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Metallurgical bonding aluminum foam sandwich (AFS) was fabricated by specially designed method of
solder pre-coating via hot-dip and heat-press assisted with vibration. Peeling test and three-point
bending test were performed to investigate the joints strength and flexural strength of the AFS. The
results show that the joints have steady mechanical properties, and the joint fabricated with ultrasonic
vibration has much higher peeling moment and flexural strength than that prepared only by hot-press.
Microstructure observations of the joints indicate a good metallurgical bonding between Al face sheet
and foam core was achieved. The seam of AFS fabricated by hot-press assisted with ultrasonic
vibration looks more compact and the bonding interface fused together firmly. The bonding faces of
aluminum sheet and foam core are obviously corroded by melt ZnAl alloy and an obvious interdiffusion
took placed during hot-dip process and hot-press, so the chemical compositions in the diffusion
transitional zone are continuous. However the seam of the AFS fabricated only by hot-press has visible
macro-defects, and the worse is its bonding interface fused together partially, which severely degrades
the bonding strength.

Introduction shear load, and can reduce the composite wé¢@jhf],

Aluminum foam (AF) has unique mechanical and physicdhere are still many problems of the adhesive bonding,

properties, possesses both characteristics of structupdCh as the polymeric adhesives are difficult to recycle,
material and functinal material. As a structural material,the adhesive AFS cannot be usedhigh temperature

it has light weight and high mass/stifiness ratio; as genditions and the current high performance adhesives
functional material, it owns unique physical properties gi@veé given rise to considerable environment concerns
sound absorption, heat insulation, shock absorption, ahHl,13. Several techniques are proposed to fabricate
electromagnetic  shielding[1-4]. However, the low metglhc bonding AFS, such a‘S|ct|or_1 stir mcremental_
mechanical properties of AF limit its wide application. InfOrming to transforma surface layer into a massive skin
order to enhance the performance of aluminum fdais, [13]; laser foaming to produce the Al foam cores inside a
usually used as core in sandwich structure, and the bdtllow profile [14], rolling bonding and the powder
sides are cladwith compact and stiff aluminum or othdpetallurgy foaming process and spfbpagating high
metal sheat When the sandwich structures bear a gref@mperature synthesis (SHS)Q], roll-cladding the face
pressure or a stronger impact load, the two stiff face she&fiets to foamable precursor materials and then foaming
carry axial load and offer sandwich structure bending arftf @ Proper temperature to obtain the ARS16]. AFS
stretching capacity while the foam core bears shear loRfePared by these techniques can achieve good
and supports the ability to underdgarge deformation. As m_etallurglcz_il bondingdout it is difficult to produce AFS
a lightweight composite structure, aluminum foanmfVith aluminum face sheets because the foaming
structure (AFS) maintains the characteristic of aluminurf@mperature usually causes the aluminum face sheets to be
foam of function and lightweight, improves ﬂexura|melted_[17]. AFS fabrl_catlon_ methods based on soldering
stiffness and higtenergy absorptionapacity[5-7]. orbrazing have been investigated and the main problem of
Various technologieBave been proposed fabricate these methods are the removall of the oxide film onthe
sandwich structures with aluminum foam cores and den8endng surfaces of the aluminum sheet and foam
face sheets. One of the most comneowl comparatively Substrates, and development of suitable solder alloys with
low-cost method to manufacture AFS is adhesive bondinﬁppr_c’p”ate ‘melting point and desirable wettability and
which combines cover sheet and AF ctwe polymeric  fluidity. AlSi, SnZn and AlZnalloys are proposed as
adhesies|[1,§. Although the adhesive joint can stand théolder alloysto join Al-foam core with Alsheet and
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reliable bonding achieved by diffusion solderik-R4]. (1) chemically polishing in 10%laOH solution 1min and
However, Ashbyet al,[8] claim that soldering without rinsing in running water immediately for 2min, then
flux requires at least partial removal of oxide films ordrying by air blower, (2) the bonding surfaces of
bonding surfaces to allow molten solder alloy to directhaluminum foams and face sheets were immersed in the
contact thesubstrates. One prospectivey to fabricate melting bath ofZn-10Al alloy melted at 43@ 5 O for

