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Joining of aluminium foams with fasteners
and adhesives

O. B. OLURIN, N. A. FLECK, M. F. ASHBY*
Cambridge University Engineering Department, Cambridge, CB2 1PZ, UK
E-mail: mfa2@eng.cam.ac.uk

This paper describes methods of joining aluminium foams with mechanical fasteners and
with adhesives, and characterises the mechanical properties of the resulting joints. Different
techniques of joining were investigated under monotonic and cyclic pull-out and bearing
loads. The effects of fastener geometry on pull-out and bearing-load failure are modelled.
Cyclic loading reduces the maximum load a fastener can carry without failure to 0.35 of the
static failure load. Epoxy adhesive joints are stronger than the foam itself in all modes of
loading: failure always occurs remote from the joint. © 2000 Kluwer Academic Publishers

List of symbols attachments like rivets and through-thickness clamps
o* Density of metal foam (nut and bolt assemblies, for example) work loose.
Os Density of the solid cell wall material Studies thus far have established the viability of
o(p = p*/ps) Relative density of metal foam bonding foams with fasteners [1, 2], with adhesives [2]
oy Yield strength of the solid cell and by welding [2—4], but have not attempted to for-
wall material mulate design equations. This research explores the
a Radius of fastener attachment of metal foams with screws, nails, studs
aw Radius of washer and inserts. The static and cyclic forces these attach-
14 Embedded length of fastener ments can carry without failure are characterised and
L Total length of a cylindrical fastener  modelled.
X Length of tapered portion
of wood screw
t Specimen thickness for bearing tests 2. Material and experimental procedure
Fmin Minimum alternating load The foam (trade namaAlporas’) is an aluminium al-
Frax Maximum alternating load loy containing 0.2—8% weight of calcium to enhance
R The stress or load ratio (i.e. the viscosity and 1-3% weight of titanium hydride as a

ratio of the minimum alternating foaming agent. The relative densjby(the ratio of the
load to maximum alternating load) density of metallic foanmp* to that of the solid cell wall

AF Load range materialps) ranges fromp = 0.08 to 0.15.

[\ Number of cycles to failure The density of the cell walls is very close to that of

od Shear yield strength of metal foam pure aluminium ps = 2.7 Mg m~3). The yield strength

oy Yield strength of metal foam in oy of the solid cell walls was measured by infiltrating
tension and in compression the foam with epoxy and then by micro-indenting the

& Nominal fracture strain cell edges. An approximate value for the cell wall yield
of metal foam strength is found by dividing the hardnedsby 3, giv-

Fo Pull-out load ing a value ofoy = 160 MPa. Samples of the foams

Fp Bearing load were cut by electro-discharge machining. Details of

4 Tear energy the microstructure characterisation (cell shape, cell size

d Shear zone width and cell wall thickness) and relative dengitilave been

reported elsewhere [5]. The specimens were of rectan-
gular section 150 mm 50 mm; the height was 50 mm
1. Introduction for monotonic pull-outtests, and 25 mm for fatigue pull-
If metal foams are to be used in engineering structurequt tests. Specimens of dimension 10@0 x 15 mm
ways must be found to join them to other materials.and 100x 70 x 15 mm were used for monotonic and
Unlike most engineering materials, foams are plastifatigue bearing-load tests, respectively. All tests were
cally compressible. This has advantages: they can be
attached by wood screws, nails and the like. But it has Supplier: Shinko wire company Ltd., 10-1, Nakahama-machi,
drawbacks too: foams indent easily, so that compressiveamagasaki-shi, 660 Japan.
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Figure 1 Fasteners: (a) screw; (b) nail; (c) insert; (d) stud; (e) bolt and nut.

performed at room temperature on a servo-hydraulidThe number of cycles, the peak and trough values of
test machine. the displacement and the load were monitored.

Four types of mechanical fasteners were studied: In addition, adhesively bonded butt-joints, lap joints
wood screws, nails, threaded inserts and studs (Fig. 1and T-joints were made between flat panels of the
Two sets of investigation were carried out. In the first,foams listed above, using “Araldite Rapid” epoxy cured
dry fasteners were driven directly into the foam; in the24 hours at room temperature. The panel were tested in
second, fasteners were embedded in epoxy adhesitension and bending.

(“Araldite Rapid” cured 24 hours at room temperature)
in pre-drilled pilot holes in the foam giving a combina-
tion of mechanical and adhesive attachment.

