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a b s t r a c t

Nickel-base superalloy foams were created by a casting replication technique where a lightly sintered

preform of SrF2 was pressure infiltrated with molten IN792; after solidification of the composite, the

salt phase was dissolved with HCl to create 65% open porosity. Room temperature yield strength and

stiffness of the IN792 foam compared well with existing models. Monolithic and foam samples were

tested under creep conditions at 750 and 850 1C at stresses ranging from 5 to 40 MPa for the foams and

from 150 to 650 MPa for the monolithic alloy. Both exhibited power-law creep behavior at high stresses

and a transition to viscous flow at lower stresses, which was modeled using equations for dislocation

and diffusional creep.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Metallic foams offer several advantages for engineering appli-
cations necessitating reduced density and high specific strength
and modulus as compared to monolithic materials [1–3]. For high
temperature applications requiring corrosion, oxidation and creep
resistance together with high ductility and toughness, Ni-base
superalloys remain unmatched. Nickel alloy foams have been
processed by chemical vapor deposition of Cr and Al onto
commercial Ni foam followed by homogenization [4,5], compac-
tion of pre-alloyed powders together with a spaceholder material
that is burned off prior to sintering of the powders [6,7], electron
beam deposition of the alloy onto an organic template followed
by burn off and sintering [8], and casting replication around a
dissolvable oxide spaceholder [9,10]. Many of these alloys – Hastelloy
X, Hastelloy C, IN625, IN600, J5, Ni–Cr, and Ni–Cr–Al – have good
strength, oxidation, and corrosion resistance but lack the combination
of these properties with the creep resistance displayed by nickel-base
superalloys such as IN792 (Ni–12.6Cr–9.0Co–1.9Mo–4.3W–4.3Ta–
3.4Al–4.0Ti–1.0Hf–0.09C–0.02B–0.06Zr, wt% [11]), which are highly
alloyed and contain a large volume fraction of g0 (Ni3Al-based)
precipitates.
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Here, we show that the Ni-base superalloy IN792 can be pro-
cessed into an open-celled metallic foam using the casting replication
method with dissolvable SrF2 spaceholder and we measure and
model the foam compressive properties at an ambient and elevated
temperature.
2. Experimental procedures

2.1. Processing

SrF2 was selected as space-holder because of its very high
melting temperature (Tm¼1473 1C [12]) in excess of the liquidus
temperature (1325–1350 1C [13]) of the commercial superalloy
IN792. Powders of SrF2 were created by grinding photonic-grade
crystals of SrF2 (Alfa Aesar, MA) with mortar and pestle and
sieving to 355–700 mm particle size. The monocrystalline powder
was poured into an alumina crucible (ID�7 mm) and sintered
under an Ar atmosphere at 1400 1C for 10 h. A porous alumina
spacer disc was placed onto the pattern with an IN792 cylinder
(7 mm in diameter, 40 mm in length, and weighing 12.7 g). The
alloy was melted by heating at 7 1C/min to 1450 1C under high
vacuum (6�10�4 Pa), held 30 min at that temperature and
forced into the preform by application of 1 atm Ar. After solidi-
fication and furnace cooling, the IN792/SrF2 composite was
machined to cylindrical samples (6 mm diameter, 12 mm length),
and placed in an ultrasonically agitated 5 vol% HCl bath to
dissolve the salt phase. The samples were removed periodically
to measure their density through helium pycnometry to deter-
mine the extent of dissolution (at full dissolution, density of the
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open cell foam reaches to that of the monolithic alloy). Monolithic
samples (4 mm diameter, 8 mm length) were machined from a
cast ingot. Porous and monolithic samples were heat-treated
according to Ref. [13] by first solutionizing at 1120 1C for 4 h
followed by water quenching. Precipitation of the g0 phase was
achieved by a double aging procedure: 1080 1C/4 h, water quench-
ing and 845 1C/24 h water quenching.

