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Abstract—The fracture behaviour of closed cell aluminium-based foams (trade-name ““Alulight™) is charac-
terized for the compositions AlI-Mgl-Si0.6 and Al-Mgl-Sil0 (wt%), and for a relative density in the
range 0.1-0.4. The toughness testing procedures are critically analysed, and the origins of the observed R-
curve behaviour for metal foams are explored. A major contribution to the observed increasing crack
growth resistance with crack advance is in the development of a crack bridging zone behind the crack tip.
The crack bridging response is quantified in terms of a crack traction vs extra displacement curve by per-
forming independent tests on deep notch specimens. The area under the bridging traction vs extra displace-
ment curve from the deep notch tests is approximately equal to the measured initiation toughness Jic, in
support of the crack bridging concept. A line spring model is then used to interpret the fracture response.
The effect of material composition and relative density upon the initiation toughness is measured, and the
accuracy of an existing micromechanical model for the fracture toughness of a brittle foam is assessed.
Finally, the reduction in tensile and compressive strengths due to the presence of an open hole is deter-
mined; it is found that the Alulight foams are notch-insensitive, with the net section strength equal to the

unnotched strength. © 1999 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

Recent developments in manufacturing methods [1—
4] have allowed for the development of a range of
metallic foams made from aluminium alloys, with
attractive properties for energy management [5, 6],
thermal  management [7,8] and  acoustic
absorption [9]. There is a developing literature on
the mechanics of foams, see for example Gibson
and Ashby [10]. Reviews of earlier work can be
found in the articles by Suh and Skochdopole [11]
and by Suh and Webb [12], and in the books edited
by Wendle [13], Hilyard [14], Hilyard and
Cunningham [15] and Banhart [16].

Preliminary tests (for data see Ref. [17]) have
shown that for a given density “Alulight” closed
cell aluminium foamsj are amongst the toughest of
the commercial aluminium foams. Alulight is pro-
duced by a powder route, and is available as plates
or cylinders with a relative density ranging from 0.1
to 0.4, and in a range of compositions. In the cur-
rent study, the fracture response and fracture mech-
anisms have been investigated for Al-Si casting
alloys with two extremes of silicon content, Al-
Mgl1-Si0.6 and Al-Mgl-Sil0 (wt%).

The uniaxial yield strength and unloading mod-
ulus of Alulight have been shown to be close to
those predicted for an open cell foam [18]. In this
study, we shall address the question whether an

+To whom all correspondence should be addressed.
iSupplier: Mepura Metallpulvergesellschaft m.b.H.,
Ranshofen, A-5282 Braunau-Ranshofen, Austria.

existing micromechanical model for the toughness
of an open cell foam is in agreement with the
observed fracture toughness of Alulight foams.
Gibson and Ashby [10] suggest that for a brittle
open cell foam of density p made from a solid of
density p,, the fracture toughness Kjc is related to
the relative density p = p/ps by

Kic = 0.650¢(nl)'*p*2 (1)

where oy is the cell wall — edge fracture strength
and / the typical cell size. The fracture toughness of
rigid polymer foams [19] and reticulated vitreous
carbon foams [20] are adequately modelled by this
equation providing the foam can be treated as a
continuum (crack length « > 10/). Theoretical
models of fracture toughness are not yet available
for ductile open cell foams. In order to compare the
predictions of equation (1) with toughness data for
Alulight foams, it is important to have reliable data
for the cell wall — edge properties ps, o and /. We
shall measure the cell wall — edge properties inde-
pendently for Alulight foams, and compare
equation (1) with measured data. Since foams can
suffer large plastic strains, it is important to define
stress and strain measures precisely: we shall
employ nominal measures of stress and strain
throughout.

1.1. Aims and structure of this study

The aim of this study is to measure the toughness
properties of Alulight foams, and to interpret these
properties in terms of the underlying microstruc-
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ture. We shall show that preliminary J-tests on
compact tension specimens reveal significant R-
curve behaviour, with full plastic collapse across the
specimen ligament. The validity of applying the J-
integral to these foams is then investigated for spe-
cimens of the adopted size and notch acuity. The
bridging cell edges behind the observed (visual)
crack tip are found to be a significant cause of the
R-curve behaviour. Since cell faces fail ahead of the
observed crack tip, the observed crack length q is a
somewhat arbitrary measurement. A “zero traction
crack length” ay is defined as the crack length over
which no bridging ligaments exist. J-curves devel-
oped for the observed crack length and for the zero
traction crack length are compared. As expected,
the J-curve for zero traction crack extension, J—
Aagz, is less steep than the J-curve for the observed
crack extension, J—Aag. The finite slope of the J—
Aaz curve is thought to be associated with the non-
proportional inelastic loading of material elements
with crack growth.

An estimate of the crack bridging law is obtained
by performing tensile and compressive tests on spe-
cimens with two deep edge notches. The measured
initiation toughness of the compact tension speci-
mens is found to equal the area under the traction—
extra displacement curve of the deep notch tests to
within the observed scatter. A simplified, line spring
model is then proposed to characterize crack
growth in Alulight; for large crack lengths, this
model accurately predicts the crack extension and
the load supported at a given load—line displace-
ment. However, the one-dimensional model does
not capture the effects of non-proportional loading,
and a flat J-Aaz curve is predicted. The effects of
relative density, specimen orientation and silicon
content on the initiation toughness Jic are then
investigated. The paper concludes with some pre-
liminary measurements of the effect of an open hole
on the tensile and compressive strengths.