AFS is fluxless soldering and studies show that the AFBmin, thenhomogeneous ZnAl coating on the bonding
structure has reliable mechanical prope2#][In order to surfaces of aluminum foams and face sheets was obtained.
remove oxide film on the bonding surfaces, abrasiva&fter hotplating, The precoating surfaces of Al foam
method have been introduced[23,24. These core and face sheetsere stacked in the configuration
investigations suggest that the bonding surfaae be shown inFig. 1(a), then underwent the soldering process
cleared by mechanical abrasion with appropriate todh a thermecompressor as the hegalatform preheated at
under molten solder alloy. The solder is melted 450 with a pressure of 0.1 MAa a thermecompressor
bonding surfacedo form a coating by oxygepropane heat ed at 4 5 Durirg What uine, theAniAln .
torch, and then the metallic bonding is iested by hot coating on bonding surfaces would remegiether to form
press with vibration. These joining methods have fusion seam. Holding the pressure until the fusion seam
presented some interesting metallic bonding solutions swlidified when heating stopped, then AFS structure was
fabricate AFS, bwever, no one clear exhibits obviousobtained, and in this case AFS structure named as HP for
advantage for mass production AFS componentdor short. In order to gain a kdified fusion seam, another
practical applicationin the nterest of finding a way to case of AFS structure was fabricated assisted with
fabricate AFS with lowcost and simple craft for large ultrasonic vibration (HPUV) during hgiress. The
scale products, there is still much work needed to do abaultrasonic vibration works at a frequency of 20 kHz and
proper process, suitable solder alloy and simple techniquekW in power. The samples prepared for peeling test,
to remove oxide film on aluminum and foam substrébes only one facesheet was bonding to the foam core.

provide a joint the strength of which exceeds that c*f Load with Ultrasonic Vibration

aluminum foam. (@

In current research works, ZnAl alloy is selected a s & * s
the solder alloyfor its moderate melting point, superior Aluminum Sheety |
mechanical properties and excellent wettab{i2§,2q9. It Alzn Alloy Seam = T S S T TR S
provides a novel method usihgt-dip galvanizing to form =
ZnAl alloy pre-coating on the bonding surfaces of Al foanrr S
core and face sheet, then AFS structure is fabricated = @~ @— @ | e———

Heat Platform

Aluminum Foam Core

hot-press assisted with vibration to combine a@heminum Heat Platform
foam cores and face sheePeeling test and thrgeint
bending test are performed to test bonding strength, a Load with Ultrasonic Vibration

the interfacial microstructures are analyzed as well
investigate the joint strength mechanism. The result:(b)
indicate that our AFS fabrication technology quite sitésf
the requirement of sound metallurgical bonding and ma
production of largesize AFS structures. e A A o

. o Al Seom «
Experimental Aluminum Sheet*”

Aluminum Foam Cora

Closecelled aluminum foam was used as core materig;
which was manufactured by the melt foaming proceq
using TiH as foaming agenn Sichwan Yuantaida Non
ferrous Corporation. The.41g/cni densityfoam corewas
cut into 15mm in thickness.-hm-thick 5056 aluminum
alloy sheet was selected as face she@tsalloy Zn-10Al
was selected as solder. The Znihary-phase diagram
shows the solidus and liquidus temperature cflBAIl are
380.0 and 426.5 . Solidu
temperature for liquigsolid diffusion interactions to occur,
and the liguidugemperature indicates the good capillary”. _ _ o .
flow can take place, so the wide liquidus to SOIidu\%l-g' 1. (a) Schematic drawing of fabrication ABS bypt-pressassisted
o . . ith vibration, (b) one side bonding for peeling teBhe pictures of
temperature range indicates the ability to joint largegamples for threpoint bending test(cand standard peeling te(s.
clearancesor make it possible to fabricate large size AFS
structure. AFS structures wereprepared in the sizes of
Before soldering, the bonding surfaces of Al foan240mmx50mm for threpoint bending testand one side
core and face sheets weretpzated in the following steps: bonding face sheet structure in the size of 300mmx50mm
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for peeling testThreepoint bending test is performed in aplastic formation means the HPUV structure has hmuc
universal mechanical test machine (M8®0) with a load higher energy absorbing ability.
speed of 6mm/min and support span of 200mMhe three
point bending test assembly consisted of three cylindric ;) .. (b)
steel rollers with 20 mm diameter and 200 mm span leng = - \ S
as shown inFig. 1(c). In this study, the test stopping _ ... / — \ I ol V4
condition wa set when the load began to decrease to hi % ‘
of the maximum or the sample cracked visibly or fac . \| p
sheet debonded, loading was stopped. wf| -
ACCOI’ding tO the I‘ecommendations Of the ASTM e s oo s 20 2 30 un 2 4 6 B 101214 16 18 20 22 24 25 28 30 32
C393 standards, the test specimens have a rectanguicu et

cross section and ¢hgeometric parameters are give © |- Lad \ ‘ T[_ N |
above. The actual test sgp with installed specimen is [z, = B o5 B j‘?‘}fgﬁ
shown inFig.1(c). The drumpeeling tests according to [ e — e A
ASTM D-1781 were conducted with a constant load speu
of 25mm/min. Specimen for the peeling tests is alsu™
shownin Fig. 1(d). Both tests were carried out on a serieP-,;:L
of five samples. g
The bonding interfacial characterization of AF
wasobserved by Optical Microscope (QOMDlympus
GX51) and Scanning Electron Microscope (SEM, F

