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A B S T R A C T Although metal foams are a relatively new material, substantial knowledge has been
accumulated about their mechanical properties and behaviour under monotonic loads and
tension–tension and compression–compression cyclic loads. However, there are very few
reports of the behaviour of metal foams under tension–compression-reversed loading. In
this paper, we examine some of the rare published data regarding the tension–compression
cyclic response of metal foams, develop a statistical model of the fatigue lifetime and
propose two damage accumulation models for aluminium-closed cell foams subjected
to a fully reversed cyclic loading. In developing these models a fatigue analysis and
a failure criterion for the material are needed; the fatigue models considered are the
Coffin–Manson and the statistical Weibull model, and the failure criterion used is the one
described by Ingraham et al. (Ingraham, M.D., DeMaria, C.J., Issen, K.A. and Morrison,
D.J.L. (2009). Mater. Sci. Eng. A. 504:150–156). The models developed are compared
with the experimental published data by Ingraham et al. (Ingraham, M.D., DeMaria, C.J.,
Issen, K.A. and Morrison, D.J.L. (2009). Mater. Sci. Eng. A. 504:150–156) and a final
analysis was performed to determine whether it is preferable to use the total or plastic
strain amplitude for the fatigue analysis.
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N O M E N C L A T U R E A, A1, A2 = Damage accumulation model parameters
B = Threshold value of lifetime
C = Threshold value of strain amplitude
c = Fatigue ductility exponent
D = Damage accumulation model

HC = Compressive pre-peak slope
HT = Tensile pre-peak slope

h = Function that provide the damage accumulation model
N = Number of cycles

N∗ = Number of cycles at failure level
Nf = Number of cycles to failure

p = Probability of failure
R = Damage level

R0 = Initial damage level
R∗ = Damage level at failure
vi = Variables of the damage accumulation model
β = Weibull shape parameter
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ε = Strain amplitude
εa = Total Strain amplitude
εae = Elastic strain amplitude
εpa = Plastic strain amplitude
εf

′ = Fatigue ductility coefficient
δ = Scale factor
λ = Parameter defining the position of the corresponding

I N T R O D U C T I O N A N D M O T I V A T I O N

Metal foams are a relatively new material, very light and
with good strength and stiffness to weight ratios1–4 that
make them useful for different applications in the auto-
motive and aerospace industries, among others. The ma-
terial has usually been used in applications in which the
main demands are monotonic, and usually compressive,
yet increasingly, applications are being identified where
the material must resist cyclic loading, and the fatigue
response of the material must therefore be more fully un-
derstood. In this paper, we propose a statistical model for
the fatigue lifetime and a damage accumulation model for
metal foams subjected to fully reversed cyclic loading. To-
wards this aim, an analysis of the fatigue behaviour and a
failure criterion are necessary. The fatigue behaviour will
be modelled using the Coffin–Manson model5,6 and the
statistical Weibull model,7–10, with the failure criterion
provided by Ingraham et al.11 The model proposed in this
paper allows us to obtain directly the damage accumula-
tion in metal foams as a function of the number of cycles
applied, the total or plastic strain amplitude and the initial
value of the damage accumulation.

Fatigue behaviour of metal foams

In the last few years, several authors have dedicated sub-
stantial effort to determine the mechanical properties of
metal foams. Regarding fatigue, nearly all of these efforts
have been focused on tension–tension and compression–
compression cyclic loading. The results of this research
can be summarized as follows: for tension–tension, the
specimen progressively elongates with increasing fatigue
cycles until separation of the material (approximately
at an accumulated strain of 1%).1–4 In compression–
compression fatigue loading, the material response is a
progressive shortening to larger plastic strains (50%) with
the fatigue life defined as the number of cycles at the point
where the strain accumulation accelerates on a log–log
plot of strain versus number of cycles (around 2% of ac-
cumulated strain).1–4

For fully reversed load cycles, the research and litera-
ture regarding fatigue and damage accumulation in metal

foams are not as deep as in the cases of tension–tension and
compression–compression. Ingraham et al.,11 performed
an experimental fatigue characterization of the response
of closed cell aluminium foams to reversed cyclic load-
ing. They introduced and defined the concept of a fatigue
life criterion as follows: failure occurs in the cycle when
the ratio HC/HT reaches the value 1.5, where HC is the
compressive pre-peak slope and HT is the tensile pre-peak
slope of the hysteresis loop. Using the data published by
Ingraham et al.11 we extend their treatment by introduc-
ing simple models for the rate of damage accumulation
in the material and a statistical treatment of the fatigue
lifetime.