2.2. Characterization

The as-processed foam was imaged using scanning electron
microscopy (SEM) to observe the macroscopic structure of pores
after removal of SrF2. Further samples were mounted in epoxy and
polished using standard metallographic procedures down to a 1 mm
diamond finish. To observe the g0 precipitate structure, a sample
was etched with 10 ml hydrofluoric and 100 ml nitric acid solution
and imaged using SEM. The cast dendritic structure was imaged by
optical microscopy after etching with a dilute HF aqueous solution.

2.3. Mechanical testing

A cylindrical foam sample (6 mm in diameter and 12 mm in
length) was tested in compression using a MTS 810 system with
laser extensometer at ambient temperature. The sample was loaded
to a target strain and then unloaded to 10 MPa before loading to a
higher strain again. Elastic stiffness was measured on periodic
unloading to determine damage accumulation. Unloading was
performed at 12 total intervals during the compression test.
Fig. 1. Scanning electron microscopy image of IN792 foam after dissolution of the

SrF2 spaceholder. Pores have the sharp polygonal morphology of the SrF2 powders.

Fig. 2. Polished cross-sections showing microstructure of IN792 foam with (a) g’ prec

grain boundaries with arrows indicating unconnected struts resulting from incomplete
Compressive creep testing was performed on a compressive frame
(Applied Test Systems, PA) at constant stress at 750 and 850 1C with
linear voltage displacement transducer monitoring the platen dis-
placement. Foam samples were cylindrical with 6 mm diameter and
12 mm length and monolithic samples were cylindrical with 4 mm
diameter and 8 mm length. Multiple increasing stress levels were
tested on a single sample if a minimum creep rate was met before
extensive deformation of the sample.
3. Results

3.1. Density and microstructure

The IN792 alloy foams had an average density of 2.89 g/cm3

which was 35% of the monolithic alloy density of 8.25 g/cm3. Pores
replicated the sharp polygonal shape of the ground SrF2 powders
which created thick nodes and thin struts as shown in Fig. 1. Since
negligible dissolution of the alloy takes place during dissolution of
the spaceholder, the pore size is assumed to remain in the range
355–700 mm. Foams exhibited the creep-resistant g0 precipitates as
shown in Fig. 2a, as well as a coarse grain structure, as inferred from
Fig. 2b showing uniform dendrite orientation over millimeter-wide
areas with no visible grain boundaries after etching.

3.2. Ambient temperature compression

Under uniaxial compression at room temperature, the stress–
strain curve of the foam (shown in Fig. 3) exhibited a elastic
response with a stiffness of 13 GPa and a yield stress of �70 MPa,
followed by a region where the stress increases near uniformly
with strain, as often exhibited by salt-replicated metallic foams
[14,15], but unlike the plateau stress typical of higher porosity
metallic foams [2]. The foam failed mechanically at a strain of
�70%. Through periodic unloading of the sample during the test
to measure stiffness vs. strain, damage is seen up to a 10% strain
as a 25% reduction in stiffness. Beyond 20% strain, the stiffness
increases as the material densifies.

3.3. Compressive creep

Monolithic and foam samples exhibited a typical primary
creep with decreasing strain rate followed by a long region of
secondary creep with a minimum strain rate constant over long
time periods. The minimum creep strain rate is plotted against
the applied stress in Fig. 4 for both monolithic and foam samples.
Most data follow a power-law behavior described by

_e ¼ Asnexp
�Qp

RT

� �
ð1Þ
ipitates (scanning electron micrograph) and (b) uniform dendrite pattern and no

infiltration (optical micrograph).



Fig. 3. Stress vs. strain curve for 35% dense IN792 foam during compressive

deformation and unloading stiffness vs. strain plot. Missing data are due to the

laser extensometer losing signal.