Nova Nano SEM 450) equipped with an energy dispersivi '
X-ray spectrometer (EDS). Fig. 2. Threepoint properties of aluminum foam and AFS, (a) load

=
s a0 P

Load(N)
w
g
Energy absorpt
N\

deflection curves, (b) energy absorption. The typical failure appearances
Results anddiscussion of threepoint bending samples (c) HP and (d) HPUV.
Three-point bendingtest Table 1 Results of thre@oint bending test and peeling test

Fig. 2(a)shows thregooint bending loadieflection curves Skin density Joining Bending Energy Peeling

of aluminum foam (AF) and AFS samples of HPUV and mateélal of AF method strength absorption  moment
g C

HP, here HPUV and HP are marked for AFS fabricatediomess (9,8,:$3) (kN) @ (N.mm/mm)

with or without UV assistance respectively. The three (mm)

curvesareall composed of three sections, an aliglastic 5056 04 HP 2804 380°50 40°10

deformation section, the followed plastic deformation /1.0 : HPUV 3807 900190 100° 15

section and the final failure section. Compareith the
;‘AI\F curlve, HPUY\ and HP curves show much hstronger Table 1gives the thregoint bending test results. The
exural strengths and can undergo much mMOrg eraqe bhending strength of HPUV is 3850N, which is
deformation. This is mainly due to thecfathat the . higher than that of HP &f850N. This resultis
alum!num fage .s.heets of the sandwich structureg C"i')'Bvioust due to the bonding strength between face sheets
contribute S|gn|f|cantly to the flexural properties., 4 t0am core and the higher bonding streregthances
Compared HP with HPUV, theurves of loaetross head ho aFs stiffnesobviously. Fig. 3(b) shows the energy
deflection forboth samples irfFig. 2 show obvious liner absorbing capability of AFS oHP and HPUV. It is
elastic behavior for both sgies ancalmost overlapBoth .\ iqent that the energy absorbing capability of HPUV is

curves show that their elastic be_haviors_ range at Mgs, much higher than that of HP. Since good interfacial
beginning 1.8 and 2.4mm deflections within loads o onding between foam corend face sheet is the

1200N 'c_md_2300N respectivelyefond the_elastic loads, prerequisite for a better mechanical response of the AFS
curves inFig. 2 also showthat the specimens start tostructures, it can be concluded that a bettetallurgical

deform phstically with different behavior$or different bonding between AF core and face sheets in HPUV is
samples. It can be seen that the bending strength of HPUM, jized.

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

plateag pla}stic del_‘ormation section in deflection. With th%onding strength in AFS
deflection increasing, an abrupt lobmbs occurred at the
deflection of about 15.hm for HP.Fig. 2(c)displays the The peeling moments of AFS fabricated with different
load decrease dramatically due to debonding between fdeehniques are also givenTrable 1 The average peeling
sheet and foam core because of shear failure. For HPWstength of HPUV is 99 N.mm/mm, which is much higher
load loss rapidlyat the deflection around 25.0mm can béhan HP with an average peeling strength 40N.mm/mm.
seen inFig. 2(b). Fig. 2(d) shows that the failure of Fig. 3(a) shows the appearances of sagspafter peeling
HPUYV is due to crack growth under the load indearsdt  test.Fig. 3(b) shows the detailed appearance&in. 3(a)

no visible debonding can be sedihe longer plateau of marked by squares.
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Fig. 3. Appearances of peeling test samples, ggpared by hepress (left) and ultrasonic vibration (right), and (b) corresponding deta
appearances in tteea ofblack boxes in (a).