2. MATERIAL SPECIFICATION AND
EXPERIMENTAL PROCEDURE

Flat sandwich panels of Alulight foam were
obtained with two compositions, AI-Mgl-Si0.6 and
Al-Mgl-Sil0 (wt%). The rectilinear panels were of
dimension 145 mm by 145 mm by 9 mm, and had
solid skins of thickness 0.75mm with a foam
core [21]. Since the primary focus of this study is
the effect of foam density and composition upon
toughness, the fully dense skins were removed by
wire electro-discharge machining, giving a net speci-
men thickness B of 7.5mm (approximately ten
cells). The relative density p of the as-machined spe-
cimens was varied over the range p = 0.1-0.4; the
precise value of p for each specimen was obtained
by weighing to an accuracy of four significant
figures. The mean intercept method was used to
measure the cell size /. It was found that, for both
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compositions of foam, the mean cell size varies with
relative density according to the relation

I~1(1 — 2.22p) ©)

where /[y = 2.25 mm. For example, /~ 1.5 mm for a
foam of relative density p=0.15, whereas
/~0.5 mm for a foam of relative density p = 0.35.

The density and elastic modulus of the cell wall
— edge materials are taken to be those of the solid
aluminium alloys. The yield strength o, was
measured by infiltrating the foam with epoxy, and
then by micro-indenting the cell edges. For the low
silicon content foam, Al-Mgl-Si0.6, the Vickers
hardness H is 75kgf/mm? corresponding to
0ys =250 MPa (assuming oy~ H/3). For the high
silicon content foam, Al-Mgl-Sil0, the Vickers
hardness is 105 kgf/mm?  corresponding to
0ys~350 MPa. Since the ductility of the foam is
low [18], we shall approximate the fracture stress oy
by oys.

Compact tension (CT) specimens of width W =
50 mm and notch length ¢ = 15 mm were electro-
discharge machined from the Alulight plates. The
specimens were reinforced in the vicinity of the
loading holes with 3 mm thick Tufnol facings to
prevent pull-out of the loading pins. Initial tests
were performed on fatigue pre-cracked specimens;
subsequent tests adopted 5mm long electro-dis-
charge machined starter notches (of height 0.3 mm
and tip radius 0.15 mm) since these gave indistin-
guishable J-curves to within the observed scatter
(Section 3.3). All fracture tests were performed at
room temperature using a servo-hydraulic mechan-
ical testing machine at a displacement rate of
0.01 mm/s.

Preliminary measurements of the fracture tough-
ness indicated that the thickness of the compact
tension specimens should exceed 109 mm for a valid
measurement of the plane-strain fracture toughness
Kic, in accordance with the ASTM plane strain
fracture toughness standard E399-90 [22]. With the
skins removed the maximum available thickness
was 7.5 mm. Consequently, the J-integral test pro-
cedure, as specified in ASTM ES813-89 [23], was
adopted. A4 posteriori checks confirmed that the spe-
cimens were sufficiently large to satisfy the size
requirements of the J-integral test method. The
plane-strain fracture toughness Kjc is related to the
initiation toughness Jic by the well-known relation
(see for example Ref. [24])

Kic = VJicE' A3)

where E' = E/(1 —1?) is the plane strain Young’s
modulus, and the Poisson ratio v is assumed to be
equal to 0.3, as recommended by Ashby et al. [17].
The Young’s modulus E is measured from the elas-
tic unloading compliance of the compact tension
specimens, following ASTM  E813-89 [23].
Measurements of Jic were performed using the
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Fig. 1. J-test apparatus.

single specimen technique (see ASTM E813-89 for
details); the J-integral vs crack extension Aa re-
sponse was calculated from the load P vs load-line
displacement u response of the specimen.

An evaluation of the J-integral relies upon an
accurate measurement of crack growth. The d.c. po-
tential drop method was used to monitor crack
extension since, for fully dense metals, it can deter-
mine crack growth to an accuracy of about
0.01 mm [25]. The apparatus adopted here is illus-
trated in Fig. 1. To ensure accurate potential drop
readings the specimen was insulated from the test-
ing machine by using Tufnol loading pins. A con-
stant current of 3 A was applied by using a
stabilized d.c. voltage supply and a 4 Q series resis-
tor, which is large compared with that of the speci-
men (the Alulight foam of relative density p = 0.1
gave rise to a specimen resistance of 2.1 mQ, whilst
a relative density p = 0.3 gave rise to a specimen re-
sistance of 0.7 mQ). The usual steps were taken to
minimize thermal drift and maximize resolution.

