Experimental and Analytical Study on Homogeneous and Layered Al Matrix Syntactic Foams under Impact
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[bookmark: OLE_LINK14][bookmark: OLE_LINK20]Abstract: Al matrix syntactic foams have been widely studied as impact protection materials. The impact behaviour of syntactic foams, especially for non-homogeneous structures, however, is not well understood. The impact response of Al matrix syntactic foams with both homogeneous and layered structures were studied experimentally and theoretically. Layered structures composed of large- and small-particle layers provided lower impact peak stress and higher ductility than the average values of the large- and small-particle layers. The energy absorption capacity of the layered structures is the sum of the energy absorption capacities of the constituent layers. An analytical model for stress and strain evolutions in Al matrix syntactic foams during impact was developed. The contact stress, inertia stress and base as a function of time was calculated as a function of impact velocity. The analytical model captures the key characteristics of stress fluctuation during impact. The predictions of the base stress agreed reasonably well with the experimental results, showing stress fluctuation with similar time interval and amplitude. 
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1. Introduction
Aluminium matrix syntactic foams (AMSFs) are a novel class of lightweight materials, which use hollow or porous ceramic particles such as alumina cenospheres [1,2], fly ash [3,4] or E-spheres [5] to reinforce the aluminium matrix. The main role of the particles or microballoons is to introduce porosity. AMSFs offer advantages of low weight, high specific stiffness, improved strength and high damage tolerance due to their mechanical energy absorption capabilities. These properties give AMSFs many applications such as cores in sandwich structures, crash protectors and damping panels [6]. 
The manufacture and mechanical properties of AMSFs with homogeneous structures have been widely studied. AMSFs were normally manufactured by the infiltration casting method and their compressive and energy absorption behaviours were investigated [7]. The effects of Al volume percentage, bimodal ceramic microspheres and Al particle toughening on the compressive and energy absorption properties of AMSFs have been studied [8,9]. Tao and Zhao [10] studied the compressive failure mechanisms of AMSFs through observations of the un-confined and confined compression response. The impact response of AMSFs have also been studied by both experiment and simulation [11, 12]. 
For porous metallic foams, energy absorption function is usually affected by porous structure. While hollow spheres can be divided into different densities and sizes by flotation methods and sieves. Then it is possible to designing specific syntactic foams to meet application demands with the variety of hollow spheres [13].
[bookmark: OLE_LINK13]Functionally graded syntactic foams exhibit a gradual and controlled positional change of at least one property and often have desirable properties meeting the increasing demand in many industries [14-16]. The traditional way of manufacturing graded syntactic foams is fabricating each layer independently and subsequently bonding them together with an adhesive like epoxy. While fabricating the layers independently can easily tailor the physical and mechanical properties of each layer, layered syntactic foams manufactured from this approach have poor structural integrity between the layers. Graded syntactic foam components fabricated in one process by infiltration casting provide better structural integrity and superior mechanical properties [17]. 
[bookmark: OLE_LINK16]Many efforts have been made to investigate the mechanical properties of syntactic foams under impact [18-20]. The majority of these studies, however, are largely confined to experimental characterisation or numerical modelling of stress - strain developments. Mechanistic understanding of the stress - strain evolutions and the role played by impact waves is still very limited. Karagiozova et al. [21] and Zheng et al. [22] proposed analytical models for stress evolutions in density-graded cellular materials based on the propagation of compaction waves and compared the analytical results with numerical simulation results. These models failed to capture one of the most important features of all experimental results - the fluctuation in stress evolution caused by propagation of impact waves. Rousseau et al. [23] made observations of stress fluctuation in syntactic foam samples by placing sensors at different locations. Rostilov and Ziborov [24] demonstrated the two-wave configuration stress evolution in syntactic foam under impact and used the Hugoniot states to describe the shocked states behind the wave front. Up to date, a mechanistic explanation of stress-strain evolutions in syntactic foams, especially with graded or layered structures, under impact is still lacking.
This study investigates the stress-strain evolution in AMSFs with homogeneous and layered structures under impact experimentally. An analytical model is developed to predict the stress and strain evolutions inside the AMSFs during impact. The theoretical predictions are compared with the experimental results.
2. Experimental
[bookmark: OLE_LINK21]The AMSF samples were produced by infiltration casting [25], as shown schematically in Fig. 1, using a 6082 Al alloy and a hollow ceramic microsphere (CM) powder supplied by Envirospheres Pty Ltd. The CM powder has a composition of ~60% SiO2, ~40% Al2O3 and 0.4-0.5% Fe2O3 by weight and was separated into different particle size ranges. Two subset powders with particle size ranges of 75-150 m and 250-500 m, designated as small (S) and large (L), respectively, were used in the experiments. The two CM powders have a similar density of 0.66 g/cm3. Before infiltration, a steel tube, sealed by a circular steel disc at bottom, was filled either with one layer of the same CM powder or with two or three layers of different CM powders. An Al alloy block was then placed on top of the CM powder(s) and another circular steel disc was placed above the Al block. The assembly was heated to 755°C for 30 minutes in an electric furnace before being moved to a hydraulic machine where the molten Al alloy was compressed into the voids between the CM particles. After solidification, the resultant AMSF sample was removed from the steel tube and ground into cuboid specimens with dimensions of 15×15×15 mm for quasi-static compression tests and 10×10×20 mm for impact tests. 
The AMSF specimens are designated by the CM powders used in the specimens. L and S are homogeneous specimens containing large and small powders, respectively. LS is a two-layered specimen containing 50% large and 50% small powders. LSL is a three-layered specimen containing 25% large, 50% small and then 25% large powders. All the AMSF specimens contain approximately 55% CM particles and have a density approximately 1.64 g/cm3. Fig. 2 shows the microstructure of a layered AMSF specimen, highlighting the interface between the two dissimilar layers.
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Fig. 1 Illustration of infiltration casting 
[image: C:\Users\liangc\Desktop\chenliang\LS.png]
Fig. 2 Optical micrograph of a layered AMSF sample showing the interface between the two dissimilar layers