The paper is structured as follows: first, the fatigue anal-
ysis model used in this research (Coffin–Manson model
and the statistical Weibull model) is introduced, then the
damage accumulation models will be obtained, next and
using the Ingraham et al. 11 data, an example of application
will be presented followed by a discussion of the results
and finally the conclusions of the research are presented.

F A T I G U E A N A L Y S I S M O D E L

There exist three major approaches to analyzing fatigue
in engineering materials: the stress-based approach, the
strain-based approach and the fracture mechanics ap-
proach. Each one has specific advantages and limitations
in practical applications. In this research we consider low-
cycle fatigue with high-strain amplitudes, and therefore
use the strain-based approach using the Coffin–Manson
model and a statistical Weibull model.

Coffin–Manson model

The traditional deterministic model for low-cycle fatigue
analysis uses the total strain amplitude which is obtained
by summing the elastic strain amplitude (εea)12, and the
plastic strain amplitude (εpa) (Eq. (1))13.

εa = εea + εpa . (1)

However, a previous analysis of the data used for
this research,11 showed that the applied strains are

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 1 Percentile curves representing the
relationship between lifetime, N∗ and strain
range ε∗

a , in the ε−N field for the fatigue
model.

Fig. 2 Schematic damage accumulation
curve.

predominantly in the plastic domain of the strain life
curve. Thus a fatigue model can be developed based only
on the plastic component of the applied strain amplitude.
The model used to relate the applied plastic strain to the
fatigue life is the Coffin–Manson model and can be ex-
pressed as
εpa = ε′

f (2Nf )c . (2)

where ε′
f is the fatigue ductility coefficient, c is the fa-

tigue ductility exponent and Nf is the number of cycles to
failure.

Statistical Weibull model for fatigue life analysis

The statistical and physical conditions that constrain the
model are the weakest link principle, stability, limit be-
haviour, limited range and compatibility. These condi-
tions ensure that the fatigue life of a system is governed
by the shortest fatigue life of its constituent components
(weakest link), that the distribution chosen for the fatigue
life is valid over a broad range of specimen sizes with only
the parameters being modified to account for size differ-
ence (stability), that the model displays a lower bound on

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 3 Schematic definitions of HC and HT according to Ingraham
et al.

Table 1 Strain-life data obtained experimentally by Ingraham
et al.11

Total strain Plastic strain Cycles to
amplitude (%) amplitude (%) failure (N∗)

0.050 0.013 251 989
0.050 0.013 248 336
0.050 0.013 264 911
0.075 0.029 42 924
0.075 0.029 33 760
0.075 0.026 41 407
0.100 0.045 13 798
0.100 0.045 12 871
0.100 0.045 11 352
0.100 0.043 16 700
0.100 0.044 11 500
0.100 0.045 6 200
0.175 0.104 710
0.175 0.103 720
0.175 0.102 855
0.250 0.166 515
0.250 0.165 350
0.250 0.161 155
0.500 0.393 20
0.500 0.388 55
0.500 0.376 130

the fatigue life and a fatigue threshold if appropriate (limit
behaviour and limited range), and that the cumulative dis-
tribution functions (cdfs) of the fatigue life with respect to
the applied strain and the applied strain with respect to fa-
tigue life are consistent with one another (compatibility).
These conditions are motivated by rigorous mathematics
and physical reasoning.9,14

The only model that satisfies all of these conditions is
the Weibull model.7–10 Once the Weibull model has been
chosen, the compatibility condition is applied to ensure
that the cdf of the fatigue life, conditional upon the strain
amplitude (E(N∗; ε∗

a)), is compatible with the cdf of the
strain amplitude conditional upon the number of cycles
(F(ε∗

a ; N∗)):

