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Abstract

Porous, ferritic steel was produced by blending, pressing and sintering Fe, Cr, Mo and NaCl powders. During sintering NaCl evap-
orated to form 40–58% interconnected open porosities, while the metal powders densified and interdiffused to create a nearly dense Fe–
26Cr–1Mo matrix (E-Brite, developed for solid oxide fuel cell interconnects). The foam compressive properties at ambient temperature
were in good agreement with the Gibson–Ashby scaling laws for stiffness and strength and demonstrate high mechanical energy absorp-
tion. The foam compressive creep response at 850 �C under an argon atmosphere followed the same power law stress dependence as the
bulk material, suggesting similar deformation mechanisms in each case. Creep data under argon were compared with a variational com-
posite model and a simple unit cell model taking into account thicker nodes connecting slender struts.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their high efficiency and fuel flexibility [1], solid
oxide fuel cells (SOFCs) are attractive as auxiliary power
units (APUs) [2–5]. While SOFCs have traditionally been
reserved for stationary power applications, recent reduc-
tions in operating temperature (to <850 �C) have enabled
the replacement of brittle, conductive ceramic intercon-
nects (e.g. Sr- or Ca-doped LaCrO3) with ductile, metallic
alloys, thus making SOFCs more compatible with mobile
APU applications [3]. Metallic alloys have typically been
employed in two types of SOFC architectures: anode-sup-
ported cells and metal-supported cells. In the anode-sup-
ported configuration a metallic substrate with channels
for gases functions as a current collector and physical bar-
rier between the fuel and oxidant [6]. Compared with the
previous generation of SOFCs, which utilized ceramic
interconnects, the use of a metallic alloy offers a number
of benefits, including increased thermal shock resistance
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(tolerance to rapid thermal cycling), a wide range of low
cost, commercially available compositions and ease of
assembly and sealing methodologies [6–8]. The second,
metal-supported cell design utilizes metallic interconnects,
with pores or channels, to support an anode which can
be thinner as it is not supporting, resulting in a lighter
and less expensive stack design [4,5,9–12].

Limited research has explored the option of porous met-
als for use as interconnects in SOFCs. Studies have exam-
ined Ni felts [13,14] as well as Fe-based alloys such as a Ti-
and Nb-stabilized 17% Cr ferritic stainless steel (European
designation 1.4509) [2], 430 stainless steel [3], 454 stainless
steel [4] Fe30Cr [15,16], and CroFer22APU (Fe–22Cr–
0.5Mn–0.1Ti–0.1La in wt.%, ThyssenKrupp VDM) [17].
Most of these substrates were prepared using powder met-
allurgy techniques with pre-alloyed powders to create open
porosities in the range 30–50% [15–18], so as to allow suf-
ficient gas flow across the electrodes [9]. An alternative por-
ous aluminum iron titanate and Fe–30Cr cermet current
collector has also been examined for increased thermal
expansion matching with the ceramic components of the
stack [5]. Much of the previous work on SOFC intercon-
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nects has focused on ferritic steels due to their low cost,
good oxidation resistance and low thermal expansion mis-
match with the ceramic stack components. E-Brite is one
such alloy that has been well characterized for dense inter-
connect substrates [7,19,20] but has not yet been tested as a
foam.

Most methods for producing Fe-based metallic foams
involve casting (liquid-state) or powder metallurgy (solid-
state) routes. Casting methods are limited by the high melt-
ing point and low melt viscosity of molten steel, which
favor techniques using space holders to create porosity
[21]. These methods can be applied in a variety of different
ways. In the case of precision steel casting, temporary scaf-
folds consisting of polyurethane [22] or pelleted casting
sand [21] have been used to create open porosities [23].
With powder metallurgy place holders such as carbamide
(urea) [24,25] are first mixed with a metal powder. The
resulting powder blend is then pressed, the place holder is
removed via a thermal or chemical process [26] and the
compact is subsequently sintered to remove porosity
between powders but not porosity left by the space holder.