Fig. 3 displays the characteristics of peeled surfacemdicated by arrows the solder splitaway and adhered to
First, some pieces of foam were torn off from foam anthe corresponding foam core surface and covered the cell
adhered to the aluminum sheets, which indicates where thaps. Apparently the jointing interface of HPUV sample is
bonding strength between substratdsaluminum sheet mostly metallurgical fesed together and the apparent
and foam core is strongerthan the foam core; Sedbed, fusion area is above 2/3. The peeling test of HPUV sample
ZnAl coating was not split away from the both substrateshows that its peeling moment is much higher than that of
which means the preoating iswell bonded with the the HP, and the Al cover sheet was split mostly across the
substratedt also can be seen Fig. 3(b)-A, few pieces of foam core, so its bonding strength is greater tian of
aluminum foamwells adhered to the split face sheetin HRhe foam core.
sample, which means the main clearage path is in the It can be deduced from above that the failmede of
bonding interface. On the split face Al sheeFig. 3(b)- the peeling tests of both samples of HP and HPUV is
A, some areas aBdicated by arrows show there thedifferent, the sample HP failed mainly in the combined
solder partly spliaway and adhered to the correspodi boundary andthe sample HPUV mainly across the Al
foam core surface and where the spherical caps of fodoam core,which is obviously related to the bonding
cell are covered by solder. Furthermore, the aneaked strength whether the bonding faces fused together. The
by letter G on the split surface are glossy, and the opposfieeling strength of sandwich structure of HPUV sample is
cell caps on foam surface are still covered with coatingwice as much as HP, which manifests that ltio¢dip
but the coating suate is not as smooth as the-poating, coating and hepress with ultrasonic vibrationis an
which is beruffled and sunken into cell caps slightly. leffective way to fabricate a sound metallurgical bonding
might be related to the air sealed in capsnking while  sandwich structure. However HP structure shows a low
cooling down.These features imply where the yp@ating bonding strength, so just hptess is not reliable for
on the foam surface 1melted but the preoating on both practical applicatiofl1§].
substrates did not fuse togethduring hotpress. The
jointing interface is partly metallurgical fused together an
the apparent fusion area is around 1/3, so the bondimpe Optical Microscope imagesf the crosssection
strength for HP sample is lower and generally peelingonding seams of the AFS fabricatiedm two different
failure is de to tear along the bonding interfatawever, ways showing inFig. 4(a) and Fig. 4(b). The well
much more pieces of foam wall to be torn off in HPUVbonding interface shows that not only foam well sections
sample as showing iRig. 3(b)-B, and most parts of the on the AF surface are bonded with the seam but a great
split surface of aluminum sheet were adhered with pieceart of the foam cell spherical caps on the AF surface are
of aluminum foam well, so the aluminum sthds well also bonded with the seam because they are partly filled
bonded with foam core. There are also few areas agth ZnAl solder.This appearance significantly increases

aointing characteristics
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the interface fusion area to enhance the bonding strength. The crosssection bonding seams were further
However, as shown iRig. 4(a)andFig. 4(b), thebonding observed byScanning Electron Microscope. SEM images
seam ofHPUV is continuous and compact while that inin Fig. 4(c) andFig. 4(d) display the fusion seams in two
HP containamacrodefects such as gas porasseam and structures. Theonstitutive phases of the fusion seams can
cracks along the surface of cell wall. These matafects be divided roughly according to their microstructure
obviously affect the interface effective fusion area andhorphologies. The fusion seam in HP has three different
deteriorate the bonding strength. phase zones in appearance can be seleig.id(c) marked
Generally, the bonding seaiw eutecticZnAl alloy, with A, B and C and the fusion seam in HPW¥s two
which containsa physical mixture of two lpases ofi-Al  phase structuresnarked with D and E inFig. 4(d).
anch-Zn. The ZnAl binary-phase diagram indicates thatCorresponding spot EDS analysis was employed to detect
Al and Zn do not form intermetallic phase. The eutectithe different chemical compositions of these different
point for AlZn system iS 8 0 . 0 at thisntemperature phase structures. Three spectra were collected in each
the liquid (Zn+Al) solidifies and transforms into-Aitha  Single phase zone and an aver&@S analysis results are
phase and Zrich h-phase (hcp) eutectoid. While cooling,9iven in Table 2 A and B are Al and Zn rich phases
unstable supersaturated-Al phase andh-Zn phase respecjuvely. Engage_:d with the chemlqal co_mposmons and
further decompose inta-Al phase (fcc) andh-zn phase, ZnAl binary phase diagram, it can be identified that phase

so the OM images iRig. 4 shows some lamellar eutectic. A i-Al Uand pHa f;embiBed Wiﬁn_the[image
featue of lamellar and chemical composition between

UA I aZd, dC s h-Au¥zZd eutbotoid. The

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

Table 2 It can be deduAcledazndh agt D
respectively.Fig. 4(e) is XRD diffraction diagrams of

fusion seams of the two AFS structures and the peaks in
the profil e-Adr armiltaeadysndicatesas U
that no additional phase can be found in both samples and

this result is consistent with above analysis.