E
(
N∗; ε∗

a
)

= F
(
ε∗

a ; N∗). (3)

Since the cdfs must be Weibull to satisfy the conditions
of the model, we can rewrite Eq. (3) obtaining the follow-
ing functional equation:

[
ε∗

a − λ(N∗)
δ(N∗)

]β(N∗)

=
[

N∗ − λ
(
ε∗

a
)

δ
(
ε∗

a
)

]β(ε∗
a )

(4)

where λ(N∗), δ(N∗), β(N∗), λ(ε∗
a), δ(ε∗

a) and β(ε∗
a) are the

unknown functions to be determined.
This problem has already been solved15 and only has

two general solutions. One of them has been discarded
because it contains contradictions to basic principles of
fracture mechanics, namely that the fatigue life should not
become independent of the applied strain amplitude even
when the fatigue threshold is approached. The remaining
solution is

F
(
N∗; ε∗

a
)

= 1 − exp




−
[

log (N/N0) log
(
ε∗

a
∣∣ε∗

a0
)
− λ

δ

]β



 (5)

where

λ(N∗) =
(

λ

N∗ − B

)
; λ

(
ε∗

a
)

=
(

λ

ε∗
a − C

)
;

δ(N∗) =
(

δ

N∗ − B

)
; δ

(
ε∗

a
)

=
(

δ

ε∗
a − C

)
;

β(N∗) = β; β
(
ε∗

a
)

= β;

(6)

are the unknown functions of the solution. From these
expressions we obtain the cdf of the lifetime

F
(
N∗; ε∗

a
)

= 1 − exp




−
[

(N∗ − B)
(
ε∗

a − C
)

δ

]β



 (7)

in terms of the threshold value of lifetime B = log(N0),
the endurance limit C = log(εa0), the Weibull shape pa-
rameter β of the cdf in the ε−N field, the scale factor δ and
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Fig. 4 S–N curve of the results published
by Ingraham et al.11 for plastic strain
amplitude, using the Coffin–Manson model.

the parameter λ defining the position of the correspond-
ing zero-percentile curve. After further manipulation, the
following expression is obtained:

F
(
log N∗; log ε∗

a
)

= 1 − exp




−
[(

log N∗ − B
) (

log ε∗
a − C

)

δ

]β



 ,

log N∗ ≥ B + λ

log ε∗
a − C

(8)

where B, C, λ, δ and β are the non-dimensional model
parameters defined above. The parameters are divided in
two categories, the threshold (B and C) and the Weibull
parameters (β, δ and λ). The authors of the model pro-
posed a two-stage parameter estimation procedure, first
the threshold parameters are estimated using a con-
strained least squares method, and then the Weibull pa-
rameter can be estimated using a maximum likelihood
method7–10

The percentile curves

N∗ = exp
[

B + λ + δ(− log(1 − p))1/β

log ε∗
a − C

]
(9)

are shown in Fig. 1. The zero-percentile curve represents
the minimum number of cycles to produce failure for dif-
ferent values of ε∗

a , and the figure also shows the graphical

interpretation of the model parameters B and C. Finally,
the figure shows how the model directly provides, through
the percentile curves, a statistical description of the strain-
life curves for a given material.

D A M A G E A C C U M U L A T I O N

The fatigue analysis model provides only a description of
the number of cycles to failure at a given strain ampli-
tude but does not describe how the material damage state
evolves from that in the virgin material up to the point of
failure. A damage accumulation model is therefore nec-
essary to describe the evolution of the damage state in
the material with number of cycles. We show in this sec-
tion that even very simple models for the rate of damage
accumulation provide a good fit to the experimental data.

The damage accumulation model can be expressed in its
most general form as

D = h (v1, v2, . . . , vn) (10)

where D is the damage accumulation level, h is the func-
tion that provides the level of damage and vi are the vari-
ables that affect the damage level of the material.