The relationship between the potential drop
across probe wires spot-welded to the specimen and
the crack length was found using the electrical ana-
logue method as described by Smith [27]. Briefly, a
5:1 scale model of the specimen was made from alu-
minium foil, and a constant current was supplied
via a constant voltage supply and variable resistor.
Crack growth was simulated by razor cutting the
foil, and the potential drop output across the notch
was measured with a millivolt meter. The cali-
bration was repeated three times to ensure accu-
racy. The relationship between potential drop
across the notch and the length of the razor was
plotted and a least squares quadratic regression was
fitted for the normalized crack length (a¢/W) in

TThe leads were positioned as recommended by
Halliday and Beevers [26], with the potential drop wires
spot welded across the notch mouth at a distance of 5 mm
from the centreline of the specimen. These wires, insulated
with Rockwool to minimize thermal drift, were twisted
together to minimize inaccuracies due to random electro-
motive forces (EMFs), and were fed into a stable d.c.
amplifier of gain 10*. The amplifier magnified the potential
difference across the crack from ~ 0.4 mV to ¥4 V. A low
pass filter of time constant 1 s reduced electrical noise. The
output from this amplifier was fed into a computerized
datalogger.
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terms of the normalized voltage (V/V)

a v V\?
W=—0.79+1.37<70)—0.27(70> )

where V), is the voltage across the specimen for a
normalized crack length a/W = 0.3. The correlation
coefficient for this curve fit is R>=0.99947.
Equation (4) deviates by less than 2% from the cali-
brations of Fleck [25] and of Irving and
Kurzfeld [28].

Compliance techniques were used to check the ac-
curacy of the potential drop method, as follows. An
electrically-insulated back face clip gauge was fas-
tened to each specimen, and the specimens were
periodically unloaded by at least 10% and reloaded
during the toughness tests. The back face clip gauge
and the displacement transducer of the test machine
allowed for two additional methods of determining
crack length, namely the back face strain technique
recommended by Richards and Deans [29], and the
load—line compliance technique recommended by
the Jic standard ASTM E813-89 [23].

3. PRELIMINARY FRACTURE TESTS

3.1. Apparent fracture response

Typical J-Aa curves are shown in Fig. 2 for both
the Al-Mgl-Si0.6 and AIl-Mgl-Sil0 foams, of
relative density p = 0.17. The crack extension has
been calculated by both the potential drop method
and back face compliance, and we find that the two
techniques give the same crack extension at any
given load and the same J-curves. This result is not
immediately expected, as the mechanical and electri-
cal properties need not change in direct proportion
with increasing damage. The magnitude of back
face strain in these fracture tests confirm that the

3 T [ !
Oﬁ%urrllltrir:f()flfiieet otential Drop
) s g x  Compliance
/ /
2
< / x /Aﬁlgl-SiO.é
5 1.5
1
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)/_‘x_/er—"’?’/x
0.5 % 1
0
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Fig. 2. Comparison of J-curves for Al-Mgl-Si0.6 and Al-

Mgl-Sil0 (wt%). Results are shown for compact tension

specimens with relative density p = 0.17. The crack length

is measured using unloading compliance (back face strain
gauge) and the d.c. potential drop method.
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foams suffer “full plastic collapse” across the speci-
men ligament: for example, for the specimens
reported in Fig. 2, the back face strain is of the
order of 1% at an inferred crack extension
Aa =2 mm. We note in passing that the R-curves
observed in Fig. 2 are qualitatively similar to those
reported for Alporas aluminium alloy foam [30].
We further note that the R-curve of the Al-Mgl—
Si0.6 foam is about three times the magnitude of
that for AI-Mgl-Sil0 at the same relative density.
This is consistent with the higher ductility reported
for the low silicon foam [18].

The crack blunting lines on the J-Aa plots are
given by J = 20,Aa, where oy, is the tensile yield
strength of the foam, as measured in Ref. [18]. The
intercept of these blunting lines with the J-curve
gives a provisional value of Jic (designated
Jo) = 0.60 kJ/m? for the Al-Mgl-Si0.6 foam and
Jo =027kJ/m? for the Al-Mgl-Sil0 foam. The
quantity 25Jq/op (equal to 2.28 mm for the Al-
Mgl1-Si0.6 foam and 1.81 mm for the AI-Mgl-Sil0
foam) is less than the specimen thickness (7.5 mm)
and less than the initial ligament size (30 mm), justi-
fying the identification of Jo with Jic. The elastic
unloading compliance gives values for the plane
strain Young’s modulus £’ = 1.94 and 1.42 GPa for
the AI-Mgl-Si0.6 and Al-Mgl-Sil0 foams, re-
spectively, and so from equation (3) the correspond-
ing plane-strain fracture toughnesses are Kjc = 1.08
and 0.62 MN/m*?.

3.2. Validity of applying the J-integral to foams

In general, the J-integral cannot be used to
characterize significant amounts of crack growth
due to the occurrence of non-proportional plastic
loading near the crack tip. The path-independence
of J rests upon the assumption that the material re-
sponse can be represented by a non-linear elastic
solid, and this assumption breaks down under non-
proportional loading of material elements [31].
However, under restricted circumstances, the load-
ing can be shown to be nearly proportional and
small amounts of crack growth can be analysed.
Hutchinson and Paris [31] have shown that for J-
controlled growth two conditions must be satisfied

Condition (i), Aa < R (5)
o .. b bdJ
Condition (ii), o = D= Jda > 1 (6)

where R is the size of the region in which the J-field
of deformation theory has dominance, b is the
uncracked ligament and D equals J(dJ/da)™".

The J-R standard, ASTM EI1152-87 [32], stipu-
lates the first condition by restricting the maximum
crack extension capacity of a compact tension speci-
men to Aa = 0.1hy (=3 mm here, as the initial liga-
ment by =30 mm). Next, consider the second
condition, as stated in equation (6). For compact
tension specimens Shih et al. [33] suggest that a
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value @ > 10 is sufficient to satisfy equation (6).
From Fig. 2, D~1mm, giving w~30 and we
deduce that the J-curves meet the requirements of
ASTM E1152-87. However, we shall show that the
occurrence of a large zone of crack bridging will dic-
tate a reinterpretation of the measured J—Aa curves.