Relative to other alloys, the types of preforms and place
holders used in Fe-based foaming are not well developed.
In the case of Al foams combustible place fillers such as
polystyrene resin can be used and are subsequently burned
out after the pattern has been cast [27]. More commonly
though, a leachable scaffold is used as a place holder.
One of the most frequently used types, NaCl, has been used
extensively for Al foams [28,29], and since then has been
utilized with NiTi [30] and amorphous Pd-based [31]
foams. Given its low cost, ease of dissolution in water
and relatively high melting point, NaCl is a desirable can-
didate place holder for Fe foams.

While previous research has investigated the electro-
chemical performance of metal-supported cell stacks utiliz-
ing metallic foams, the mechanical behavior of these
supports has not yet been studied. Here we examine the
ambient and elevated temperature compressive properties
of Fe-based metallic foams prepared by the place holder
method with open porosities in the range 40–58%. Room
temperature results are compared with the Gibson–Ashby
scaling laws, while creep properties are validated by exist-
ing models for cellular metals.

2. Experimental methods

We used the E-Brite alloy (Fe–26Cr–1Mo, wt.%), which
was developed by Allegheny Ludlum (Pittsburgh, PA) for
use in SOFC interconnects [7,19,20] due to its coefficient
of thermal expansion match with ceramic SOFC compo-
nents, oxidation resistance and low material cost. Elemen-
tal powders of iron (APS 6–10 lm, 99.5% purity),
chromium (APS <10 lm, 99.8% purity) and molybdenum
(APS 3–7 lm, 99.95% purity) were acquired from Alfa
Aesar (Ward Hill, MA). The powders were tumbled in a
polymer bottle turned end over end at 30 r.p.m. for 1 h.
NaCl powder (99.0% purity, Alfa Aesar, Ward Hill,
MA), sieved to 53–106 lm and dried at �110 �C for 1 h,
was added to the mixed metallic powders in the appropri-
ate volume fractions (i.e., 40%, 50% or 60%) and the blend
was again mixed end over end for 1 h. The mixed blend was
then uniaxially cold pressed at 350 MPa into a 27.9 mm
diameter compact. This die press diameter was used in
anticipation of shrinkage due to sintering, to produce
foams with a diameter of at least 25.4 mm. The compact
was vacuum sintered (�10–6 Torr, heating rate
7 �C min�1) at 1250 �C for 4 h, leading to evaporation of
the NaCl place holder as well as densification and interdif-
fusion of the metallic powders. The post-sintering chemical
composition of two samples was measured by ATI Wah
Chang (Albany, OR) as �0.01 wt.% for Na and
0.002 wt.% for Cl. Such minute quantities of Na, if dis-
solved in the E-Brite lattice, are not anticipated to signifi-
cantly affect the alloy conductivity or the mechanical
properties examined in this study. One set of non-porous
samples was prepared by melting a 40% porous, post-sin-
tered compact in a vacuum furnace at 1450 �C.

Foams with total porosities within ±5% of the target
value were achieved, with a closed porosity of <2% in each
case. The closed porosity of each specimen was determined
by helium pycnometry with a known bulk E-Brite density
of 7.69 g cm�3. To determine the open porosity Archime-
des density measurements were performed after coating
porous samples with a thin layer of vacuum grease to pre-
vent infiltration of water into the open porosity. When
reporting porosity the total (sum of open and closed)
porosity is used unless otherwise specified.

Cylindrical compression samples of porous and non-
porous specimens were prepared for mechanical testing
by wire electro-discharge machining the foams to diameters
and heights of either 5 � 10 or 6 � 12 mm. Room temper-
ature compressive behavior was measured with a MTS Sin-
tech 20 G screw-driven load frame containing a 10 kN load
cell. Displacement occurred at a rate of 0.05 mm min�1

until �60% strain, or after significant densification of the
foam prior to failure. Strain was calculated from cross-
head displacement, after correcting for load train
compliance.