The damage accumulation model provides the damage
evolution curve of the material. This curve will have the
behaviour shown in Fig. 2, which consists of three regimes
of damage accumulation. The first stage has very little or

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 5 Damage accumulation curves for different strain amplitudes obtained from the linear approach using the plastic strain amplitudes and
the Coffin–Manson fatigue model.

zero slope over a long period of cycles. In the second
regime the rate of damage accumulation starts to increase
more rapidly, and in the final stage the maximum rate of
damage accumulation is reached, and damage proceeds
until material failure.

Damage accumulation in metal foams

In developing the damage accumulation model we make
use of a set of published strain-life data and damage ac-
cumulation curves for a closed cell aluminium foam.11

Since it is difficult to track standard measures of damage
such as the length of the dominant fatigue crack in metal
foams, a new definition of the damage state is required.
In Ingraham et al.11 the authors propose an innovative
measure of the damage state in a closed cell aluminium
foam undergoing cyclic loading.

Let HC be the compressive pre-peak slope of the
stress–strain curve, and let HT be the tensile pre-peak
slope of the stress–strain curve (Fig. 3). Ingraham et al.

propose that the ratio R = HC/HT , which is initially close
to unity, increases as the material becomes more dam-
aged, and failure occurs when R = 1.5. This characteriza-
tion provides a convenient scalar measure of the compli-
cated damage process in metal foams, although it should
be noted that without further testing its use should be
restricted to the evaluation of damage under fully reversed
cyclic loading.

Proposed damage accumulation model
for metal foams

The damage accumulation model should be developed
from fundamental mechanics or empirically by fitting an
accumulation model to experimental data. In this case we
choose an empirical approach given the relative paucity
of data available for validating a mechanics-based model,
and the very complicated mechanics occurring at the mi-
croscale during fatigue in metal foams.

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 6 Damage accumulation curves for different strain amplitudes obtained from the quadratic approach using the plastic strain amplitudes
and the Coffin–Manson fatigue model.

Table 2 Weibull model parameters for plastic strain amplitudes

β δ λ B C

14.5 934 128 −44.4 −22.8

The general form of the damage accumulation model
will be that of Eq. (10), and for this particular case the
variables involved in the problem are the number of cy-
cles (N ), the initial damage (R0) and the total applied
strain amplitude (εa). The damage accumulation model,
therefore, has the form

R = h (N, εa , R0) (11)

where R is the damage level and h is the function that
provides the level of damage.

To fit the parameters of the damage accumulation
curves, the selection of a failure criterion and a fatigue
lifetime model are required. We choose the failure crite-
rion R = 1.5 proposed by Ingraham et al.11 and employ

both the Coffin–Manson and statistical Weibull model
as fatigue lifetime models. From the Coffin–Manson ap-
proach, we obtain the following relation for N∗

N∗ = 1
2

(
εpa

ε′
f

)1/c

(12)

where εpa is the plastic strain amplitude, εi
f is the fatigue

ductility coefficient, c is the fatigue ductility exponent
and N∗ is the number of cycles to failure. On the other
hand, from the Weibull model we have Eq. (9) that pro-
vides the lifetime N∗ as a function of the Weibull and the
threshold parameters. It is important to notice that the
Coffin–Manson approach is only defined for plastic strain
amplitude, whereas the Weibull model is valid for total
and plastic strain amplitudes.

In this study, we propose linear and quadratic mod-
els for damage accumulation that interface with the
Ingraham et al.11 failure criterion, the Coffin–Manson
and the statistical Weibull models.

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 7 ε−N field curves of the results published by Ingraham et al.11 using the plastic strain amplitudes.