Curves of J vs Aa are plotted in Fig. 3 for a
crack extension Aa <3 mm, using three different rec-
ommended procedures for the evaluation of J: the
Jic standard (ASTM E813-89), the J-R standard
(ASTM E1152-87) and the modified J-integral,
Jum [34]. The difference between the J-curves from
the three procedures is less than the experimental
scatter. Consequently, the most straightforward
method, as laid down by ASTM ES813-89, is
adopted in the sequel.

3.3. Effect of specimen size and notch tip acuity on
the measured toughness

The effect of specimen size was explored by
measuring the R-curves for geometrically similar
specimens of width W =50 and 100 mm, made
from nominally identical foam of composition Al—
Mgl1-Si0.6 and relative density p = 0.27. The J-
curves are indistinguishable within material scatter,
as shown in Fig. 4. We conclude that a specimen
size of W =50mm is adequate for our purposes.
Next, consider the effect of notch root radius upon
the measured toughness. It is expected that the cel-
lular microstructure blunts the notch tip when the
diameter d of the notch tip is less than the cell di-
ameter /. To explore this, we performed additional
tests on the Al-Mgl-Si0.6 foam, of p =0.27 and
cell size / = 0.9 mm. The notch root diameter d was
varied from a dimension of the order of microns by
fatigue pre-cracking of the specimen to a dimension
d=4mm by electro-discharge machining a pre-
notch. We find that there is no effect of notch root
diameter upon the measured J-curve provided d<l/,

5
0.2 mm offset
blunting
4 line {M
/ E1152 /l/
E813
e 3 r %/
£ =
2 / =
~ 2
1l //
0 / PRI L " NS
0 0.5 1 1.5 2 2.5 3

Change in Crack Length, Ag (mm)

Fig. 3. Comparison of J-curves using ASTM E813-89,
E1152-87 and the Jy method [33]. Compact tension speci-
men of composition AI-Mgl-Si0.6 with p = 0.21.
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Fig. 4. Effect of specimen size and notch acuity on the

measured toughness. Compact tension specimens of com-

position Al-Mgl-Si0.6 with p =0.27. Most tests were

stopped with Aax 10 mm to allow for saw-cutting and
SEM examination, as described in Section 3.4.

but an increased initial toughness is observed for
d > [, see Fig. 4.

3.4. The bridging zone behind the inferred crack tip

Travelling microscope observations in the pre-
liminary J-tests revealed that crack bridging liga-
ments exist in the wake of the advancing crack tip.
In order to determine the significance of the brid-
ging zone, several J-tests were interrupted after
some crack advance. The specimen was unloaded
and a fine (0.4 mm wide) jeweller’s saw blade was
used to remove the crack wake to the inferred crack
tip (from potential drop and compliance tech-
niques). Figure 5 shows a typical load—displacement
curve for a 0.6% Si specimen which has been saw-
cut twice. The saw-cuts have two immediately
apparent effects: the collapse load of the specimen

600
r Crackstarts to grow
500: A-fnferred-crack length;
/ >\ Aa =1mm
400 \( Aa=3mm

Aag = S5Smm

/\ Aa =26.6mm

200 Aa'=38.7mm
/ Test stopped, /« Aa=129mm

specimen!

Load, P (N)

[¥%)

=)

S
DT

1 Aai=16.83mm
00: saweut % Aa=21.6mm \
o E\.
0 1 2 3 4 5

Crosshead Displacement, # (mm)

Fig. 5. Typical load vs cross-head displacement curve for a
compact tension specimen of composition Al-Mgl-Si0.6
with p = 0.17.

TOUGHNESS OF FOAMS

2335

drops (from 180 to 163 N, and from 92 to 71 N)
and the inferred crack length increases (from 28.7
to 32.9 mm, and from 36.8 to 41.6 mm). These ob-
servations suggest that crack bridging ligaments
form in the Alulight foam.

In order to investigate the length of the load-car-
rying bridging zone in the crack wake, tests were
performed where the crack wake was progressively
removed by a jeweller’s saw and the resulting col-
lapse load of the specimen was measured. Tests
were performed on specimens of composition Al-
Mgl1-Si0.6 for p in the range 0.13-0.25. The test
details and typical results are shown in Fig. 6.
Briefly, a long crack was advanced from the notch
root (typically Aa =19 mm for an initial crack
length ¢=20mm and an initial ligament
b =30 mm) and the load Py, was noted. The speci-
men was unloaded, a saw-cut was extended over a
length x = 3 mm ahead of the initial notch root, the
specimen was reloaded, and the collapse load P of
the specimen was recorded. This process was
repeated by removing an increasing length x of
crack wake from the notch root. For the specimen
shown in Fig. 6, with p = 0.25 and a mean cell size
/~1 mm, we deduce that the normalized strength
P/Py only drops when crack wake over a length
x = 14 mm has been removed: we conclude that the
bridging zone extends approximately four—five cells
along the crack wake back from its tip.

3.5. Micromechanisms of crack initiation and propa-
gation

Immediately beyond peak load in the toughness
tests small cracks initiate at or near the edge cor-
ners of the notch tip, in similar fashion to that
reported for an Alporas foam [30]. A dominant
crack then propagates approximately along the cen-
treline of the specimen, apparently following the
weakest path from cell to cell. The crack growth

1.1 —
1
0.9
P
i)
0.8
[ Crack allowed:to grow
0.7 - 10.Ag =19 mm.
(Cell size, [ =1mm)
Before sawcutting,
0.6 load supported, £, =7IN.