The creep response of cylindrical as-cast E-Brite samples
was measured in compression using an ATS Series 3210
compressive creep frame and ATS Series 2300 tensile creep
frame; both systems utilized a constant load, lever arm
arrangement. In the case of the tensile frame a superalloy
compression cage was used with displacement transmitted
by an extensometer attached to a linear voltage displace-
ment transducer (LVDT). Displacement on the compres-
sive frame was also measured by a LVDT, but monitored
deflection of the alumina pushrod. In each case displace-
ment was resolved to 6 lm, corresponding to a strain of
0.05%. A testing temperature of 850 �C in laboratory air
was chosen to simulate typical SOFC operating conditions
and was achieved by means of a three zone, resistively
heated furnace with a temperature stability of ±2 �C. How-
ever, it was determined that due to the high surface area of



J.A. Scott, D.C. Dunand / Acta Materialia 58 (2010) 6125–6133 6127
the porous samples, oxide growth was not controllable
under these conditions. Foams were therefore tested in
the same set-up, but under flowing Ar to reduce most of
the oxidation. Overall weight gain under flowing Ar for
typical tests of 2–3 days was less than 0.0010 g (or
�0.07%). Constant load creep tests were performed until
accumulated engineering strains were 10% in the case of
foams or 50% in the case of non-porous samples. Stresses
were varied between 0.1 and 12 MPa with up to four
increasing applied loads on a single sample. Corresponding
secondary creep rates were determined by the slopes of
strain–time plots acquired for each sample.

Specimens were mounted in epoxy resin and polished to
0.05 lm using standard metallographic procedures. Optical
microscopy and scanning electron microscopy (SEM) were
used to examine the microstructures of as-cast E-Brite
foams. Samples of non-porous E-Brite were etched by
immersion in a glyceregia solution (10 ml HNO3, 10 ml
acetic acid, 15 ml HCl, 2 drops glycerol) for 25 s. A sepa-
rate electropolishing method was used in the case of porous
samples to minimize oxidation of the E-Brite matrix. In
this case 1.0 V dc was applied in a 69.4% nitric acid solu-
tion for 60 s. Grain size was calculated according to ASTM
E112, where the mean lineal intercept was determined by
application of a test pattern containing 10 systemically
spaced parallel lines of known length.

3. Results

3.1. Microstructure

Representative cross-sections of foams with 43.2%, 52.0%
and 58.7% porosity are displayed in Fig. 1. A bimodal
distribution of porosity is evident in Fig. 1, with the majority
of pores falling in the range �25–200 lm corresponding to
the size range of the NaCl place holders. These pores confirm
uniform powder mixing as evidenced by their regular
dispersion in the metal. They retain the angular shape of
the crushed NaCl powder, which may have a negative effect
on some mechanical properties but concurrently leads to an
increase in surface area. A second population of closed
pores, <10 lm in size and <2% in volume fraction (as
determined by helium pycnometry), is also visible, and are
due to incomplete sintering of the metallic powders. Grain
sizes determined for each of the foam samples in Fig. 1
ranged from 18 to 22 lm, while dense E-Brite was 30 lm.
Fig. 1. Optical micrographs of polished cross-sections of E-Bri
3.2. Room temperature mechanical properties

Room temperature compressive stress–strain curves for
foams of 41.8%, 49.7–50.6% and 57.8–58.1% porosity are
shown in Fig. 2 and exhibit behavior typical of ductile
metallic foams: a region of linear elasticity followed by a
long collapse plateau and, finally, a sharp increase in stress
initiating at a strain of �40% and leading to densification.
It is apparent in Fig. 2 that increasing relative density cor-
responds to an increase in the plastic collapse stress, or
yield, of the foam.

Similar to most metallic foams under compressive load-
ing [26,32], a significant amount of energy is absorbed by
plastic collapse of the pores, primarily in the plateau
region. The magnitude of this stress plateau is strongly
dependent upon the yield strength of the bulk material,
which helps dictate the resistance of the foam to bending
and buckling of struts. A plot of the total accumulated
absorbed energy up to strains of 20%, 30% and 50% is
given in Fig. 3 for E-Brite foams and is compared with
results for a Fe–2.5C foam with porosites in the range
44–57% [33]. The absorbed energy of E-Brite was larger
than that for Fe–2.5C, indicating that the lower E-Brite
yield strength of �200 MPa was more than compensated
for by its higher ductility.