Quasi-static compression tests were conducted on an Instron 4045 machine with a strain rate of 0.001 /s up to a stain of approximately 0.7. The specimens were lubricated with oil to reduce friction between the specimen and the platens.
[bookmark: OLE_LINK10]Impact tests were conducted using an instrumented drop-weight tower. The specimen was supported by a solid steel base. A hammer with a mass of 15 kg, attached to a carriage guided by two vertical steel bars, was raised to a height varying between 0.2 – 1.2 m to give a varying impact energy of 20 – 140 J, equivalent to a specific impact energy or impact energy per unit specimen mass of 10 – 70 J/g. Table 1 shows the impact energy subjected by each specimen. A Kistler 9061A piezo-electric load-cell, with a maximum capacity of 200 kN, was used to measure the force-time history. The impact force signal was recorded using the Data Flow Plus software. The hammer velocity and displacement were measured using a MotionPro-X4 high speed camera at a frame rate of 5000 fps and analysed using the ProAnalyst software. Three samples were tested under each impact energy for each type of AMSFs.

Table 1 Impact energies applied to the AMSF specimens
	Specimen
	Impact velocity
(m/s)
	Impact energy
(J)
	Specific impact energy 
(J/g)

	
L
	3.3
	80
	40

	
	3.7
	100
	50

	
	4
	120
	60

	
	4.3
	140
	70

	
S
	1.7
	20
	10

	
	2.4
	40
	20

	
	2.9
	60
	30

	
	3.3
	80
	40

	
LS
	3.3
	80
	40

	
	3.7
	100
	50

	
	4
	120
	60

	
	4.3
	140
	70

	
LSL
	2.9
	60
	30

	
	3.3
	80
	40

	
	3.7
	100
	50

	
	4
	120
	60





3.  Experimental results 
3.1 Compressive behaviour
Fig. 3 exhibits typical quasi-static compressive stress-strain curves of AMSFs. Specimen L has a much lower strength than specimen S but a better ductility, characterised by a much smoother plateau region. The strengths of the layered specimens LS and LSL fall between those of specimens L and S, with LSL having a slightly higher yield stress than LS. The difference in strength between L and S is due to their different structural characteristics. Ceramic microspheres in L are large and generally porous, while those in S are small and mainly hollow. For the same density or porosity, hollow particles are stronger than porous ones and particle strength generally decreases with particle size [10]. The difference in strength between LS and LSL, which have the same amounts of L and S, is due to the layer thickness effect. In layered structures, the weaker L layers deform before the stronger S layers. However, the weaker layer is confined by the neighbouring stronger layers and exhibits a barrelling phenomenon. A thinner layer is generally stronger than a thicker layer due to decreased barrelling [17], resulting in LSL being stronger than LS.
Table 2 shows the yield strength, Young’s modulus, plastic modulus and specific energy absorption (up to 0.5 strain) of the four AMSF specimens. Plastic modulus is defined as the gradient of the stress-strain curve in the plastic region. Because the actual stress-strain curves in this region are not linear, the plastic modulus values were obtained by linear fitting of the stress-strain curves in the plastic region. All specimens have a similar Young’s modulus, as they have the same amount of CM particles of 55% and same amount of porosity. The yield stress and energy absorption in the layered LS and LSL specimens are approximately the averages of the L and S specimens, although LSL has a higher stress than LS.
[image: ]
Fig. 3 Compressive stress-strain curves of AMSF samples 
Table 2 Yield strength, Young’s modulus and energy absorption of the four AMSF specimens.
	Specimen
	Yield stress
(MPa)
	Young’s modulus
(GPa)
	Plastic modulus
(GPa)
	Energy absorption
(J/g)