0 5 10 15 20
Distance from notch root over which
crack wake is removed with saw, x (mm)

Fig. 6. Effect of removal of crack wake on collapse load
of a compact tension specimen of composition Al-Mgl—
Si0.6 with p = 0.25.
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Fig. 7. (a) Progressive cracking of a compact tension specimen of composition AlI-Mgl-Si0.6 with

p = 0.30. The fracture toughness test was periodically interrupted and the specimen was observed in a

scanning electron microscope (SEM). The states of cracking (A)—(C) are defined in (b). (b) Schematic

of crack growth in the specimen of (a), showing the various states of cracking ahead of and in the
wake of the crack tip.

mode within the cell faces resembles plane-stress left to right in an Al-Mgl-Si0.6 specimen of
crack growth in thin sheets. p=0.30. An accompanying schematic of crack

Scanning electron microscope (SEM) micrographs  growth in Alulight is shown in Fig. 7(b). It is clear
are shown in Fig. 7(a) for a crack propagating from from these micrographs (and also from travelling
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microscope measurements made during the tough-
ness tests) that the crack bridging zone, comprised
of torn cell faces and intact cell edges, exists over a
length of about four cells between the observed
crack tip and the zero traction crack tip. Ahead of
the observed crack tip, the progressive failure of
cell faces is evident.

3.6. A comparison of observed, inferred and zero
traction crack lengths

The observed, inferred and zero traction crack
lengths in a typical J-test are compared in Fig. 8
for a Al-Mgl-Si0.6 specimen with cell size
I~1 mm (p = 0.25). Recall that the observed crack
length aq is measured by travelling microscopy and
the inferred crack length a is deduced from poten-
tial drop and compliance methods. From the results
of Sections 3.4 and 3.5 the bridging zone is about
four cell sizes, and so the zero traction crack length
az is taken to be shorter than the inferred crack
length a by this amount. Initially, the inferred crack
length increases without any visual signs of crack-
ing. This is consistent with cell faces failing ahead
of the observed crack tip, increasing the compliance
and electrical resistance and thus increasing the
inferred crack length [see the micrographs,
Fig. 7(a)]. As the crack extends the discrepancy
between the observed and inferred crack lengths
decreases. This is consistent with the accumulation
of ligaments bridging the wake of the observed
crack: these ligaments carry load and electrical cur-
rent, and cause a progressive decrease in the differ-
ence between the inferred and observed crack
lengths. When the crack has grown visually by
Aay~10 mm the overestimation of crack length
from failed cell faces ahead of the observed crack
tip and the underestimation of crack length from
bridging ligaments behind the observed crack tip
approximately cancel each other. The crack wake is

- (Cell size, /=1mm) avs. a 7
L /l Ly ]
L 7 ]
L i A
SE I . .
ZE -
N8 10
25 |
g4 [ / a; VS. dg ]
?éé . Typical /7 i
3 S | error bars |~ J
= S \ X
b / 7 7 SNa_ 7 Saweut i
Ny I (bridging 1
4 E ligaments cut) 1
O L L L i L L L L L L L 1 1 I I I
0 5 10 15 20

Observed Crack Length (mm)

Fig. 8. Comparison of inferred crack length a (by potential

drop and unloading compliance), and zero traction crack

length az with the observed crack length ag, for a compact

tension specimen of composition Al-Mgl-Si0.6 with
p=0.25.

TOUGHNESS OF FOAMS

2337

then removed by manually saw-cutting to the
inferred crack tip. This has the effect of increasing
the inferred crack length by 4-5 mm (Fig. 8): the
ligaments which caused the underestimation of
crack length have been removed but the failed cell
faces which caused the overestimation remain ahead
of the crack tip.

3.7. J-curves, using the zero traction crack length

It is difficult to be precise about the location of
the crack tip, as it is ensconced by damaged foam.
The zero traction crack length provides a physical
definition of crack length, but it is difficult to deter-
mine experimentally the traction-free length of the
crack. A comparison of J-curves using inferred and
zero traction crack lengths is shown in Fig. 9 for a
Al-Mgl1-Si0.6 specimen. Thus, the curves give the
remote value of J corresponding to a crack length
defined in different ways.

From the inferred J-curve of Fig. 9,
Jic=1.60kJ/m?>, D=1 mm and w=30 (see
equation (6)). From the zero traction -curve,
Jo=582kJ/m? D~10mm and w~3. The small
positive slope of the traction-free J-curve is thought
to be due to non-proportional loading of material
elements in the vicinity of the crack tip. The value
Jq for the traction-free crack is designated Jic and
is used to characterize Alulight’s resistance to crack
initiation provided that the specimen size criteria
are met: B and by > 25Jq/0p1, as specified in ASTM
E813-89 [23] and EI1152-87 [32]. Typically
25Jq/0op =~ 12 mm, thus the ligament size criterion is
met. Unfortunately, the thickness criterion is not
met; the maximum available specimen thickness is
B~7.5mm. Further studies are required to deter-
mine whether the thickness requirement B >
25Jq/op is appropriate for metallic foams. Fleck
and Smith [35] found experimentally that this thick-

8> J—-Aa,,J.=58kIm” ]

i Iy
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g L ]
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2’ J-Aa,J . =1.6kIm™ 1
I 0.2 mm offset 1
blunting line i

0 L L L Lo PRI PRI
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Fig. 9. Comparison of the J-curve measured for an

inferred crack length Aa and for a zero traction crack

length Aaz. Compact tension specimen of composition Al—
Mgl1-Si0.6 with p = 0.27.
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ness criterion can be relaxed for sintered metals of
relative density p=~0.85: the plane strain fracture
toughness is attained for much thinner specimens
than stipulated by the standard criterion for fully
dense metals.