3.3. Creep properties

A typical strain–time plot is shown in Fig. 4 for a 41.9%
porous E-Brite foam tested at 850 �C under a stress of
5.5 MPa. All creep curves exhibited similar behavior, con-
sisting of an initial stage of primary creep followed by a sec-
ondary stage where the average strain rate _e was constant.
This strain rate is expected to follow a power law behavior:

_e ¼ Arn exp
�Q
RT

� �
ð1Þ

where r is the uniaxial applied stress, A is the Dorn con-
stant, n is the stress exponent, Q is the activation energy,
R is the gas constant and T is temperature. For simplicity,
the Dorn constant and Arrhenius term are commonly com-
bined such that K = A exp(�Q/RT). Fig. 5 is a double log-
arithmic plot of minimum strain rate vs. applied stress at a
typical SOFC operating temperature of 850 �C for porous
and non-porous E-Brite deformed under argon. Porous
samples were plotted for three ranges of total porosity
te foams with (a) 43.2%, (b) 52.0% and (c) 58.7% porosity.



Fig. 2. Room temperature compressive stress–strain curves for 41.8%,
49.7–50.6% and 57.8–58.1% porous E-Brite foams. (Inset) Magnified view
of the stress up to 1% strain.

Fig. 3. Energy absorbed per unit volume by E-Brite foams for a range of
relative densities (q/qs = 0.42–0.58) at compressive strains e = 20%, 30%
and 50%. Data from Park and Nutt [33] for Fe–2.5C foams (q/qs = 0.43–
0.56) are shown for comparison.

Fig. 4. Typical strain–time plot of an E-Brite foam (p = 41.9%) tested at
850 �C under a stress of 5.5 MPa indicating two regions of behavior,
primary creep followed by secondary, steady-state creep.

Fig. 5. Compressive minimum creep rate plotted as a function of applied
stress for monolithic (non-porous) E-Brite and E-Brite foams with a range
of porosities tested at 850 �C under flowing Ar. Closed porosities are listed
in parentheses.
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(41.9–42.5%, 48.6–49.3% and 57.0–58.4%) that corre-
sponded to best fit apparent stress exponents of 5.2, 4.0
and 4.3, respectively. These match with the data for non-
porous samples, which exhibited a best fit value of n = 4.0.

Fig. 6 is another creep strain rate vs. applied stress plot
for 43.6% and 52.1% porous samples from tests conducted
at 850 �C in laboratory air instead of flowing Ar. Signifi-
cant strengthening is observed (as a steady decrease in
strain rate with exposure time, by up to three orders of
magnitude) compared with the tests carried out under
argon. This strengthening can be assigned to the creation
of a strong oxide layer within the foam pores, as illustrated
in Fig. 7 showing a polished cross-section of a 52.1% por-
ous foam exposed for 192 h at 850 �C in laboratory air. The
scale thickness was �1 lm (higher values visible in cross-
sections may be due to cutting angles close to the scale
plane). In some cases the scale appears to choke the open
porosity in the foam in these cross-sections (arrows in
Fig. 7).

To determine creep activation energy, two samples with
a total porosity of 49.4 ± 0.2% were creep tested at an iden-
tical stress of 7.8 MPa under Ar at temperatures of 725 and
750 �C (first sample) and 800 and 850 �C (second sample).



Fig. 6. Compressive minimum creep rate plotted as a function of applied
stress for 43.6% and 52.1% porosity E-Brite foams at 850 �C in laboratory
air. Total exposure times before and after loading are shown to the left
and right of the curves, respectively. A best fit line of data for foams with
48.6–49.3% porosity tested under argon is shown for comparison, along
with experimentally determined rates for monolithic E-Brite.