	L
	60
	3.0
	0.024
	20.3

	S
	120
	2.9
	0.019
	32.6

	LS
	100
	3.0
	0.018
	27.4

	LSL
	104
	3.3
	0.021
	30.8



It is interesting that the layered specimens have one yield point, which is different from a previous study on stacked layered syntactic foams [16], which showed a layer-by-layer deformation. As the layered specimens in this work were manufactured by infiltration casting in one step, there is a gradual change in microstructure at the interface between adjacent layers (Fig. 2). It seems that the strong bonding between the integral layers in the specimens has led to deformation of the layers in a coordinated rather than independent manner. 
3.2 Impact behaviour
Impact tests were conducted at various impact energies from 20 J to 140 J, with an increment of 20 J, to identify the transition from ductile to brittle behaviours. Table 3 shows the range of impact energy covering the ductile-brittle transitions for the AMSF specimens. With increasing impact energy, the behaviour changed from ductile deformation, to semi-brittle deformation with cracks emerging, and finally to brittle fracture. For specimen S, cracks emerged at an impact energy of 40 J (20 J/g) at a strain of 0.09. Although it had a lower energy absorption of 4.5 J/g at the strain of 0.09 under quasi-static loading, it deformed plastically under quasi-static loading and had an energy absorption capacity of 32.6 J/g at a strain of 0.5. It means that specimen S cannot fulfil its energy absorption capacity under impact loading due to its brittleness. In contrast, specimen L remained ductile at a high impact energy of 140 J (70 J/g), although it has a low energy absorption of 20.3 J/g under quasi-static loading. The more brittleness in homogeneous specimen S than L is due to the much larger number of microspheres in S than in L. Because the contact points between the brittle ceramic microspheres are potential crack initiation sites, more microspheres result in more contact points, which in turn increase the possibility of crack initiation and thus more brittleness. Furthermore, more microspheres lead to thinner Al matrix between the microspheres, which can also compromise the ductility, because ductility is provided by the metal matrix in AMSFs [26].
Table 3 also shows that the layered specimens are significantly more ductile than the brittle layer and have better ductility than the average of their constituent layers under impact. Specimen LS remained ductile at 120 J, while specimen LSL became brittle at 100 J. As the only difference between specimens LSL and LS is distribution of layer L, it suggests that two thinner L layers lead to lower ductility than one thicker L layer. In a layered AMSF, a thicker soft layer constrained by a neighbouring hard layer or impactor barrels more than a thinner soft layer. The single soft layer in LS is expected to absorb more impact energy than the two soft layers in LSL. This effectively reduces the stress exerted on the brittle hard layer and improves the ductility of the layered sample.
Fig. 4 shows stress evolution in the AMSF specimens under an impact energy of 80 J. The test results of three specimens each for L and S are presented to illustrate the good reproducibility. Similar to the yield stress under quasi-static loading, specimen L has a lower peak stress than specimen S under impact, while the layered specimens have an intermediate peak stress between those of specimens L and S. Fig. 5 shows the effect of impact energy on peak stress for the four specimens. Peak stress increases linearly with impact energy for both homogeneous and layered structures. The peak stresses of the layered specimens are closer to that of the soft layer L than to that of the hard layer S. The reduction in peak stress in the layered structures is because the soft layer L absorbs most energy in the early stage. This explains the ductility increase in the layered structures. Specimen LSL has a higher peak stress than LS, which leads to a higher chance of fracture under impact loading, as confirmed by the ductility transition results in Table 3.