Table 2 Elementcompositions and phase structure of the spots marked
in Fig. 4(c) and (d)

Spots Elements (at%)
Al Zn phase
A 62.65 37.35 UAI
B 20.96 79.04 d-zn
C 4255 57.45 UA | Zrg
D 71.13 28.87 UAI
E 24.88 75.12 d-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 soldgginhas a quasi
eutectic microstructure, and it could be decomposed
further at suitable condition. So the vibration enhances the
- - RS eutectic reaction.

. Fig. 4(a) and Fig. 4(b) also showthat the joint

e
©) - oAl interface between solder and substrates of Al sheet or
% - foam core displays a good wettability andbwious

dendritescan be seen in the seailose to the substrates.
The formation of dendrites close to the substrates should

.. ‘ , be related to the high temperature gradient for the high
BT i ’~H } | . ) y . . . thermal conductivity of substrates. uthermore, to
g . % WX SRR SR - W . compare with the seams observed by SEM Bac#ttered
- . Electron (SEMBES) images irFig. 5(a) and Fig. 5(b),
P U ¥ .!\ o 2 . s the appearance of the dendrites clear show that the seam
e e oA close to the interfaces contains mareAl phase or Al

element which should be related to tHguid (Zn+Al)

Fig. 4. Optical microscope images of typical bonding seams in sampl Ry : ;
prepared by (a) HP and (b) HPUV and inserts, corresponding SE%j)hdlfled firstly close to substratesnd transformed into

images of the bonding seams of (c) HP and (d) HPUV, (e) k&erns  @-Al and Znrich h _phase eutectoidSEM-BES ima_ge_s
of the bonding seams dfiPUV (above) and HP (below). present the atomic number contrast to discriminate
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between particles when they have special chahmi The mechanical propees of Zr10Al alloy are much

compositions. As shown iRig. 5, the grain boundaries of superior to those of foam core. The fusion seam made of
the substrates of AF and Al sheet close to the seam ame10Al alloy in HPUV is continuous and compact, thus
visible with distinct blackwhite contrast, which implies in peeling tests, the fracture location was mainly in
that Zn atoms have diffused into substrates deeply and tileminum foams. Otherwise, the peeling fracture in HP
grain boundaries seev as diffusion tunnels. So the mainly faled in bonding seam because there were macro
bonding surfaces of substrates are apt to etch in meltéefects in seam.

ZnAl alloy, and the main elements of Al and Zn atoms The EDS linescanning analysis was performed to
interdiffusion led to the chemical compositions in gradiergxamine the chemical elements distribution across the
distribution across the bonding interfaces. interfaces and the results are displaye#im 5(c) to Fig.

(a)‘ Ny s | ;(L.“ oy 5 (f). It is clear that theinc 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. Amain and high
soluble element in Al alloy, Zn atom harelative low
active diffusion energy and high diffusivity, which
promote the interface fusioformation. The continuous
distribution of alloy elements across interfaces should
contribute to the sound bonding between solder and
substrates, which also indiea that good wetting between
solder and substrates was obtained and well metallurgical
bonding was achieved.

Furthermore, as shown Kig. 5(a) andFig. 5b), the
bonding interface lost their straight alignment and turned
into zig-zag, which implies thathe original smooth faces
of substrates were eroded and dense pits formed during
hot-dip coating and further eroded during {poéss with
vibration, which means the surface layer of substrates was
fused with solder alloy during halip coating and het
press.

Discussion

In this study, ZALOAI 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 alumin@g.[In
previous stutks [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 alloyr#t f
coated on substrates of Al sheet and foam core by
immersing them in molten ZnAlalloy bath, and then
bonded by hepress, so in this case, only the solder
wettability need to be considered. Thatwhy a binary
alloy with composition of 90 wt% Za0wt% 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 shortf on substrate surfaces can Hestroyed
mostly by the melting ZnAl alloy, and the zibased
solder coating with good wettability to aluminum

Fig. 5. SEM-BSE images of at seam interface between (a) foam core ar?élbsnates IS obtalnec_However, as Shown. iFig. 3,

(b) sheet in HPUV sample, (c) to (f) are EDS {s@anning analysis CraCk_S bem’een_ the interface of the fuspn seam and
results of Al face sheet to solder alloy or solder alloy to foam core i@luminumfoam indicates that the hdip coating cannot
HPUV and HP samples. achievecomplete wetting on substrate surface. As shown
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