Fig. 7. Optical micrograph of a polished cross-section of a 52.1% porous
E-Brite foam after 192 h exposure at 850 �C in laboratory air under no
stress. A continuous oxide layer coats all pore surfaces, with potential
areas of choking denoted by arrows.

Fig. 8. Compressive minimum strain rate of 49.4% porous E-Brite shown
as a function of the inverse of temperature at a constant stress of 7.8 MPa
under argon, resulting in an activation energy Q = 290 kJ mol�1.

Fig. 9. Dependence of the foam Young’s modulus (normalized to the
Young’s modulus of the solid) upon relative density. Values for various
other Fe-based foams of higher porosity are shown, as well as data for a
Ni-based SOFC interconnect alloy. Dashed lines indicate common scaling
factors of foams according to Eq. (2).
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The resulting Arrhenius plot shown in Fig. 8 yields an acti-
vation energy of Q = 290 kJ mol�1, which is within the
broad range of previously reported values for E-Brite:
Q = 239 kJ mol�1 (790–1000 �C), Q = 251 kJ mol�1 (400–
750 �C) [34] and Q = 316 kJ mol�1 (700–1000 �C) [35].

4. Discussion

4.1. Room temperature mechanical properties

Room temperature compressive properties can be com-
pared with the Gibson–Ashby models for a foam Young’s
modulus Ef:
Ef ¼ CEEs
q�

qs

� �2

ð2Þ

and foam yield strength rf:

rf ¼ Crrs
q�

qs

� �3=2

ð3Þ

where rs and Es are the yield strength and Young’s modu-
lus of the bulk material, q*/qs is the relative density of the
foam and C is a scaling factor.

Young’s modulus was computed from reloading curves
after unloading prior to visible plastic deformation, to
avoid errors due to initial settling of the sample. Fig. 9
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shows experimental data in a plot of the Young’s modulus
(normalized to the solid Young’s modulus) vs. relative den-
sity and predictions of Eq. (2), using a solid modulus Es of
200 GPa for E-Brite [19], for which the value of CE = 1.2 is
found. Also plotted in Fig. 9 are values for other Fe-based
foams prepared by powder metallurgy [36], as well as a
foam made from the Ni-based alloy J5 [37]. The Ni-based
foams were created by a similar replication method as the
present E-Brite foams; they show the same angular pore
shape and therefore display approximately the same value
for CE. Despite similar processing methods, the Fe-based
foams with low relative density, yielded values of
CE � 0.1–0.3. This is indicative of a comparatively lower
resistance to elastic deflection. In particular, they lacked
the additional mass at the nodes present in the E-Brite
and Ni-based alloys that helps resist bending.

The foam compressive yield strength was determined as
the intercept of tangents taken from the adjacent pre- and
post-yield sections of the stress–strain curve. The resulting
values are plotted in Fig. 10 as a function of relative den-
sity. Again, good agreement was found with the Gibson–
Ashby models using rs = 345 MPa for the compressive
yield strength of E-Brite [19] in Eq. (3). The resulting
pre-factor Cr = 0.72 which fitted the experimental data is
above the empirical value Cr = 0.30 expected for most
foams [38]. When compared with other data for Fe-based
foams [33,36,39] and the same Ni-based J5 alloy discussed
above [37] used in SOFC interconnects the effect of struc-
ture and processing on yield strength are clearly visible.
The Fe-based foams at low relative density (q*/qs < 0.13)
[36] exhibited low Cr values, as was also observed for stiff-
ness, possibly reflecting flaws or incomplete sintering, as
expected from the low sintering temperature. The slip cast
Fe-based foams (q*/qs = 0.42–0.60) [39], however, were
Fig. 10. Dependence of yield strength (normalized to the solid yield
strength) upon relative density. Data for other Fe-based foams over a
range of porosities is shown in addition to data for a Ni-based SOFC
interconnect alloy. Also plotted are dashed lines indicating common
scaling factors of foams according to Eq. (3).
comparatively much stronger, confirming the effect of pro-
cessing. As the relative density increases above q*/qs = 0.30
the beam bending concept used to derive the Gibson–Ash-
by models becomes invalid [38]. Axial compression domi-
nates over bending and the similar architectures of each
of the high relative density foams [37,39] leads to the clus-
tering of high Cr values in Fig. 10.