Table 3 Impact behaviour of AMSF specimens at a range of impact energies. D denotes ductile, B brittle, and DB ductile-brittle
	Specimen
	20 J
	40 J
	60 J
	80 J
	100 J
	120 J
	140 J

	L
	
	
	
	D
	D
	D
	D

	S
	D
	DB
	B
	B
	
	
	

	LS
LSL
	
	
	
D
	D
D
	D
DB
	D
B
	DB


 
[image: ][image: ]
Fig. 4 Stress evolution under an impact energy of 80 J for (a) homogenous and (b) layered AMSF specimens
[image: ]
Fig. 5 Effect of impact energy on peak stress in AMSF specimens.
Fig. 4 shows that the stress in all the AMSF specimens under impact fluctuated with a nearly constant time interval of 0.2-0.25 ms. Stress evolution under impact is the result of plastic wave propagation generated by the impact. Stress fluctuation is caused by plastic wave rebound inside the specimen. As all the AMSF specimens have a similar Young’s modulus and plastic modulus, they have a similar wave propagation speed and therefore a similar fluctuation time interval. 
Fig. 6 shows the relative contributions from the constituent layers to the total strain in the layered specimens. The contributions were obtained experimentally from the images acquired by the high speed camera. Specifically, for each frame at each time interval, the thicknesses of the constituent layers were measured and the strains were calculated, from which the relative contributions were obtained. Fig. 6 shows that most deformation in LS occurred in the soft layer L in the beginning (0 - 0.6 ms). Thereafter, deformation in the hard layer S increased until the soft layer L was densified. The contributions from the two layers then became equal, i.e., 50%-50%. LSL showed a similar trend; most deformation in the beginning occurred in L; contribution from deformation in S increased gradually until the contributions were spread equally in all layers at the end, i.e., 25%-50%-25% in L-S-L. Similar to a previous report [18], the top and bottom sides of a layered sample have similar chance to initiate deformation under impact. Generally, once deformation is initiated in one side, deformation occurs preferentially in this side. The other side follows when its condition for deformation becomes favourable. 
[image: ][image: ]
Fig. 6 Contributions to total strain from individual layers in layered specimens (a) LS and (b) LSL
Effect of strain rate on compressive deformation behaviour and failure mechanism of syntactic foams is well documented [27-29]. Syntactic foams exhibit higher strengths, and therefore higher energy absorption capacities, under impact loading than in quasi-static compression. Increasing strain rate up to a critical value, which is material dependent, increases the impact strength. The underlying mechanism for the increased stress and energy absorption under impact loading is the acceleration and deceleration of particles inside the material due to plastic waves, as shown in the theoretical analysis to be described in the following section. The plastic waves result in uneven distribution of stress in the material. High local stress increases the chance of crack initiation and propagation and can change the failure mechanism from ductile deformation to brittle fracture.
The different behaviours of homogeneous specimens L and S under impact loading are in agreement with a previous study [28], which found AMSF with finer cenospheres exhibited higher strain rate sensitivity. The effect of cenosphere size on the deformation behaviour was attributed to different degrees of contribution of the aluminium matrix [28]. While the deformation of the AMSF with finer cenospheres is primarily controlled by the deformation of the cenospheres, the aluminium matrix in the ASMF with coarser cenospheres also contributes to the deformation. Because the aluminium matrix is less sensitive to strain rate [30], AMSFs with coarser microspheres are more ductile and less sensitive to strain rate. 
The alleviation of brittleness of the S layer in layered ASMFs is due to the confinement effect. The confinement effect on the failure mechanism has been demonstrated in an epoxy syntactic foam [31]. The confined samples showed an elastic-plastic behaviour while the unconfined specimens showed an elastic-brittle behaviour. The same effect exists in the layered ASMFs, where the L layers restrict the lateral movement of the S layer, improving the ductility of the S layer.
[bookmark: OLE_LINK1]4. Theoretical analysis
4.1 Analytical model
Let us consider an AMSF specimen with an initial height h0, situated on a frictionless flat rigid die and subjected to compression by an upper die of mass M, moving with an initial speed v0, as shown in Fig. 7 (a). Based on the compressive stress-strain curves of the AMSF specimens (Fig. 3), the AMSF can be assumed to be an ideal elastic-linear strain-hardening material with yield stress Y, elastic modulus E and plastic modulus P, as shown schematically in Fig. 8. According to the impact theory [32], impact loading creates an elastic wave c0 and a plastic wave c1 in the specimen; these two waves propagate inside the specimen as shown in Fig. 7(b). The speeds of elastic and plastic waves are: 
;                                                                    (1) 
where  is the density of the specimen, which changes in the case of a porous material as plastic deformation proceeds.
[image: ]
[bookmark: OLE_LINK23]Fig. 7 Impact waves inside an AMSF specimen under impact, (a) schematic of impact, (b) impact wave and impact velocity evolution, and (c) simplified impact wave evolution model 

