplitude in stage 1. It varies in a relatively narrow range of 0.06 – 0.1. In stage 2, however, the specific damping capacity is very sensitive to the stress amplitude and has representative values of 0.005, 0.036 and 0.075 at e stress amplitudes of 30, 60 and 80 MPa, respectively. 
The two-stage test results above demonstrate that the cyclic loading history has a direct influence on the hysteretic energy dissipation, depending on whether the stress amplitude is below, equal to or above the maximum stress the specimen has experienced previously. When the stress is above the previous stress levels experienced by the specimen (as shown in stage 1), the previous loading history has very little effect on the hysteretic energy dissipation; the specific dissipated energy and specific damping capacity are solely determined by the current stress amplitude. When the stress is equal to the maximum stress level experienced in the previous cycles (as shown in the case of 80 MPa in stage 2 vs stage 1), the current cyclic loading behaves as a continuation of the previous cyclic loading; the specific dissipated energy and specific damping capacity remain the same in both stages. When the stress is below the maximum stress level experienced in the previous cycles (as shown in the cases of 30 MPa and 60 MPa in stage 2), the previous loading history has a strong effect on the hysteretic energy dissipation; the specific dissipated energy and specific damping capacity become much lower than the previous stage; the lower the stress, the greater the reduction in the hysteretic energy dissipation.
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[bookmark: _Ref530569447][bookmark: _Ref521933255]Figure 11 Evolutions of (a) specific dissipated energy and (b) specific damping capacity in repetitive cyclic compression at different stress amplitudes in stage 1 (left) and stage 2 (right).
[bookmark: _Toc522726827]Discussion 
[bookmark: _Ref522002244][bookmark: _Toc522726828]Specific damping capacity 
The specific damping capacity in cyclic loading describes the hysteretic energy dissipation relative to the elastic energy involved in the loading cycle. This elastic energy is the amount of recoverable energy in the unloading-loading cycle and can be expressed by:
	
	
	(2)


where  is the stress at which the unloading-loading cycle is conducted and  is the elastic strain produced in the cycle, which is approximately equal to the stress divided by the elastic modulus of the syntactic foam, E. As all the syntactic foam specimens have nearly the same elastic modulus (see Figure 5), the elastic energy involved in cyclic loading is solely determined by the stress of the cyclic loading. 
The specific damping capacity of any particular syntactic foam measured at strains between 0.02 and 0.08 does not vary much (Figure 7). It means that the ratio between the dissipated energy by hysteresis loss, , and the elastic energy involved in the loading cycle, , is nearly a constant. Like the elastic energy, the dissipated energy at strains between 0.02 and 0.07 is also proportional to the square of the applied stress of the cyclic loading, . 
However, the specific damping capacity of the first hysteresis loop measured at the strain of 0.01 in the intermittent cyclic compression is considerably lower than those of the subsequent hysteresis loops (Figure 7). It is appreciated that the first compression cycle was conducted at a relatively low stress. It seems that this low stress amplitude is not sufficient to initiate the main energy dissipation or damping mechanism prevalent at higher stress amplitudes in the subsequent hysteresis loops. 
It is worth noting that the specific damping capacity is one of several parameters that are used to quantify the damping property of a material. Depending on the measurement methods (such as torsion pendulum, suspended beam, dynamic mechanical thermal analyser, piezoelectric ultrasonic vibration, decay and resonant vibration), a variety of parameters, including loss angle (φ), loss tangent (tan φ), inverse quality factor (Q-1), loss factor (η), logarithmic decrement (δ) and specific damping capacity (ψ), are used to characterise the damping capacity. Although these parameters are sensitive to frequency and temperature, they are interchangeable with a proper conversion in cases of relatively small damping capacity (tan φ < 0.1) by the following equation [26]:
	
	 
	(3)