Linear damage accumulation model

A linear damage accumulation model has the general form

R = AN + R0 (13)

where A is the model parameter, R0 the initial damage
state and N the number of cycles. To estimate the param-
eter A, we use the failure criterion proposed by Ingraham
et al.11 Rewriting Eq. (13) at the failure state, we obtain

R∗ = AN∗ + R0 (14)

where R∗ is the threshold value considered for failure
(R∗ = 1.5), and N∗ is the number of cycles to failure.
Equation (14) can be rewritten as

A = R∗ − R0

N∗ . (15)

Substituting Eq. (15) in Eq. (13), the general form of the
model is expressed in terms of the initial damage state R0,
the lifetime N∗ and the failure threshold R∗, as

R = R∗ − R0

N∗ N + R0. (16)

As we can see in Eq. (16), the general form of the
model is fully dimensionless. Using the failure threshold
value R∗ = 1.5 and the strain-lifetime expressions for the
Coffin–Manson (Eq. (12)) and statistical Weibull (Eq. (9))
models we obtain the general expressions for the damage

accumulation model

R = 1.5 − R0

1
2

(
εpa

ε′
f

)1/c N + R0 (17)

the Coffin–Manson model, and

R = 1.5 − R0

exp
[

B + λ + δ(− log(1 − p))1/β

log εa − C

] N + R0 (18)

for the Weibull model.

Quadratic damage accumulation model

We now introduce a quadratic version of the damage
accumulation model and show that it can also fit the
experimental data well. The quadratic model has the gen-
eral form

R = A1 N + A2 N2 + R0 (19)

where A1 and A2 are the model parameters, R is the dam-
age level, N is the number of cycles and R0 is the initial
damage level. Numerical experiments in curve fitting of
the quadratic form to the experimental data showed that
A1 could be discarded because it is very small in compar-
ison with the value of A2, so that the damage is primarily
determined by the quadratic term. The general formula

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 8 Damage accumulation curves for different strain amplitudes obtained from the linear approach using the plastic strain amplitudes and
the Weibull model.

becomes, after dropping the linear term

R = A2 N2 + R0. (20)

The A2 parameter is estimated as follows. For the failure
condition, Eq. (20) becomes

R∗ = A2 N∗2 + R0 (21)

where R∗ = 1.5 corresponds to the failure criterion de-
fined by Ingraham et al.,11 and N∗ is the lifetime. After
a simple mathematical manipulation, the general form of
the approach can be expressed by

R = R∗ − R0

N∗2 N2 + R0 (22)

which is fully dimensionless. Replacing R∗ by its value
from the failure criteria (R∗ = 1.5), and N∗ by its expres-
sion in the Coffin–Manson and statistical Weibull model
(Eqs(12) and (9)) we get the general expressions for the

quadratic damage accumulation model

R = 1.5 − R0



1
2

(
εpa

ε′
f

)1/c 



2

N2 + R0 (23)

for the Coffin–Manson approach, and

R = 1.5 − R0
(

exp

[

B +
λ + δ

(
− log(1 − p)

)1/β

log εa − C

])2 N2 + R0

(24)

for the Weibull model.

E X A M P L E A P P L I C A T I O N

A practical application of the models, using the data pub-
lished by Ingraham et al.11 (see Table 1) is now presented.
The procedure is divided in two steps; in the first, the
fatigue analysis of the available data is performed, then,

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 9 Damage accumulation curves for different strain amplitudes obtained from the quadratic approach using the plastic strain amplitudes
and the Weibull model.

Table 3 Weibull model parameters for total strain amplitudes

β δ λ B C

3.2997 8.9378 104.797 −12.9515 −7.4066

using the model proposed and the parameters obtained
through the fatigue analysis, the damage accumulation
curves are obtained.

We perform the modelling using both the plastic and
total strain amplitudes as measures of the applied load
to demonstrate the flexibility of the approach using the
statistical Weibull model. Because of the requirements of
the Coffin–Manson model, it is demonstrated only for the
plastic strain amplitude.

The results of the various combinations of damage accu-
mulation model (linear, quadratic), strain measure (plas-
tic, total) and fatigue model (Coffin–Manson, Weibull)
are presented in Figs 5, 6, 8, 9, 11 and 12, where the

results of the modelling example are shown with dashed
lines to be compared to the experimental results11 shown
as solid lines. Each panel in the figures represents a set of
tests performed by Ingraham et al. at fixed applied total
strain amplitude, as indicated in the figure.

Plastic strain amplitude

Application of the Coffin–Manson model for fatigue
analysis behaviour

Figure 4 presents the results of the Coffin–Manson ap-
proach to modelling the relationship between the plastic
strain amplitude and the fatigue lifetime. From this anal-
ysis we obtain the parameters of the model εi

f = 0.0189
and c = −0.3761.