[bookmark: OLE_LINK8][bookmark: OLE_LINK9][image: ]
Fig. 8 Idealised mechanical behaviour of AMSFs, indicating yield stress y, elastic modulus E and plastic modulus P
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]All the AMSF specimens in this work have a similar elastic modulus E (3 GPa) and plastic modulus P (0.02 GPa), with only yield stress y being different (60 – 120 MPa), as can be seen in Fig. 3. For simplicity, we can assume elastic modulus and plastic modulus are constant and independent of the specimens. The elastic modulus E is significantly higher than the plastic modulus P. As a consequence, the elastic wave speed, c0, is nearly one order of magnitude higher than the plastic wave speed, c1. We can neglect the time the elastic wave travels from the top to the bottom of the specimen and assume that the two plastic waves, X and Y, emerge simultaneously from the top and bottom, respectively, of the specimen at the outset of impact as shown in Fig. 7. 
Stress-strain evolution in the specimen is a result of the propagation of the two plastic waves, designated as wave X and wave Y, as shown in Fig. 7c. In each cycle when the two waves travel from one end to the other, four different stress zones can be identified in the specimen: before the waves pass (zone B), passed by wave X (zone X), passed by wave Y (zone Y) and after both waves passed (zone A). The stresses in these four zones can be determined from the yield stress of the material, the elastic wave speed, the plastic wave speed and the impact velocity, using a set of equations well defined by the impact theory [32]. When the waves reach the end of the specimen, they bounce back and travel to the other end. The same four zones can be identified in this new cycle, each accompanied by a stress increase. This process is repeated for a number of cycles until the impact energy is consumed and the impact velocity, or hammer velocity, is reduced to zero. 
An explicit analytical solution of the stress evolution during impact is only possible if the impact velocity remains constant. In practical impact tests, however, the impact velocity decreases with time as the kinetic energy of the hammer is gradually absorbed by the AMSF specimen. Fortunately, the plastic wave speed (c1  108 m/s) is significantly higher than the impact velocity (v0  1.7-4.3 m/s). We can neglect the change in impact velocity and the change in strain within one cycle when the plastic waves travel from one end to the other and assume a step change in the impact velocity and a step change in the strain from one cycle to the next. The wave propagation process can be split into discrete steps, marked as time periods t1, t2, t3, etc., as shown in Fig. 7c. Each step represents one cycle and corresponds to plastic waves traveling the specimen length from one end to the other. While the impact velocity, specimen length, density, stress and strain change from one cycle to the other, they are considered constant within each cycle and can be calculated analytically. 
[bookmark: OLE_LINK6]4.1.1 Stress-strain evolution inside the specimen
Up to three stress zones are produced in the specimen at any one time with the propagation of the waves, namely zone X, zone Y and the middle zone, as shown in Fig. 7c. The middle zone is designated as zone B before the two plastic waves pass and as zone A after both waves have passed. In zone B, a stress equal to the yield stress of the specimen is produced instantly when the elastic wave travels from top to bottom. In zone X, an additional stress is generated by the plastic wave X. Similarly, an additional stress is generated by the wave Y in zone Y, but with a different magnitude from zone X due to different wave direction to the impact. In zone A, a cumulative additional stress is generated by the two plastic waves. When each wave bounces back at the top or bottom edge of the specimen, it creates a stress increment. As a result, the stress in each zone is increased successively in the following cycles of wave propagation. 
Based on the impact theory for the constant impact velocity case [27], the stresses in the different zones in the first cycle of wave propagation can be expressed as follows:

