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Introduction  

Aluminum foam (AF) has unique mechanical and physical 

properties, possesses both characteristics of structural 

material and functional material. As a structural material, 

it has light weight and high mass/stiffness ratio; as a 

functional material, it owns unique physical properties of 

sound absorption, heat insulation, shock absorption, and 

electromagnetic shielding [1-4]. However, the low 

mechanical properties of AF limit its wide application. In 

order to enhance the performance of aluminum foam, it is 

usually used as core in sandwich structure, and the both 

sides are cladwith compact and stiff aluminum or other 

metal sheets. When the sandwich structures bear a great 

pressure or a stronger impact load, the two stiff face sheets 

carry axial load and offer sandwich structure bending and 

stretching capacity while the foam core bears shear load 

and supports the ability to undergo large deformation. As 

a lightweight composite structure, aluminum foam 

structure (AFS) maintains the characteristic of aluminum 

foam of function and lightweight, improves flexural 

stiffness and high-energy absorption capacity [5-7]. 

 Various technologies have been proposed to fabricate 

sandwich structures with aluminum foam cores and dense 

face sheets. One of the most common and comparatively 

low-cost method to manufacture AFS is adhesive bonding, 

which combines cover sheet and AF core by polymeric 

adhesives [1,8]. Although the adhesive joint can stand the 

shear load, and can reduce the composite weight [9,10], 

there are still many problems of the adhesive bonding, 

such as the polymeric adhesives are difficult to recycle, 

the adhesive AFS cannot be used in high temperature 

conditions and the current high performance adhesives 

have given rise to considerable environment concerns 

[11,12]. Several techniques are proposed to fabricate 

metallic bonding AFS, such as friction stir incremental 

forming to transform a surface layer into a massive skin 

[13], laser foaming to produce the Al foam cores inside a 

hollow profile [14], rolling bonding and the powder 

metallurgy foaming process and self-propagating high-

temperature synthesis (SHS) [10], roll-cladding the face 

sheets to foamable precursor materials and then foaming 

at a proper temperature to obtain the AFS [15,16]. AFS 

prepared by these techniques can achieve good 

metallurgical bonding but it is difficult to produce AFS 

with aluminum face sheets because the foaming 

temperature usually causes the aluminum face sheets to be 

melted [17]. AFS fabrication methods based on soldering 

orbrazing have been investigated and the main problem of 

these methods are the removal of the oxide film onthe 

bonding surfaces of the aluminum sheet and foam 

substrates, and development of suitable solder alloys with 

appropriate melting point and desirable wettability and 

fluidity . AlSi, SnZn and AlZn alloys are proposed as 

solder alloys to join Al-foam core with Al-sheet and 



   

 
reliable bonding achieved by diffusion soldering [18-24]. 

However, Ashby et al.,[8] claim that soldering without 

flux requires at least partial removal of oxide films on 

bonding surfaces to allow molten solder alloy to directly 

contact the substrates. One prospective way to fabricate 

AFS is fluxless soldering and studies show that the AFS 

structure has reliable mechanical property [22]. In order to 

remove oxide film on the bonding surfaces, abrasive 

method have been introduced [23,24]. These 

investigations suggest that the bonding surface can be 

cleared by mechanical abrasion with appropriate tool 

under molten solder alloy. The solder is melted on 

bonding surfaces to form a coating by oxygen-propane 

torch, and then the metallic bonding is achieved by hot-

press with vibration. These joining methods have 

presented some interesting metallic bonding solutions to 

fabricate AFS, however, no one clear exhibits obvious 

advantage for mass production of AFS components for 

practical application. In the interest of finding a way to 

fabricate AFS with low-cost and simple craft for large-

scale products, there is still much work needed to do about 

proper process, suitable solder alloy and simple techniques 

to remove oxide film on aluminum and foam substrates to 

provide a joint the strength of which exceeds that of 

aluminum foam. 

 In current research works, ZnAl alloy is selected as 

the solder alloy for its moderate melting point, superior 

mechanical properties and excellent wettability [25,26]. It 

provides a novel method using hot-dip galvanizing to form 

ZnAl alloy pre-coating on the bonding surfaces of Al foam 

core and face sheet, then AFS structure is fabricated by 

hot-press assisted with vibration to combine the aluminum 

foam cores and face sheets. Peeling test and three-point 

bending test are performed to test bonding strength, and 

the interfacial microstructures are analyzed as well to 

investigate the joint strength mechanism. The results 

indicate that our AFS fabrication technology quite satisfies 

the requirement of sound metallurgical bonding and mass 

production of large-size AFS structures.  