Once we have estimates of the parameters, using
Eqs (17) and (23) we can estimate the parameters of the
linear and quadratic damage accumulation curves. The

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 10 ε−N field curves of the results published by Ingraham et al.11 using the total strain amplitudes.

curves are presented in the Figs 5 and 6 for the linear and
the quadratic models respectively.

Application of the Weibull model for fatigue analysis
behaviour

Using the published plastic strain amplitudes11, the
Weibull model parameters and the ε−N field curve are
presented in Table 2 and Fig. 7 respectively.

Using Eqs (18) and (24) with the values of the parameters
shown in Table 2, we obtain the corresponding damage
accumulation curves. The results are shown in Figs 8 and
9 for linear and quadratic approaches respectively.

Total strain amplitude

Using the model described in section 2 we are able to
obtain the parameters of the Weibull model (Table 3),
and the ε − N curves that result from characterizing the
applied deformation by the total, rather than the plastic,
strain amplitude (Fig. 10).

Using the Eqs (18) and (24) for linear and quadratic
models, we obtain the damage accumulation curves. Re-
sults are presented in Figs 11 and 12 for the linear and
quadratic model respectively.

D I S C U S S I O N

One choice that must be made in treating the problem of
low-cycle fatigue in ductile materials is whether to con-
sider the total or plastic strain amplitude as the controlling
load parameter. Initially an analysis considering the plastic
strain amplitude was performed using two different mod-
els to identify the fatigue behaviour; the Coffin–Manson
and the statistical Weibull model. The results of these two
analyses are presented in section 4.1, specifically in Figs 5
and 6, for the linear and quadratic damage accumulation
models integrated with the Coffin–Manson model, and in
Figs 8 and 9 for linear and quadratic damage accumulation
models integrated with the Weibull model.

Upon first observation, the linear and quadratic ap-
proaches provide practically the same results, and agree
well with the experimental results. However, we de-
tect one important difference between both approaches.
When the damage accumulation curve is approaching the
failure threshold (R = 1.5), the linear model presents a
lower slope than the experimental results. On the other
hand, the damage accumulation curve obtained using the
quadratic model has practically the same slope as the ex-
perimental results. This behaviour occurs for both mod-
els considered for fatigue analysis, and allows us to state
that the quadratic approach provides better results since

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 11 Damage accumulation curves for different strain amplitudes obtained from the linear approach using the total strain amplitudes and
the Weibull model.

it more accurately reproduces the rapid acceleration of
damage accumulation that occurs as failure becomes in-
cipient. Finally, we can see that there is an uncertainty re-
lated to the initial value of the damage parameter R which
is scattered around R = 1. In our calculation, we have used
R0 = 1 exclusively, following the approach of Ingraham
et al.11 A comparison between the results obtained using
the Coffin–Manson or statistical Weibull model shows
that practically the same results were obtained for both
models.

Since there appears to be essentially no difference be-
tween the results obtained using the Coffin–Manson and
statistical Weibull models for plastic strain amplitude, we
conduct the same procedure using the total strain ampli-
tude as the measure for the applied load (for the Weibull
model only). These results are presented in Figs 11 and
12. For these results we make the same observation as
for the plastic strain amplitude models, namely that for

the linear damage accumulation model, the slope of the
damage accumulation curve obtained is lower than the
experimental results in the neighbourhood of the failure
threshold, whereas in the case of the quadratic model, the
slopes of the experimental and the proposed model are
practically the same. Also, the same uncertainty about the
initial damage value R0 is observed.