                          (2)
where X, Y, B and A are the stresses in zones X, Y, B and A, respectively, 0 is the initial density of the specimen before any plastic deformation, and the subscript 1 in brackets indicates the first cycle in the time period t1.
Taken into account the change in impact velocity between adjacent cycles, the stress in each zone in the current cycle of wave propagation is increased by a fixed amount from the previous cycle and can be obtained as follows:
                                                          (3)
where z designates the zone, i.e., X, Y, A or B, the subscript n in brackets indicates the nth cycle of wave propagation, (n-1) indicates the previous cycle, n-1 is the density of the specimen in the previous cycle and vn-1 is the impact velocity in the previous cycle. n can also be understood as the number of times each plastic wave has travelled through the full length of the specimen forwards and backwards. 
According to the idealised mechanical behaviour of the AMSFs shown in Fig. 8, the strain in each zone can be easily obtained from the stress by:
                                                                       (4)
where z and z are the strain and stress in zone z, with z being X, Y, B or A. The strain in each zone is manifested in a displacement, which depends on the size of the zone. The total strain of the specimen at any time can be calculated from the cumulative displacements from all the zones present at this particular time by:
                                                     (5)
where hX, hY, hB and hA, are the unstrained heights of each zone, X, Y, B and A are the strains of zones X, Y, B and A, respectively, h is the height of the specimen in the current cycle, t is the time of wave propagation from the onset of the current cycle, and t is the duration of the current cycle. The heights of the respective zones change with time in each cycle as follows:
                        (6)
The height of the specimen, h, the density of the specimen, , the duration of the wave propagation cycle, t, and the impact velocity, v, change from cycle to cycle. The change in the height of the specimen between two successive cycles is the distance travelled by the hammer, so the height of the specimen in the current cycle can be calculated from the height in the previous cycle by:
                                                       (7)
The duration, or time period, of the wave propagation cycle is simply: 
                                                                       (8)
The decrease in impact velocity is due to the kinetic energy of the hammer being consumed by the plastic deformation of the AMSF specimen. In each cycle, the energy conversion can be expressed by:
                       (9)
where A is the cross sectional area of the specimen. The left hand side of Eq. (9) is the kinetic energy loss of the hammer in a cycle. The right hand side is the energy absorbed by the plastic deformation in the cycle, which is equal to the product of the force and displacement in the specimen. It should be noted that the stress in the specimen in a cycle is not constant but changes from B at the beginning to A at the end of the cycle, so the average stress is used in determining the energy absorbed. 
Re-arranging Eq. (9) gives the impact velocity of the current cycle as:
                              (10)
As the plastic deformation of a porous material is associated with the collapse of pores, the cross sectional area of the specimen does not change when the height of the specimen changes during plastic deformation. The density of the specimen is therefore inversely proportional to specimen height and can be calculated by: 
                                                                       (11)
4.1.2 Base stress
When a specimen is subjected to the impact of a hammer on the top, as shown in Fig. 7(a), a contact stress is generated on the top of the specimen by the hammer and an inertia stress is induced inside the specimen due to the elastic and plastic waves. There is a difference between the contact stress at impact and the stress transmitted through the specimen to the base [33]. The transmitted stress exerted on the supporting base, or base stress, is the sum of the contact stress, , and the total inertia stress, :
                                                              (12)
The contact stress occurring at the hammer-specimen interface is proportional to the deceleration and can be estimated from the velocity change of the impact hammer by:
                                                           (13)
where  is the velocity change between two adjacent cycles, which can be calculated from Eq. (10), and is the cycle time, which can be calculated from Eq. (8). 
The inertia stress is caused by the moving particles in the specimen. The moving particles are confined to the zones behind the plastic waves, i.e., zones X and Y only. Neither of the two plastic waves has reached zone B and the two opposing waves have both passed zone A, so the particles in zones B and A are stationery. Therefore, the inertia stress is the sum of the height-weighted stresses in zones X and Y, relative to the initial specimen height. Given that the heights of zones X and Y are symmetric, the total inertia stress is:
                                                             (14)
[bookmark: OLE_LINK19][bookmark: OLE_LINK22]4.2 Predictions and comparisons with experimental results for homogeneous structures
The theoretical results for the evolutions of the contact stress, inertia stress and base stress in the homogeneous AMSF specimens L and S, subjected to an impact energy of 80 J, are shown in Figs. 9 and 10, respectively. In the experiments, the impact stress was measured at the bottom of the specimen. It is equivalent to the base stress in Eq. (12), which is composed of the contact stress and the inertia stress. The contact stress is caused by the deceleration of the hammer or change of impact velocity (Eq. 13), which increases with time. As a consequence, the contact stress increases with time (Fig. 9a and Fig. 10a). The contact stress is sensitive to the yield stress of the material, hence the significant difference between specimens L and S. The inertia stress fluctuates because it is proportional to the height of zones X and Y (Eq. 14). In each impact cycle, it increases from zero at the outset to the maximum at the midpoint and then decreases to zero at the end of the cycle (Fig. 9b and Fig. 10b). This fluctuating inertia stress results in the fluctuation in the base stress and hence the experimentally measured stress. Specimen S has higher inertia stress than specimen L because the former has a higher yield stress.
The theoretical predictions agree reasonably well with the experimental results (Fig. 9c and Fig. 10c), especially for specimen L. The analytical model captures the key characteristics of stress fluctuation with fairly accurate predictions of time period and reasonable estimation of stress range of fluctuation. The considerable deviation in the fluctuation stress range for specimen S is due to its higher degree of brittleness. The analytical model assumes that the specimens undergo plastic deformation under impact without any fracture. In practice, micro or macro cracks emerge during impact, especially for more brittle specimens, which can release the stress and decrease the fluctuation range. 
[image: ] [image: ]
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[bookmark: OLE_LINK7][bookmark: OLE_LINK15]Fig. 9 Theoretical stress evolutions in the homogeneous AMSF specimen L subjected to an impact energy of 80 J: (a) contact stress, (b) inertia stress, and (c) base stress compared to experimental result