Experimental 

Close-celled aluminum foam was used as core material, 

which was manufactured by the melt foaming process 

using TiH2 as foaming agent in Sichuan Yuantaida Non-

ferrous Corporation. The 0.41g/cm3 density foam core was 

cut into 15mm in thickness. 1-mm-thick 5056 aluminum 

alloy sheet was selected as face sheets. An alloy Zn-10Al 

was selected as solder. The ZnAl binary-phase diagram 

shows the solidus and liquidus temperature of Zn-10Al are 

380.0  and 426.5 . Solidus temperature is the minimum 

temperature for liquid-solid diffusion interactions to occur, 

and the liquidus temperature indicates the good capillary 

flow can take place, so the wide liquidus to solidus 

temperature range indicates the ability to joint larger 

clearancesor make it possible to fabricate large size AFS 

structure. 

 Before soldering, the bonding surfaces of Al foam 

core and face sheets were pretreated in the following steps: 

(1) chemically polishing in 10% NaOH solution 1min and 

rinsing in running water immediately for 2min, then 

drying by air blower, (2) the bonding surfaces of 

aluminum foams and face sheets were immersed in the 

melting bath of Zn-10Al alloy melted at 430-450 for 

1min, then homogeneous ZnAl coating on the bonding 

surfaces of aluminum foams and face sheets was obtained. 

After hot-plating, The pre-coating surfaces of Al foam 

core and face sheets were stacked in the configuration 

shown in Fig. 1(a), then underwent the soldering process 

in a thermo-compressor as the heat-platform preheated at 

450  with a pressure of 0.1 MPa in a thermo-compressor 

heated at 450 about 5min. During that time, the ZnAl 

coating on bonding surfaces would remelt together to form 

fusion seam. Holding the pressure until the fusion seam 

solidified when heating stopped, then AFS structure was 

obtained, and in this case AFS structure named as HP for 

short. In order to gain a solidified fusion seam, another 

case of AFS structure was fabricated assisted with 

ultrasonic vibration (HPUV) during hot-press. The 

ultrasonic vibration works at a frequency of 20 kHz and  

1 kW in power. The samples prepared for peeling test, 

only one face sheet was bonding to the foam core.  

 

 
Fig. 1. (a) Schematic drawing of fabrication ABS by hot-press assisted 

with vibration, (b) one side bonding for peeling test. The pictures of 

samples for three-point bending test(c), and standard peeling test (d). 

 AFS structures wereprepared in the sizes of 

240mm×50mm for three-point bending testand one side 

bonding face sheet structure in the size of 300mm×50mm 



   

 
for peeling test. Three-point bending test is performed in a 

universal mechanical test machine (MTS 800) with a load 

speed of 6mm/min and support span of 200mm. The three-

point bending test assembly consisted of three cylindrical 

steel rollers with 20 mm diameter and 200 mm span length 

as shown in Fig. 1(c). In this study, the test stopping 

condition was set when the load began to decrease to half 

of the maximum or the sample cracked visibly or face 

sheet debonded, loading was stopped. 

 According to the recommendations of the ASTM 

C393 standards, the test specimens have a rectangular 

cross section and the geometric parameters are given 

above. The actual test set-up with installed specimen is 

shown in Fig.1(c). The drum-peeling tests according to 

ASTM D-1781 were conducted with a constant load speed 

of 25mm/min. Specimen for the peeling tests is also 

shown in Fig. 1(d). Both tests were carried out on a series 

of five samples.  

 The bonding interfacial characterization of AFS 

wasobserved by Optical Microscope (OM, Olympus 

GX51) and Scanning Electron Microscope (SEM, FEI 

Nova Nano SEM 450) equipped with an energy dispersive 

X-ray spectrometer (EDS).  

Results and discussion 

Three-point bending test 

Fig. 2(a) shows three-point bending load-deflection curves 

of aluminum foam (AF) and AFS samples of HPUV and 

HP, here HPUV and HP are marked for AFS fabricated 

with or without UV assistance respectively. The three 

curves are all composed of three sections, an initial elastic 

deformation section, the followed plastic deformation 

section and the final failure section. Compared with the 

AF curve, HPUV and HP curves show much stronger 

flexural strengths and can undergo much more 

deformation. This is mainly due to the fact that the 

aluminum face sheets of the sandwich structures can 

contribute significantly to the flexural properties. 