To determine whether it is better to use the total or
the plastic strain amplitude, a comparison of the results
obtained has been made. Through this analysis we deter-
mine that the choice of plastic or total strain amplitude
as the load measure results in very small differences in
the model quality. However the total strain amplitude
results do appear slightly better, especially when we ana-
lyze in more detail the four first plots of each case (those
corresponding to lower strain amplitudes). We observe
that the total strain amplitude provides closer results to
the experimental data than the results obtained using the

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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Fig. 12 Damage accumulation curves for different strain amplitudes obtained from the quadratic approach using the total strain amplitudes
and the Weibull model.

plastic component of the applied strain. This result has
the advantage of recommending the use of total strain
amplitude in characterizing cyclic loading, which is ad-
vantageous since the total strain amplitude is easier to
measure and control than plastic strain amplitude, which
must be calculated after the test is completed (or at best
after each cycle is completed).

Finally, we state an advantage of using the Weibull
model instead of the traditional Coffin–Manson model,
which is that use of the Weibull model allows the direct
introduction of a probabilistic criterion for fatigue failure,
and it can be used with the total rather than plastic strain
amplitude avoiding the necessary calculations to obtain
the plastic strain component. Also it is important to notice
that if β > 6 the Weibull model becomes nearly equivalent
to one in which the distribution of fatigue lifetimes fol-
lows a Gumbel distribution. An advantage to adopting a
Gumbel distribution outright is that it results in a model
with one less parameter than results from the Weibull
model.

C O N C L U S I O N S

A statistical model for damage accumulation and fatigue
lifetime in closed cell aluminium foam under fully re-
versed cyclic loading has been proposed. The procedure
developed considers linear and quadratic damage accumu-
lation models, Coffin–Manson and Weibull models for
the fatigue life, and the total and plastic strain amplitudes
as measures of the applied loading. The Weibull model
developed by one of the authors in his previous work is
found to be suitable for modelling the fatigue behaviour
of metal foams for tension–compression loading cycles.
Both linear and quadratic models for damage accumula-
tion provide adequate predictions of the fatigue lifetime,
but the quadratic model better approximates the rapid
acceleration of damage accumulation when the fatigue
life is approached. We find that either the total or plas-
tic applied strain amplitude can be used to define the fa-
tigue loading, but slightly better results are obtained when
the total strain amplitude is used. This is advantageous

c© 2011 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–14
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because the total strain amplitude is easier to monitor
during testing.

The importance of the procedure proposed is that it
allows us to model statistically the fatigue behaviour of
metal foams for the case of fully reversed cycles. In addi-
tion to this, a new procedure has been developed through
which we are able to obtain the damage accumulation
curve of aluminium-closed cell foams subjected to fully re-
versed cycles. In this approach the damage accumulation
model and the fatigue lifetime models are completely and
mathematically integrated. Finally, this new procedure al-
lows us to use the total or the plastic strain amplitude as
the controlling load parameter.

Acknowledgements

The authors of this paper are indebted to Mr. Robert
Brack for his continuing support to the Department of
Civil & Environmental Engineering of the University of
Massachusetts, Amherst. They further acknowledge the
financial support of the United States National Science
Foundation through grant CMMI-1000334.

R E F E R E N C E S

1 Ashby, M. F., Evans, A., Fleck, N. A., Gibson, L. J.,
Hutchinson, J. W. and Wadley, H. N. G. (2000) Metal Foams:
A Design Guide. Butterworth-Heinemann, Woburn.

2 Gibson, L. J. and Ashby, M. (1997) Cellular Solids: Structures
and Properties, 2nd Edition. Cambridge University Press,
Cambridge, U.K/New York, U.S.A./Oakleig, Australia.

3 McCullogh, K. Y. G., Fleck, N. A. and Ashby M. F. (1999)

The stress-life fatigue behaviour of aluminium alloy foams.
Fatigue Fract. Eng. Mater. Struct. 23, 199–208.

4 Sugimura, Y., Rabiei, A., Evans, A..G., Harte A. M., Fleck, N.
A.,(1999) Compression fatigue of a cellular al alloy. Mater. Sci.
Eng. A. 269, 38–48.

5 Coffin, L. (1954) A study of the effect of cyclic thermal
stresses on a ductile materials. Trans. ASME. 76, 931–950.

6 Manson, S. (1965) Fatigue: A complex subject-some simple
approximation. Exp. Mech. 5, 193–226.

7 Castillo, E., Fernández-Canteli, A., Hadi, A. S. and
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