Tensile pull-out tests were performed in displace-
ment control at a rate of 5 mm/min, and the load an
load-line displacement were recorded. The paramete
of interest are:

3. Experimental results
.1. Monotonic pull-out behaviour
of mechanical fasteners
"R typical load-displacement curve for the pull-out of a
threaded fastener is shown in Fig. 2. Those for nails,
o the diameter 2 of the fastener studs and inserts are similar. The lo&dncreases ap-
o the embedded lengthof the fastener in the foam proximately linearly with displacement up to the
peak Fp, beyond which it falls, reaching zero when
The bearing-load tests were performed in displacethe fastener is completely withdrawn. Threaded in-
ment control at a rate of 5 mm/min, using 6 mm di- serts shear the foam; smooth ones pull out by sliding.
ameter high tensile-strength (HTS) studs, and the loa&poxy-bonding greatly increases the pull-out force.
and load-line displacement were noted. The influencé&or example, epoxy-bonded threaded fasteners are still
of both stud diameter,& and relative densityy , upon  coated with epoxy containing embedded fragments of
bearing strength were studied. foam when they are fully withdrawn. Smooth fasteners
Cyclic tests were performed in load control at con-debond from the epoxy and emerge clean.
stant load amplitude, at a frequency of 20 Hz and at a Figs 3 and 4 summarise the effect of relative den-
load ratio,R = 0.1, defined by sity on maximum pull-out loadF, as non-linear with a
power of about 1.5, that is
_ |F |min

~ |Flmax

R

M Fo= Ap%? 2
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Figure 2 Load-displacement curves for both dry and epoxy-bonded

wood screws, in Alporas with relative densify=8%. Diameter  Figure 4 Effect of relative density on pull-outload of wood screw (diam-

2a=4.8 mm, embedded length=20 mm. eter 2 = 4.8 mm, embedded length= 20 mm), from Alporas metallic
foams—comparison of experimental and predicted results. (Open sym-
bols: dry; full symbols: epoxy-bonded).

where A is a constant. Figs 5 and 6 show the depen-
dence of pull-out load on fastener radius and embedded
length. The trends are analysed in Section 4. 1000

| F,=254q11

3.2. Monotonic bearing-load I
response of studs
Typical force-displacement curves for bearing- Ioadv

are shown in Fig. 7. The initial portion of the load- | d
displacement curve is nearly linear until a displacemen & ] -
of about 1 mm, where initial yielding by compressive = Pull-out model
crushing occurs. Thereafter the load climbs to a platea 3 2 (Slope: 1)
value, beyond which it falls because of interaction with =
the free edges of the sample. Figs 8 and 9 show th
dependence of initial-yield load and plateau load on
relative density and stud radius. =& -WOOD SCREW
ry
100 1 1 L
1 2 3 4 5
100000 Radius, & (mm)
O Insert (dry)
0 Nail (dry)
o Wood Screw (dry) Figure 5 Effect of radius of wood screw (dry), of embedded length
A Stud (dry) . . .
10000L| ®  [nsert (with epuxy) Slope 1.5 35 mm, on the pull-out load from Alporas metallic foam, relative density
—_ u  Nail (with epoxy) ° ] E: 8%.
é ¢ Wood Screw (with epoxy)
L““ A Stud (with epoxy) 2 .
o) ! A a I
E 1000 3 —— .
= =T a 3.3. Response to cyclic pull-out loads
it ’ g a of mechanical fasteners
£ 100l & . o The axial displacement of a screw fastener caused by a
g g B cyclic pull-out load rang\ F is shown in Fig. 10 at a
5 load ratioR = 0.1. The maximum load of the fatigue
‘0 ' cycle Fnax is normalised by the plateau value of the
0.06 0.1 0.2 pull-out load F, in the monotonic test. The response
Relative Density o is essentially elastic up to a critical number of cycles,

beyond which itincreases dramatically and the fastener
Figure 3 Effect of relative density on pull-out load for fasteners. Physi- pulls out. The fatigue lifeN; is defined by the knee of
cal dimension of fasteners are: (a) wood screw, diametet 2.8 mm, the curve. Fig. 11 shows how the safe cyclic load. nor-
embedded length = 20 mm; (b) nail, diameter®2 = 4.5 mm, em- . . S . !
bedded length = 20 mm:; () stud, diametera2= 6 mm, embedded malised in this figure by the static pull-outload, depends
lengthl = 20 mm; (d) insert, diameter= 20 mm, embedded length ON NUMber of cycles. The safe load falls to less than 0.4

| =20 mm. of the static load when the number of cycles is large.
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etgr a= 5‘_5 mm, on the pull-out load from AIpora; metallic foam, rel- against relative density for Alporas metallic foamr, &6 mmdiameter
ative densityp = 8% (x = length of the tapered portion of wood screw). stud
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Figure 7 Pull-through da 6 mmdiameter stud through Alporas metallic 0 1 2 3 4 5 6 7 8
foam (specimen dimension 16040 x 15 mm), for three densities of Radius, a (mm)
foam. The arrows in the figure show initial yield load.
Figure 9 Effects of stud radius on bearing load: Alporas, relative density
o = 8%. The lower line describes initial yield load; the upper one