4. EFFECT OF RELATIVE DENSITY UPON
INITIATION TOUGHNESS

Fracture toughness tests were performed on spe-
cimens of the 0.6% Si foam over a density range
p =0.13-0.32. The measured values for Jjc and
Young’s modulus E (from ASTM E813-89),
together with the inferred values for plane-strain
fracture toughness Kjc [from equation (3)] are sum-
marized in Fig. 10(a). The crack extension was
measured by the d.c. potential drop method, and
the initiation toughness was taken as the intersec-
tion of the J-Aa curve and the blunting line. As

(@)
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(Iroin ZEro traction
crack 1cqu

E

\
\
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N
\ &‘;

(from inferred
| crack length)
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0.1
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®
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o
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S

4
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0.1 :

0.1 0.2 0.3 0.4
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Fig. 10. (a) Effect of density on the toughness and

Young’s modulus of Al-Mgl-Si0.6. (b) Comparison of

predicted fracture toughness from equation (1) with

measured values, for AI-Mgl-Si0.6. The curvature of the

predicted curve is due to the dependence of cell size /
upon relative density p, see equation (2).
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expected, the toughness Jic increases with relative
density p. For the density range p = 0.13—0.32 the
following power law fits adequately describe the
data of Fig. 10(a).

Toughness from inferred crack length:

Jic = 10p"% (kJ/m?),
E =42p""7 (GPa) and

Kic = 22p"% (MN/m’/?). ()
Toughness from zero traction crack length:

Jic = 37p" (kJ/m?),
E =425""7 (GPa) and

Kic = 41p"%° (MN/m?). @®)

The inferred fracture toughness Kjc of the 0.6% Si
foam is compared with equation (1) for brittle open
cell foams in Fig. 10(b). The prediction is not a
simple power law relation due to the dependence of
cell size / upon p. For p = 0.13 the measured tough-
ness is approximately 1.25 times the predicted
value; as the density increases the curves diverge so
that at p = 0.32 the discrepancy is approximately a
factor of 2.25. We conclude that a more accurate
micromechanical model for the fracture toughness
of ductile metallic foams is required. The value of
the power law exponent for Kjc as a function of p
is close to the value of 1.5 expected for an open cell
foam, and is far from the value of unity expected
for a closed cell foam. This supports the general
finding that current commercial aluminium alloy
foams have properties much closer to those of an
open cell foam than those of a closed cell foam [36].

5. MEASURED CRACK BRIDGING LAW

The normal traction vs crack opening displace-
ment associated with plasticity and tearing of the
crack bridging ligaments was estimated by perform-
ing independent tensile and compressive tests on
deep edge notch specimens, as sketched in
Fig. 11(a). It is assumed that the crack bridging law
is given by the average traction on the net section
of deep notch specimens vs the additional axial dis-
placement across the mid-plane associated with
plasticity and cracking. This assumption is reason-
able if the degree of plastic constraint in the two
geometries is similar and the inelastic zone extends
uniformly across the net section of the double edge
notch specimens.

Double edge notch specimens of Ilength
2L =70 mm, width 2W =20mm and thickness
B=7.5 mm were spark machined from the 0.6% Si
foam, for p in the range 0.1-0.4. The notch length
a was varied over the range a/W = 0.2-0.6. Clip
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Fig. 11. (a) Comparison of measured crack bridging law
in tension and in compression, for deep notched longitudi-
nal orientation Al-Mgl-Si0.6, with relative density
p = 0.32, cell size /~0.65 mm and a/W = 0.6. The crosses
marked on the specimen in the inset define the gauge
length of the clip gauge. The wire-cut notches were
0.3 mm wide in the tensile specimens and 2 mm high in
the compressive specimens. (b) Effect of notch length a
and relative density p upon the crack bridging law of Al—
Mgl-Si0.6 foam for tensile loading in the longitudinal
direction.

gauges, with gauge lengths 6 and 10 mm, were
mounted axially along the mid-plane of the speci-
mens to measure the extra displacement associated
with plasticity and tearing of the net section
between the notches, under tensile and compressive
loading. The gauges were placed symmetrically
about the net section. The compressive loading pla-
tens were lubricated with PTFE spray in order to
minimize friction between the specimen and the pla-
tens. Typical results for deep notched high density
specimens are summarized in Fig. 11(a); the effects
of notch length a and relative density p on the ten-
sile crack bridging law are shown in Fig. 11(b). The
results shown are for tests performed with speci-
mens aligned in the longitudinal direction of cast-
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ing; a similar response was observed for specimens
tested in the transverse direction.