[image: ] [image: ]
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Fig. 10 Theoretical stress evolutions in the homogeneous AMSF specimen S subjected to an impact energy of 80 J: (a) contact stress, (b) inertia stress, and (c) base stress compared to experimental result
Fig. 11 compares the theoretical and experimental results of strain evolutions. The theoretical predictions by Eq. (5) agree well with the experimental values for both specimens L and S. Specimen S has lower strain than specimen L under the same impact because it has a higher yield stress and therefore consumes more energy. 
[image: ][image: ]
Fig. 11 Theoretical and experimental strain evolutions in the homogeneous AMSF specimens: (a) L, and (b) S
4.3 Predictions and comparisons with experimental results for layered structures
The AMSFs L and S have a very similar density and plastic modulus, so the plastic waves in both L and S have nearly the same propagation velocity. Consequently, the impact wave propagation in layered AMSF structures consisting of L and S layers is the same as that in homogeneous AMSF structures. The plastic waves in a layered AMSF specimen also propagate through the whole length of the specimen and reverberate in a cyclic manner, as shown in Fig. 7c. However, AMSFs L and S have different yield stresses. The L and S layers in a layered AMSF specimen experience different stresses and therefore have different strains. However, the amounts of plastic deformation in the layers in each cycle are small relative to the specimen height. The ratios of the layer thicknesses can be considered to remain the same during the impact. The analytical model developed for homogeneous structures can be applied directly to layered structures. The contact stress, inertia stress and base stress can be calculated in the same way, except local yield stress replacing global yield stress.
Figs. 12 and 13 compare the theoretical and experimental results of base stress and strain evolutions, respectively, in the layered LS and LSL AMSFs. Similar as in the case of homogeneous AMSFs, the analytical model captures the key characteristics of stress fluctuation with fairly accurate prediction of time period of stress fluctuation, reasonable estimation of stress range of fluctuation, and good prediction of strain development. 
[image: ][image: ]
Fig. 12 Theoretical and experimental base stress evolutions in layered AMSFs: (a) LS, and (b) LSL 
[image: ][image: ]
[bookmark: OLE_LINK17]Fig. 13 Theoretical and experimental strain evolutions in layered AMSFs: (a) LS, and (b) LSL

5. Conclusions
The impact response of AMSFs with both homogeneous and layered structures were studied experimentally. Layered structures LS and LSL provided lower impact peak stress and higher ductility than the average values of L and S. The three-layer structure had higher peak stress and lower ductility than the two-layer structure. The energy absorption capacity of the layered structures is the sum of the energy absorption capacities of the constituent layers.
An analytical model for stress and strain evolutions in both homogeneous and layered AMSFs during impact was developed. The contact stress between the impact hammer and the specimen and the inertia stress generated inside the specimen as a function of time can be calculated as a function of impact velocity. The inertia stress is generated by the moving particles inside the specimen, due to the propagation of the two plastic waves caused by the impact loading. The base stress is the sum of the contact stress and the inertia stress. The model predictions of the base stress as a function of time agreed with the experimental results, showing stress fluctuation with similar time interval and amplitude. 
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