. . describes the plateau load.
3.4. Response to cyclic bearing loads

of studs
Figs 12 and 13 show the response of the foam to cycligL 1. Pull-out
bearing loads. The results parallel those for puII—oul'V\'/ )

(Section 3.3). The safe load falls to 0.35 of the static e think of the fastener as a circular cylinder, of radius
bearing load when the number of cycles is large. a, embedded over a lengthin the foam. A forceF

is applied parallel to the axis of the cylinder and in
a direction which will pull the fastener out. Consider
first the case of a fastener inserted without an adhesive.
ull-out is opposed by the shear-resistang®f the
d(;stener-foam interface. The pull-out force is

3.5. Adhesive joints

Adhesively-bonded joints were loaded in tension an
bending. In all cases the load deflection response an
failure load were the same as those of the foam itself,

and final failure was remote from the joint. Fo = 2ra(t — x)os 3)

wherex is a length-correction to allow for the poor
4. Models for the mechanics of attachments grip between the conical tip of the screw fastener and
Here we seek more general descriptions for the pullthe foam. If the fastener is smooth (as the insertsaye)
out, the bearing and the shear response of attachmeritsdetermined by friction; but more usually fasteners are
in metal foams. threaded, keying them into the foam. When the threaded
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Figure 10 Accumulated displacement under tension-tension cyclic

loading of a dry wood screw, diametea 2 4.8 mm, embedded length 1 l : : :
¢ = 20 mm (Alporas, relative density = 15%, atR = 0.1). Pull-out h ~ ' ' '
is progressive with increasing cycles. 0.9+ oN N o
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Figure 11 SN curves for pull-out of fasteners—dry and epoxy-bonded OUt. The predictions of Equation 5 are plotted on each.
wood screws, and epoxy-bonded insert. Load raies 0.1. The dependencies &, on radius, length and density
are supported. The absolute valueFgffor dry fasten-
ers is underestimated by a factor of about 1.3, because,
we think, the cell wall yield strength is larger than that
inferred from the hardness measurements.

The bolt fastener of Fig. 1e will pull-out when the
stress beneath the washer, of aréaZ, — a?), exceeds
the compressive strength of the foam, giving:

fastener is withdrawn the foam yields in shear andso
is the shear-yield strength, of the foam itself. The
yield strengths* of a ductile foam in either tension or
compression is related to its relative density by [6]

oy ~ 0.30y /2 (4)

(a2 a2\ % 2 .2\ =32
whereoy is the yield strength of the material of the Fo = 7 (), — a%)oy = 0.94(a;, — a’)oyp (6)

cell walls. The shear-yield strength is approximately

of = o;‘/ﬁ giving [7] The screw fastener described by Equation 5 has a higher

pull-out load than the bolt if (assumirfgs> X)
2
too7 (ﬂ> ~1 )
We thus anticipate a pull-out force which scales lin- a a
early with fastener radius and—but for the end-
correction—with the embedded length and which  making screw-fasteners the preferred choice if the em-
increases with foam density a&/2. Figs 4-6 bear this bedded length is large.

Fo = 1.3a(¢ — X)ayp°/? (5)
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The use of epoxy increases the effective diameter o
the fastener, increasirfg,, but leaving its dependence
ona, £ andp unchanged. As a rule of thumb, the effect
of adhesive bonding is to increase the radius of thexggi J F
fastener by the cell size of the foam (approximately B —<:>—

5 mm in the case of Alporas foam). zone %

<+ d —>
4.2. Bearing load failure —
A cylindrical fastener (“stud”) of radiusa passes Figure 14 Initial yield due to the start of compressive crushing beneath
through and projects from both sides of a foam paneihe stud. A crush zone develops ahead of the stud and tearing occurs on
of thicknesst. It is pulled through the panel by two each side, absorbing energyper unit area.