Compared HP with HPUV, the curves of load-cross head 

deflection for both samples in Fig. 2 show obvious liner 

elastic behavior for both samples and almost overlap. Both 

curves show that their elastic behaviors range at the 

beginning 1.8 and 2.4mm deflections within loads of 

1200N and 2300N respectively. Beyond the elastic loads, 

curves in Fig. 2 also show that the specimens start to 

deform plastically with different behaviors for different 

samples. It can be seen that the bending strength of HPUV 

is about 35% higher than that of HP with 60% longer 

plateau plastic deformation section in deflection. With the 

deflection increasing, an abrupt load loss occurred at the 

deflection of about 15.0 mm for HP. Fig. 2(c) displays the 

load decrease dramatically due to debonding between face 

sheet and foam core because of shear failure. For HPUV, 

load loss rapidly at the deflection around 25.0mm can be 

seen in Fig. 2(b). Fig. 2(d) shows that the failure of 

HPUV is due to crack growth under the load indenter and 

no visible debonding can be seen. The longer plateau of 

plastic formation means the HPUV structure has much 

higher energy absorbing ability.  

 

 

 

Fig. 2. Three-point properties of aluminum foam and AFS, (a) load-
deflection curves, (b) energy absorption. The typical failure appearances 

of  three-point bending samples (c) HP and (d) HPUV. 

 
Table 1. Results of three-point bending test and peeling test. 

Skin 

material 

and 

thickness 

(mm) 

density 

of AF 

Core 

(g/cm3) 

Joining 

method 

Bending 

strength 

(kN) 

Energy 

absorption 

(J) 

Peeling 

moment 

(N.mm/mm) 

Al-5056 
/1.0 

0.4 
HP 2.8°0.4 380°50 40°10 

HPUV 3.8°0.7 900°190 100°15 

 Table 1 gives the three-point bending test results. The 

average bending strength of HPUV is 3850N, which is 

much higher than that of HP of 2850N. This resultis 

obviously due to the bonding strength between face sheets 

and foam core and the higher bonding strength enhances 

the AFS stiffness obviously. Fig. 3(b) shows the energy 

absorbing capability of AFS of HP and HPUV. It is 

evident that the energy absorbing capability of HPUV is 

also much higher than that of HP. Since good interfacial 

bonding between foam core and face sheet is the 

prerequisite for a better mechanical response of the AFS 

structures, it can be concluded that a better metallurgical 

bonding between AF core and face sheets in HPUV is 

realized. 

Bonding strength in AFS 

The peeling moments of AFS fabricated with different 

techniques are also given in Table 1. The average peeling 

strength of HPUV is 99 N.mm/mm, which is much higher 

than HP with an average peeling strength 40N.mm/mm. 

Fig. 3(a) shows the appearances of samples after peeling 

test. Fig. 3(b) shows the detailed appearances in Fig. 3(a) 

marked by squares.  



   

 

 Fig. 3 displays the characteristics of peeled surfaces. 

First, some pieces of foam were torn off from foam and 

adhered to the aluminum sheets, which indicates where the 

bonding strength between substrates of aluminum sheet 

and foam core is strongerthan the foam core; Second, the 

ZnAl coating was not split away from the both substrates, 

which means the pre-coating is well bonded with the 

substrates. It also can be seen in Fig. 3(b)-A, few pieces of 

aluminum foam wells adhered to the split face sheetin HP 

sample, which means the main clearage path is in the 

bonding interface. On the split face Al sheet in Fig. 3(b)-

A, some areas as indicated by arrows show there the 

solder partly split away and adhered to the corresponding 

foam core surface and where the spherical caps of foam 

cell are covered by solder. Furthermore, the areas marked 

by letter G on the split surface are glossy, and the opposite 

cell caps on foam surface are still covered with coating, 

but the coating surface is not as smooth as the pre-coating, 

which is beruffled and sunken into cell caps slightly. It 

might be related to the air sealed in caps shrinking while 

cooling down. These features imply where the pre-coating 

on the foam surface re-melted but the pre-coating on both 

substrates did not fuse together during hot-press. The 

jointing interface is partly metallurgical fused together and 

the apparent fusion area is around 1/3, so the bonding 

strength for HP sample is lower and generally peeling 

failure is due to tear along the bonding interface. However, 

much more pieces of foam wall to be torn off in HPUV 

sample as showing in Fig. 3(b)-B, and most parts of the 

split surface of aluminum sheet were adhered with pieces 

of aluminum foam well, so the aluminum sheet is well 

bonded with foam core. There are also few areas as 

indicated by arrows the solder splitaway and adhered to 

the corresponding foam core surface and covered the cell 

caps. Apparently the jointing interface of HPUV sample is 

mostly metallurgical fused together and the apparent 

fusion area is above 2/3. The peeling test of HPUV sample 

shows that its peeling moment is much higher than that of 

the HP, and the Al cover sheet was split mostly across the 

foam core, so its bonding strength is greater than that of 

the foam core.  