[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The order of magnitude of the damping capacity measured in this study is comparable to those measured by Cox et al. [2], Licitra et al. [17] and Katona et al. [18] on Al matrix syntactic foams reinforced with hollow Al2O3, SiC or Al2O3-SiO2 particles using dynamic mechanical analyser. 
[bookmark: _Toc522726829]Damping mechanism 
[bookmark: _GoBack]Figure 8 shows that the specific damping capacity is proportional to the CM volume percentage in the syntactic foam. For the syntactic foams with the same CM volume percentage, CM particle size has little effect on the specific damping capacity (Figure 7c). It demonstrates that the energy dissipation in cyclic loading mainly occurs inside the CM particles such that the amount of the dissipated energy is directly correlated to the volume percentage of the CM particles in the syntactic foam. The interface between the CM particles and the matrix, which varies with the CM particle size, does not seem to play a part in the energy dissipation.
The stage 1 repetitive cyclic compression of the syntactic foam (Figure 9a) shows that there is a permanent plastic deformation after each unloading-loading cycle and the amount of the plastic deformation is dependent on the stress at which the cyclic loading is conducted. The accumulative plastic strains after 50 cycles at the applied stresses of 30, 60 and 80 MPa are 0.0011, 0.0024 and 0.0047, which correspond to plastic-deformation-caused energy absorptions of 33, 144 and 376 kJ/m3 respectively. For each unloading-loading cycle, the average energy absorptions due to plastic deformation are 0.66, 2.88 and 7.52 kJ/m3 respectively. In comparison, the average hysteretic energy dissipations at the stresses of 30, 60 and 80 MPa are 10, 30 and 50 kJ/m3, respectively (Figure 11). Conversely, the hysteretic energy dissipations are approximately 15, 10 and 7 times of the plastic-deformation-caused energy absorptions, for the stresses of 30, 60 and 80 MPa, respectively. 
Five observations on the hysteretic energy dissipation can be made from the above analyses:
1) The main contributor to the hysteretic energy dissipation is the CM particles. 
2) The hysteretic energy dissipation is not due to permanent plastic deformation. 
3) The process generating the hysteretic energy dissipation may contribute to the permanent plastic deformation. 
4) The hysteretic energy dissipation is approximately proportional to the stress squared. 
5) A higher stress results in a lower ratio between the hysteretic energy dissipation and the plastic-deformation-caused energy dissipation. 
These observations indicate that the energy dissipation is caused by microcrack formation and propagation in the CM particles. Many microcracks have indeed been detected on CMs in the synaptic foam samples after repetitive cyclic loading (12). Cox et al. [2] also observed cracks in the hollow SiC particles in an Al matrix syntactic foam after DMA test. According to the Griffith theory of brittle fracture, the critical stress required for crack propagation in a brittle material is proportional to the square root of the specific surface energy of the material, or the energy required to create the crack surfaces is proportional to the square of the applied stress, provided it is above the critical stress [27]. The fact that the dissipated energy by hysteresis loss at strains between 0.02 and 0.08 is proportional to the square of the applied stress (  ) conforms to the Griffith theory. This provides a strong supporting evidence that the key mechanism of hysteretic energy dissipation is microcrack formation and propagation in the CM particles.
The microcrack formation and propagation in the CM particles during the cyclic loading can be described as follows. The metal matrix syntactic foam is essentially a cluster of inherently brittle CM particles interspersed with a metal matrix. As a characteristic of the infiltration casting process adopted in this work, most CM particles are in direct contact with their neighbouring CM particles. Stress concentrations will occur at these contact points and the local stress can be significantly higher than the global stress. When the global stress is above a certain level, say a third of the yield stress of the syntactic foam, the local stresses at some locations will reach the critical stress required for crack initiation and propagation in the CM particles. A higher global stress leads to more stress concentration and in turn more crack initiation and propagation. The energy absorbed in creating the crack surfaces is expected to be proportional to the square of stress, according to the Griffith theory. Once a microcrack develops across a CM particle during repetitive loading, fracture occurs and a small plastic deformation is formed. The permanent plastic deformation and the hysteretic energy absorption are the accumulative effects of formation and propagation of all the microcracks inside CM particles. They are dependent on the local stress at the contact points between the CM particles, which in turn is dependent on the stress applied to the syntactic foam sample.
The different hysteretic energy dissipation behaviour in stage 2 from stage 1 cyclic loading at the low and intermediate stress levels can be well explained by the microcrack formation and propagation mechanism. After cyclic loading at 80 MPa for 50 cycles in stage 1, many stress concentration locations that can be activated at a stress below 80 MPa for microcrack propagation have disappeared due to localised plastic deformation. The numbers of microcracks that can form and propagate at stresses of 30 and 60 MPa are reduced, especially significantly at the lower stress. Only when the stress is equal to or above the maximum stress experienced in stage 1, more locations of stress concentration can be activated to form more microcracks and the new and existing microcracks can continue to propagate.
[image: ]
[bookmark: _Ref522785521][bookmark: _Ref522785514]Figure 12 Scanning electron micrograph of an Al matrix syntactic foam with 250-500 μm CMs after cyclic compression.
[bookmark: _Toc522726831]Conclusion
1) In monotonic compression, the compressive strength, yield strain and plateau stress are mainly dependent on the CM particle size and are less sensitive to the CM volume percentage. The densification strain is mainly determined by the CM volume percentage.
2) In intermittent cyclic compression, the specific dissipated energy in each cycle is mainly dependent on the loading stress and is proportional to the square of stress. For a given syntactic foam, the specific damping capacity is nearly constant, regardless of the stress and strain at which the cyclic loading is conducted, apart from the first loading cycle. The specific damping capacity is proportional to the CM volume percentage, but has low sensitivity to CM particle size.
3) In repetitive cyclic compression, if the stress level is equal to or above the previous stress amplitudes, the prior loading history has little influence on the hysteretic energy dissipation. If the stress level is below the maximum stress experienced in the previous cycles, the prior loading history has a significant influence on the hysteretic energy dissipation behaviour. The specific dissipated energy and specific damping capacity are much lower than those measured at the same stress in previous cyclic loading.
4) The hysteretic energy dissipation in the syntactic foam is mainly caused by microcrack formation and propagation in the CM particles. The accumulation of crack development leads to CM particle fracture, which results in a small permanent plastic deformation. 
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