In both Figs 11(a) and (b) the net section stress
Onet» Normalized by the unnotched yield strength oy,
of the foam, is plotted against the extra displace-
ment Au associated with plasticity and cracking
between the clip gauge anvils. This extra displace-
ment is calculated as Au = u — u), where u, is the
elastic load-line displacement. The results for Au
were similar for the clip gauges of gauge length 6
and 10 mm: the extra displacement is due to tearing
of the net section. Some plastic constraint was
observed in tension and compression: the tensile
peak stress o, increased with notch length a/W in
tension to a value o, ~1.30p at a/W = 0.6, and the
compressive peak stress increased to o,~1.80y, at
a/W =0.6. In the tensile tests with high density
specimens (p > 0.3) the extra displacement at failure
is approximately equal to the cell size, whereas for
lower density specimens the extra displacement at
failure is somewhat less than /.

6. LINE SPRING MODEL OF THE FRACTURE
RESPONSE

The following simple crack bridging model is pro-
posed for crack advance in the Alulight foam. A
Dugdale-type crack bridging law is assumed for
both tensile and compressive loading: the bridging
traction has the constant value oy, in tension and
—op1 in compression. The traction is assumed to
drop stepwise to zero at a critical tensile opening
u., whereas in compression the traction is held con-
stant for all values of crack face overlap. This crack
bridging law is a simplified representation of the
traction vs extra displacement curves shown in
Fig. 11.

It has already been noted that full plastic collapse
occurs across the ligament of the compact tension
fracture specimens. This leads to the following
idealization for large-scale bridging: the ligament of
the specimen is treated as a plastic hinge, with
bending stresses equal to +op, see Fig. 12. A
moment balance gives

B,2
o) o

where P is the applied load, W the width of the spe-
cimen, ¢ the uncracked ligament (from the zero
traction crack length) and B the thickness of the
specimen. This relationship is compared with typical
P—c data from a 0.6% Si specimen in Fig. 13(a). By
plotting P(W — ¢/2) against Bc?/4 the predicted
yield strength of the foam can be deduced and com-
pared to the yield strength from uniaxial tests [18].
There is reasonable agreement between the exper-
imental data and equation (9) for large crack
lengths: the model predicts a yield strength
op1~9 MPa, which is 8% less than the measured
value of g ~9.8 MPa. We conclude that the one-
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Fig. 12. A line spring model for plastic collapse of the compact tension specimen.

dimensional crack bridging model is adequate to
describe the tearing strength of the foam.

An examination of the kinematics of the idealized
line spring model in Fig. 12 provides the relation

()
U= u; 7—1 .

We note that a linear relationship is predicted
between the load—line displacement u and the liga-
ment size ¢ (and thus the crack length a). This re-
lationship is compared with typical c—u data from a
0.6% Si specimen in Fig. 13(b). For a large crack
extension [i.e. for (2W/c¢ — 1) in the range 2.5-4.5]
equation (10) suggests a critical crack opening dis-
placement u.~0.75 mm. This value is close to the
interpolated value of 0.70 mm for the critical extra
displacement in deep notch tests, see Fig. 11(b).

The elimination of ¢ from equations (9) and (10)
provides a relation between the load P and the
load-line displacement u

(10)

142

- (1)

P=oyBW—C—.
vl u(u + ue)

This relationship is plotted with typical P—u data
from a J-test in Fig. 13(c); there is fair agreement
between the prediction and the experimental data.

6.1. Comparison of initiation toughness and the crack
bridging response

The line spring model can be used to estimate the
initiation toughness Jic from the measured bridging
traction 7T vs extra displacement response Au, as
shown in Fig. 11(b). The theory is as follows. We
treat the compact tension geometry as a deeply
cracked bend specimen, as shown in Fig. 14. A
moment per unit thickness M is applied to the ends
of the beam, and 0 is the associated load point ro-
tation. Then, following Rice et al. [37] and the dis-
cussion of Hutchinson [38], an expression for J is
obtained from the M(0) relation. Let 0,. denote the
load point rotation in the absence of a crack

(a =0), and let 6., be the rotation due to the pre-
sence of the crack, giving

0:9nc+90r- (12)

Defined in this way, 0., is independent of the length
L of the beam. Provided the beam is deeply
cracked, we can write

M
001‘ :f<m>

where oo is some appropriately defined yield
strength, and f'is a non-dimensional function relat-
ing the dependent variable 0. to the non-dimen-
sional group M/ooc®. Then, J is given by

(13)

,
s=2| w0 do (14)

¢Jo

for an end rotation 6, = 6", and for a wide range
of constitutive behaviours. This expression for J has
the simple interpretation of 2/c times the area under
the M vs 0, curve up to the rotation 0 of interest.
It remains to stipulate equation (13). We can derive
this relation for the case of an idealized line spring
model, by treating the arms of the deeply cracked
beam as rigid bodies, with a line of springs con-
nected across the ligament of the beam. The springs
are endowed with a normal traction T vs extra dis-
placement response Au, along the lines given by the
tests on deep edge notch specimens in tension and
in compression, see, for example, Fig. 11(a). We
simplify the analysis considerably by assuming that
T is an odd function of Au; then, the ligament of
the deeply cracked beam is in a state of pure bend-
ing, with the neutral point at mid-depth. On placing
the origin of the co-ordinate frame (x, y) at the neu-
tral point, the bending moment M can be written as
c/2

M(0e) = 2J T(Au)x dx (15)

0

where
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Au = Ogrx. (16)

An expression for the initiation toughness Jic fol-
lows by substituting equations (15) and (16) into