4.2. Creep properties

The estimated dependence of creep on relative density
was determined by calculating four minimum strain rates
corresponding to relative densities in the range 0.42–0.58,
which were tested at an identical stress of 1.6 ± 0.1 MPa
under argon. Based on the available data plotted in
Fig. 11, a best fit power law provides an exponent of
16.2 ± 4.6.

Previous studies on the creep properties of metallic
foams have concentrated largely on aluminum and
nickel-based reticulated foams with relative densities of
0.15 and below [38,40–43]. Particularly in the case of open
cell Al foams [40], creep rates were well predicted by the
Gibson–Ashby model for uniaxial creep [38]. In this model
deformation is dominated by the creep bending of struts
oriented perpendicular to the applied stress while the
remaining struts are assumed to be rigid, an assumption
which is correct only at low relative densities. An alterna-
tive unit cell, valid for higher relative densities, was pro-
posed by [41] and subsequently modified by Hodge and
Dunand (HD) [44], in which the struts deform solely in
compression along the axis of the applied stress, giving a
foam strain rate:

_ef ¼
V c

V t
� q
�

qs

� ��n

Krn ð4Þ
Fig. 11. Plot of minimum compressive strain rate as a function of relative
density for a constant temperature of 850 �C and stress of 1.6 MPa under
argon.



Fig. 12. Structures used to calculate the geometric parameters in the case of: (a) the modified HD model and (b) the concentrated mass HD model.

J.A. Scott, D.C. Dunand / Acta Materialia 58 (2010) 6125–6133 6131
where Vc/Vt is the ratio of node to strut volume under com-
pressive load over the total volume of nodes and struts and
is given by:

V c

V t
¼ 2dt2 þ t3

6dt2 þ t3
ð5Þ

with the geometric parameters d and t defined in Fig. 12a.
The resulting strain rate for a 50% porous E-Brite foam
calculated according to Eqs. (4) and (5) is superimposed
in Fig. 13, alongside experimental data.

As illustrated in Fig. 1, the struts do not have a constant
cross-section. A simplified model considers nodes with lar-
ger cross-sections than struts. The concentrated mass at the
nodes is taken into account via the ratio of vertical struts
and nodes under compression to the total volume of the
solid in the unit cell [41]:
Fig. 13. Theoretical minimum compressive strain rates for 50% porous E-
Brite foams predicted by the HD model, the modified HD model (Eqs. (4)
and (5)), the concentrated mass HD model (Eqs. (4) and (6)), and the
variational model proposed by Mueller et al. [46] (Eq. (7)). Data for 48.6–
49.3% porous and monolithic E-Brite are also given.
V c

V t
¼ 2eb2 þ c3

6eb2 þ c3
ð6Þ

with corresponding volumes being defined by the geometric
parameters e, b and c as defined in Fig. 12b. In this case the
volume concentration at the node Vn (i.e., the volume of
material c3 in the unit cell attributed to the node) can be
adjusted as described in the appendix in Boonyongmane-
erat [45]. Using Vn values of 0.5 and 0.9, the creep rates
of 50% porous E-Brite foam from Eqs. (5) and (6) are plot-
ted in Fig. 13 and nearly bracket the experimental data.
The above range of values for this adjustable parameter
seems reasonable from the cross-section shown in Fig. 1.
Given the distribution of varying nodal to strut volume ra-
tios this model, in particular, provides a useful means of
predicting potential creep rates.