 It can be deduced from above that the failure mode of 

the peeling tests of both samples of HP and HPUV is 

different, the sample HP failed mainly in the combined 

boundary and the sample HPUV mainly across the Al 

foam core, which is obviously related to the bonding 

strength whether the bonding faces fused together. The 

peeling strength of sandwich structure of HPUV sample is 

twice as much as HP, which manifests that the hot-dip 

coating and hot-press with ultrasonic vibration is an 

effective way to fabricate a sound metallurgical bonding 

sandwich structure. However HP structure shows a low 

bonding strength, so just hot-press is not reliable for 

practical application [18].  

Jointing characteristics 

The Optical Microscope images of the cross-section 

bonding seams of the AFS fabricated from two different 

ways showing in Fig. 4(a) and Fig. 4(b). The well 

bonding interface shows that not only foam well sections 

on the AF surface are bonded with the seam but a great 

part of the foam cell spherical caps on the AF surface are 

also bonded with the seam because they are partly filled 

with ZnAl solder. This appearance significantly increases 

  
Fig. 3.  Appearances of peeling test samples, (a) prepared by hot-press (left) and ultrasonic vibration (right), and (b) corresponding detailed 

appearances in the area of black boxes in (a). 

 



   

 
the interface fusion area to enhance the bonding strength. 

However, as shown in Fig. 4(a) and Fig. 4(b), the bonding 

seam of HPUV is continuous and compact while that in 

HP contains macro-defects such as gas pores in seam and 

cracks along the surface of cell wall. These macro-defects 

obviously affect the interface effective fusion area and 

deteriorate the bonding strength. 

 Generally, the bonding seam is eutectic ZnAl alloy, 

which contains a physical mixture of two phases of a-Al 

andh-Zn. The ZnAl binary-phase diagram indicates that 

Al and Zn do not form intermetallic phase. The eutectic 

point for AlZn system is 380.0  and at this temperature 

the liquid (Zn+Al) solidifies and transforms into Al-rich a 

phase and Zn-rich h-phase (hcp) eutectoid. While cooling, 

unstable supersaturated a-Al phase and h-Zn phase 

further decompose into a-Al phase (fcc) and h-Zn phase, 

so the OM images in Fig. 4 shows some lamellar eutectic. 

 

  

  

  

 
Fig. 4. Optical microscope images of typical bonding seams in samples 
prepared by (a) HP and (b) HPUV and inserts, corresponding SEM 

images of the bonding seams of (c) HP and (d) HPUV, (e) XRD patterns 

of the bonding seams of  HPUV (above) and HP (below). 

 The cross-section bonding seams were further 

observed by Scanning Electron Microscope. SEM images 

in Fig. 4(c) and Fig. 4(d) display the fusion seams in two 

structures. The constitutive phases of the fusion seams can 

be divided roughly according to their microstructure 

morphologies. The fusion seam in HP has three different 

phase zones in appearance can be seen in Fig. 4(c) marked 

with A, B and C and the fusion seam in HPUV has two 

phase structures marked with D and E in Fig. 4(d).  

Corresponding spot EDS analysis was employed to detect 

the different chemical compositions of these different 

phase structures. Three spectra were collected in each 

single phase zone and an average EDS analysis results are 

given in Table 2. A and B are Al and Zn rich phases 

respectively. Engaged with the chemical compositions and 

ZnAl binary phase diagram, it can be identified that phase 

A is Ŭ-Al and phase B is ɖ-Zn. Combined with the image 

feature of lamellar and chemical composition between  

Ŭ-Al and ɖ-Zn, C should be Ŭ-Al/ɖ-Zn eutectoid. The 

results of EDS spot analysis at D and E are also given in 

Table 2. It can be deduced that D and E are Ŭ-Al and ɖ-Zn 

respectively. Fig. 4(e) is XRD diffraction diagrams of 

fusion seams of the two AFS structures and the peaks in 

the profile are indexed as Ŭ-Al or ɖ-Zn. It clearly indicates 

that no additional phase can be found in both samples and 

this result is consistent with above analysis.  

Table 2. Element compositions and phase structure of the spots marked 

in Fig. 4(c) and (d). 

Spots Elements (at%) 

Al  Zn phase 

A 62.65 37.35 Ŭ-Al  
B 20.96 79.04 ɖ-Zn 

C 42.55 57.45 Ŭ-Al/ɖ-Zn 

D 71.13 28.87 Ŭ-Al  
E 24.88 75.12 ɖ-Zn 

 The above results indicate that the AFS fabricating 

process obviously affects the interface microstructure. 