(2)
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Fig. 13. (a) Predicted yield strength o, of Al-Mgl-Si0.6
from equation (9). Compact tension specimen with
p = 0.27. (b) Predicted critical crack opening displacement
u. of A1-Mgl-Si0.6 from equation (10). Compact tension
specimen with p = 0.27. (¢c) A comparison of the measured
load—displacement curve with the prediction, equation (11),
for AI-Mgl1-Si0.6 with p = 0.27. The prediction assumes
opl = 9 MPa and u. = 0.75 mm.
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equation (14), and by swapping the order of inte-
gration to give
2 Au”
J[C = 7*J. W(Au) dAu (17)
AM 0
where the energy absorbed in the springs W at a
displacement Au is
Au
W(Au) = J T(u) du. (18)
0
In order to evaluate Jic in terms of the area
W(Au") under the crack traction vs extra displace-
ment curve, an explicit relation must be chosen for

the crack bridging law, T(Au). It is instructive to
assume a power law relation

T(Au) = ooAu 19

in terms of the reference strength oy and the power
law exponent N. Then, equations (17)—(19) give

Jic = Ni—i—Z W(AW).
Equation (20) reduces to Jic =3W(Au") for the
case of a linear crack bridging law, N =1, and
Jic = W(Au") for the rigid-ideally plastic limit
N = 0; we conclude that the initiation toughness Jic
is of comparable magnitude to the area under the
crack bridging law for tension W(Au"). A compari-
son of experimental values for W(Au") and Jic
can be made for the Alulight foams. For the
high density tensile specimen of p=0.32,
W(Au") = 6.7kJ/m?, see Fig. 11(a). The initiation
toughness for the onset of tearing from the notch
root of a compact tension specimen is obtained by
the J-value at an inferred crack length of 4 mm, as
discussed in Section 3.7. Thus, from the curve fits
for zero traction toughness, equation (8), Jic equals
6.6 kJ/m> for a relative density p = 0.32; we con-
clude that JicxW(Au"). This relationship was
found to hold, within scatter, for foams of all rela-
tive densities investigated; consequently, the zero
traction Jic curve from Fig. 10(a) can be inter-
preted as a plot of the variation of W(Au") with p.
The line spring model predicts a horizontal J-Aa
curve: once crack extension has initiated at J = Jic
the crack advances at constant J. Recall from
Section 3.7 that the small positive slope of the
measured R-curve is thought to be due to non-pro-
portional loading, a feature not captured by the
one-dimensional line spring model.

( 1k

(20)

M@

) =

2

—A—
e

)M, 24
2

W c

3

£

l¢
I

»l
L gl

Fig. 14. A deeply cracked bend specimen.
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7. OPEN-HOLE TENSILE AND COMPRESSIVE
STRENGTH

Specimens containing a single central hole of di-
ameter D in the range 2—-8 mm were tested in order
to investigate the sensitivity of tensile and compres-
sive strength to the presence of an open hole, see
Fig. 15. The specimens, of length L = 70 mm, width
W =20 mm and thickness B~ 7.5 mm were manu-
factured from the 0.6% Si foam.

The effect of hole diameter D on the gross tensile
and compressive yield strengths are summarized in
Fig. 15; here, the gross-section yield strength o,
normalized by the unnotched yield strength o, for
the same relative density, is plotted against the ratio
of the hole diameter D to the specimen width . In
tensile tests the gross-section yield strength is taken
as the fracture strength; in compression tests it is
taken as the plateau strength. The unnotched yield
strengths of the specimens have been measured in
independent uniaxial tests reported in Ref. [18].
Optical and SEM micrographs revealed qualitat-
ively similar crack initiation and propagation beha-
viours in tension to those observed in the compact
tension fracture specimens. It is clear from Fig. 15
that Alulight is notch insensitive for the hole sizes
considered, with the net section strength equal to
the uniaxial yield strength in both tension and com-
pression. The foam has sufficient ductility to diffuse
the elastic stress concentration at the hole. The
results shown in Fig. 15 are for loading in the longi-
tudinal direction of the foamed plates; a similar re-
sponse was observed in the transverse direction.

8. CONCLUDING REMARKS

The toughness of Alulight closed cell aluminium
alloy foams has been measured and interpreted in
terms of the microstructure. It is found that a low
silicon content produces a tougher foam. Compact
tension fracture specimens suffer full plastic collapse

— Notch Insensitive, fo-:
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0.8} —melos T
‘ o, w
O
D
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O
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O, x Compression
0.4 o Tension
o
Notch Sensitive. .
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o, _1 h
0 O-pl KT h
0 0.2 04 p 06 0.8 1
W

Fig. 15. Open-hole strength in tension and compression
for the longitudinal orientation. Al-Mgl-Si0.6 with
p =0.25-0.35.
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across the uncracked ligament, and cell edges bridge
the crack behind the observed crack tip; the length
of this bridging zone is approximately four cells.
Double edge notch specimens were used to measure
the crack bridging law in both tension and com-
pression, and a simplified non-linear line spring
model was used to characterize crack growth in the
compact tension specimens. The area under the ten-
sile traction vs extra displacement curve for the
deep notch tests is in approximate agreement with
the measured initiation toughness Jic for the same
relative density of foam. Both the plane-strain frac-
ture toughness and the unloading modulus increase
with relative density; these relationships can be ade-
quately described by power law fits. Tensile and
compressive tests on specimens containing an open
hole revealed that the net section yield strength
equals the unnotched strength of uniaxial speci-
mens: the material behaves in a notch insensitive
manner.
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