Another approach that can be used to predict the strain
rate of cellular materials is the variational model adapted
by Mueller et al. [46], which yields a simple expression
for the steady-state deformation of cellular metals that
obey power law creep:

_ef ¼ F
� 1þn

2ð Þ
E

q�

qs

� �� n�1
2ð Þ

Krn ð7Þ

where FE = EF/Es. Here, only the K value, stress exponent
n, solid modulus Es and foam modulus Ef need to be
known. As a verification of the model, creep data in the
form of:

_eeff ¼ _ef ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F E

ðq�=qsÞ

s
ð8Þ

can be plotted as a function of:

reff ¼
rfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F Eðq�=qsÞ
p ð9Þ

where _eeff is the effective strain and reff is the effective ap-
plied stress. A plot of these values for E-Brite is shown in
Fig. 14. Foam data should superimpose directly on top
of monolithic values if the foam and bulk material creep
undergo the same deformation mechanisms. The scatter



Fig. 14. Plot of effective minimum strain rate (Eq. (8)) in relation to
effective applied stress (Eq. (9)) for fully dense and porous E-Brite foams.

Fig. 15. Plot of calculated vs. experimental minimum compressive creep
rates for the E-Brite foams examined in this study. The concentrated mass
HD model (Eqs. (4) and (6)) shows good correlation with experimental
data, but the volume fraction of the nodes must be adjusted. Variational
estimates (without an adjustable parameter) are also plotted (Eq. (7)).
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observed in the data, similar to the one to two orders of
magnitude variation in strain rate reported by Diologent
et al. [47], indicates that the variational model provides a
poor estimate of the creep behavior of the present foams.
In particular, the predictions worsen with increasing
porosity.

A more direct method of comparing the two models
consists of plotting experimental vs. predicted values, as
in Fig. 15. In the case of the concentrated node HD model
(Eq. (6)) nominal porosities of 40%, 50% and 60% were
assigned node volumes of 0.5, 0.5 and 0.2, respectively.
The variational model was assigned a specific foam modu-
lus based on the Gibson–Ashby scaling law (Eq. (2)) and
the pre-factor CE = 1.0. Overall, the concentrated node
HD model appears to correlate more closely with the
experimental results. However, at �50% porosity both
models estimated almost identical creep behavior. While
the variational model provides only a rough approximation
of the foam creep behavior without an adjustable parame-
ter, the concentrated node HD model necessitates an
adjustable parameter or a measurement (or estimate) of
mass concentration at the nodes.

It is important to note that the results of this creep study
performed under an Ar atmosphere are most directly appli-
cable to behavior on the cathode side of the SOFC, where
the E-Brite would have minimal exposure to an oxidizing
environment. In the case of the anode side, the mechanical
response of E-Brite must be paired with a better under-
standing of the oxidation kinetics and reinforcement effects
of the oxide layer in order to quantitatively characterize the
high temperature response. Nonetheless, as shown in
Fig. 6, even short exposure times at 850 �C in an oxidizing
environment can lead to a creep resistance superior to that
of the dense bulk material.

5. Conclusions

Foams of the ferritic steel E-Brite (an alloy previously
developed for SOFC interconnects) with 40–58% porosity
were created by a replication powder metallurgy method
using NaCl as a temporary place holder. The following
conclusions were drawn:

� Foam compressive stiffness and yield strength at room
temperature were in good agreement with the Gibson–
Ashby scaling laws. Compared with lower density steel
foams, E-Brite foams exhibited superior stiffness and
strength, which is attributed to mass concentration at
the nodes that increases bending resistance. E-Brite also
absorbed large amounts of energy in compression due to
its high ductility.
� During compressive deformation at 850 �C in air an

oxide layer grew within the pores of the foam and
became load bearing, thus significantly reducing (by
up to two orders of magnitude) the creep rate of the
foam.
� For compressive deformation at 850 �C under argon

foams exhibited approximately the same stress depen-
dence as dense E-Brite. For a 49% porous foam
deformed at 725–850 �C, the creep activation energy
was also the same as for dense E-Brite. This indicates
that similar deformation mechanisms were at work in
the porous and dense materials.
� Creep rates at 850 �C under argon were compared

with a variational estimate model and a unit cell
model. While the former predicts the strong depen-
dence of the creep rate upon foam density, the latter
provides good estimates of creep rate for reasonable
values of mass concentration at the nodes of the unit
cell.
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