HPUV soldering with ultrasonic vibration has a relative 

integrated eutectic microstructure close to equilibrium 

microstructure. However, HP soldering has a quasi-

eutectic microstructure, and it could be decomposed 

further at suitable condition. So the vibration enhances the 

eutectic reaction. 

 Fig. 4(a) and Fig. 4(b) also show that the joint 

interface between solder and substrates of Al sheet or 

foam core displays a good wettability and obvious 

dendrites can be seen in the seam close to the substrates. 

The formation of dendrites close to the substrates should 

be related to the high temperature gradient for the high 

thermal conductivity of substrates. Furthermore, to 

compare with the seams observed by SEM Back-Scattered 

Electron (SEM-BES) images in Fig. 5(a) and Fig. 5(b), 

the appearance of the dendrites clear show that the seam 

close to the interfaces contains more a-Al phase or Al 

element, which should be related to the liquid (Zn+Al) 

solidified firstly close to substrates and transformed into 

a-Al and Zn-rich h phase eutectoid. SEM-BES images 

present the atomic number contrast to discriminate 



   

 
between particles when they have special chemical 

compositions. As shown in Fig. 5, the grain boundaries of 

the substrates of AF and Al sheet close to the seam are 

visible with distinct black-white contrast, which implies 

that Zn atoms have diffused into substrates deeply and the 

grain boundaries serve as diffusion tunnels. So the 

bonding surfaces of substrates are apt to etch in melted 

ZnAl alloy, and the main elements of Al and Zn atoms 

interdiffusion led to the chemical compositions in gradient 

distribution across the bonding interfaces. 

 

 

 
Fig. 5. SEM-BSE images of at seam interface between (a) foam core and 
(b) sheet in HPUV sample, (c) to (f) are EDS line-scanning analysis 

results of Al face sheet to solder alloy or solder alloy to foam core in 

HPUV and HP samples. 

 The mechanical properties of Zn-10Al alloy are much 

superior to those of foam core. The fusion seam made of 

Zn-10Al alloy in HPUV is continuous and compact, thus 

in peeling tests, the fracture location was mainly in 

aluminum foams. Otherwise, the peeling fracture in HP 

mainly failed in bonding seam because there were macro- 

defects in seam. 

 The EDS line-scanning analysis was performed to 

examine the chemical elements distribution across the 

interfaces and the results are displayed in Fig. 5(c) to Fig. 

5 (f). It is clear that the zinc and aluminum elements were 

distributed continuously through the interfaces of ZnAl 

solder and substrates, which means that a mutual diffusion 

was realized in both fabricated ways. As a main and high 

soluble element in Al alloy, Zn atom has relative low 

active diffusion energy and high diffusivity, which 

promote the interface fusion formation. The continuous 

distribution of alloy elements across interfaces should 

contribute to the sound bonding between solder and 

substrates, which also indicates that good wetting between 

solder and substrates was obtained and well metallurgical 

bonding was achieved. 

 Furthermore, as shown in Fig. 5(a) and Fig. 5(b), the 

bonding interface lost their straight alignment and turned 

into zig-zag, which implies that the original smooth faces 

of substrates were eroded and dense pits formed during 

hot-dip coating and further eroded during hot-press with 

vibration, which means the surface layer of substrates was 

fused with solder alloy during hot-dip coating and hot-

press.  

Discussion 

In this study, Zn-10Al alloy is selected as solder for its 

excellent wettability to aluminum substrates of aluminum 

sheet and foam core, and which can be illustrated by the 

phase relationship between zinc and aluminum [22]. In 

previous studies [27,28], solder alloys were specially 

designed with complex composition to improve their 

wettability and fluidity. The high mutual solubility of 

elements contributes to the wettability to the substrates, 

but depresses fluidity. In this study, the solder alloy is first 

coated on substrates of Al sheet and foam core by 

immersing them in molten ZnAl alloy bath, and then 

bonded by hot-press, so in this case, only the solder 

wettability need to be considered. That is why a binary 

alloy with composition of 90 wt% Zn-10wt% Al was 

chosen as the solder. 

 In the fabricating process, the bonding faces of Al 

face sheet and foam core were first polished, and then 

immersed in ZnAl melting bath. When fresh substrates 

immersed in ZnAl melting bath, the thin oxide film 

formed shortly on substrate surfaces can be destroyed 

mostly by the melting ZnAl alloy, and the zinc-based 

solder coating with good wettability to aluminum 

substrates is obtained. However, as shown in Fig. 3, 

cracks between the interface of the fusion seam and 

aluminum foam indicates that the hot-dip coating cannot 

achieve complete wetting on substrate surface. As shown 