equal forcesk,/2 at either end, acting normal to the

axis of the cylinder (Fig. 1d). Initial yield (Fig. 14a) 30
occurs when the average bearing pressure exceeds t © Tear Energy (Bearing test)
compressive yield strengttj of the foam, thatis when — Tear Energy (Indentation)
201
Fo = 2tao, (8) y=254p'
or, using Equation 4, Y
» (Jm' | o ]
Fp = 0.6toyp>/? (9) Lo ]
(o]
Further displacement compresses and densifies the m P
terial ahead of the stud and tears the cell walls atits side
as sketched in Fig. 14. The force rises to b
— * . . 1
Fo = 2atoy + 2yt (10) 0.07 0.1 0.20

wherey is the tear-energy per unit area of the foam Relative Density P
itself. In the limit ofa = 0, Equation 10 reduces to

Figure 15 Tear energies for Alporas metallic foams of different relative
Fp = 2)/'[ (11) density. Tear energies determined from bearing and deep-indentation
tests.
allowing the tear energy to be determined from a plot
of Fp/t against. Fig. 9 shows such a plot for a foam of
relative density 8%. From it we find the experimental
value for the tear energy to be

that is, about one cell diameter. Thus we interpret the
peak or plateau load as the load at which the foam
beneath the stud crushes and, on either side, tears in a

., zone of width about one cell size.
y ~5kim (12)

This compares with the value ~ 5.2 kJ nT2 which
can be calculated from the indentation measurement%‘
fastener

of Andrewet al. [8] for a foam of p = 8%. Both are
[8] p Ny A cylindrical fastener of radiua, total lengthL, with

in agreement with a separate set of deep-indentatio X
tests using flat-ended punches, chamfered to avoid fric" €mbedded length projects from the face of a foam

tion on the shank, which allowed the tear eneygin and is loaded at its end by a lo&gnormal to the axis of

kJ m2 to be measured as a function of relative densityth® cvlinder (Fig. 16). The cylinder rotates about a point
5 (Fig. 15), giving, for Alporas foam, along its axis at a distanog’ below the free surface.

When foam plasticity is fully established along the
y = 250514 (13) length of the cylinder, force equilibrium is expressed by

3. Transverse loading of embedded

The tear energy can be modelled in the way shown Fs+2a(¢ — y*)oy = 2ay‘o, (16)
on the right-hand side of Fig. 14. A zone of width
and shear stresg" shears through a strain in order ~ wherey* is measured from the point of rotation to the

to cause tearing. The work done per unit area is free surface of the foam. Moment equilibrium requires
that
y ~ ogeid (14) 1 1
*\) * *2 _y*)\2
Using o = 0.20yp%2 (as before)ss = 2 andy ~ Fs(L—(¢~y")) = 2a0, <§y 5=y ) 17)

5 kJ/n? leads to a shear-zone widith, of
Elimination ofy* in (17) by substitution of (16) gives an
d ~ 3.5mm (15) expression for the shear forég, which will cause the

1084



W

Oy .
R ] I
[ 2 % |
BEEELUIIL |
1 Oy B
£

Figure 16 A fastener carrying an end shear load. Rotation occurs abou
the pointX at plastic collapse.

—— Prediction
o Data

Figure 17 A comparison of the measured and predicted failure load
Fs as a function of the embedded lengthThe prediction is given by
Equations 16 and 17.

fastener to fail. The resultis shown in Fig. 17. The hor-
izontal axis is the fractiod/L of the length of the fas-

tener that is embedded in the foam. The vertical axis is

the shear force to cause failure, normalised by the bea
ing load, &0y, that the embedded length could sup-
port. Test data (square symbols) confirm the trend an
magnitude of the failure load. We conclude that shea
loading can be damaging wheris large and is small.

4.4. Fatigue loading of fasteners
Guided by the results of Sections 3.1 and 4.1, we migh
anticipate that the safe maximum cyclic pull-out load
to allow infinite life (meaning above 1@ycles) for the
fastener is

(Fmaxcyclic = 2 al(Tmax)cyclic (18)
where Emax)cyciic IS the maximum cyclic shear stress the
foam can tolerate for 0cycles without failure. Data

for (Tmax)cyciic are given by Hartet al.[9]. Our results
show that Emax)cyciic IS less than this. The difference
arises from a faster rate of damage accumulation.

5. Concluding remarks

Foams can be joined with adhesives, with fasteners and
by welding. This paper describes experiments and mod-
els for the first two. Standard epoxy adhesives give
joints which are stronger than the foam itself. Adhe-
sives, provided that they are compatible with the other
requirements of the design, are economical and me-
chanically effective. Screw-fasteners can provide ade-
guate fastening provided that they are designed accord-
ing to the models developed in Section 4 of this paper.
Improperly designed fasteners can pull-out or fail at
low loads.
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