Fig. 4. Double logarithmic plot of creep strain rate vs. applied stress for mono-

lithic IN792 alloy (filled symbols) and IN792 alloy foams (open symbols)

compressively deformed at 750 and 850 1C. Stress exponents are given next to

each data set. Literature data from Ref. [20] for creep of monolithic IN792 are

shown for comparison.
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where _e is the strain rate, A is the Dorn constant, s is the applied
stress, n is the stress exponent, Qp is the activation energy, R the gas
constant and T the temperature. Foam samples of the IN792 alloy
had best-fit stress exponents of 8.971.8 at 750 1C and 3.270.2 at
850 1C. At 750 1C, monolithic samples exhibited a best-fit stress
exponent of 12.674.1 while samples tested at 850 1C had a stress
exponent of 11.170.4 at stresses over 300 MPa but a transition to
near n�1 for stresses below 300 MPa. The value n�1 is assumed
here, but it is in general agreement with the fit to the three data
points in this region which gave n¼0.972 (the large error is due to
low number of points).
4. Discussion

4.1. Density and microstructure

The relative density of 0.35 is low considering packing of these
types of particles should typically reach only �50% [16]. The low
relative density could be caused by improved packing due to the
sintering of the SrF2. This was observed in similar experiments with
a Ni-alloy of different chemistry and with smaller size SrF2 where
the resulting foams had a relative density of 0.40 [17]. The low
density here could also be caused by incomplete infiltration which
can be visualized by unconnected struts in Fig. 2b. Higher infiltration
pressures or larger sized SrF2 particles (reducing internal capillary
forces) could resolve this issue. Despite the presence of the SrF2

surface as a nucleation source, the material showed no grain
boundaries in sections analyzed and appears coarse-grained. The
low thermal conductivity of SrF2 may have prevented excessive
heterogeneous nucleation as the metal cooled faster.

4.2. Ambient temperature compression

Using existing models for foam compressive behavior [2], both
foam elastic stiffness and yield strength can be estimated from
monolithic properties. The foam elastic stiffness, Ef, can be
calculated from Eq. (2) where CE is a scaling constant between
0.1 and 1, Es is the elastic Young’s modulus of the monolithic
(solid) material and rn is the relative density:

Ef � CEEsrn2 ð2Þ

Given a monolithic Young’s modulus of 200–210 GPa for highly
alloyed Ni-base superalloys [18,19], a scaling constant CE�0.5 fits
the value of 13 GPa; the present value of CE is in the typical range
of 0.1–1 but lower than for another Ni-base alloy with CE�1
produced by a similar method [9] although near that of Zr-base
alloys produced by replication with CE�0.3 [16]. The difference
between these constants is probably due to the geometry of the
metal struts, dictated by the dissolvable spaceholder. The IN792
here and Zr-base alloy used sharp polygonal pieces ground from
fluoride salts leading to struts that are very thin as compared to the
nodes, or in some cases unconnected (Fig. 2b). By contrast, the Ni-
base alloy in Ref. [9] used an oxide spaceholder that was sintered
from fine particles and then ground producing a more rounded
shape, and more uniform strut cross-sections.

The yield strength, syf, can be estimated from Eq. (3) where Cs
is a scaling constant around 0.3, sys is the yield strength of the
monolithic material and rn is again the relative density:

syf � Cssysrn3=2 ð3Þ

The yield strength predicted by Eq. (3) with Cs¼0.3 and
monolithic yield strength of 1060 MPa [18] is 66 MPa, close to
the measured value of 70 MPa.

The damage evolution observed through reductions in stiffness
(Fig. 3) is similar to that reported in a 14% relative density
aluminum foam [15] also produced through a salt replication
casting method. Although strength and modulus differ greatly,
minimum stiffness occurred at 10% strain followed by increase in
stiffness during densification of the foam. The present superalloy
foam lost �25% of its modulus compared to about 50% for the
aluminum foam, suggesting that less damage was accumulated in
the superalloy foam possibly because its relative density is much
higher than that for the pure aluminum foam (35% vs. 14%).

4.3. Compressive creep

As shown in Fig. 4, the present monolithic IN792 creep data
agree well with the data presented for cast IN792 in Ref. [20], except
for the transition to a low stress exponent n�1 below an applied
stress of 300 MPa at 850 1C which is expected to be associated with
diffusional creep and is thus dependent on grain size. The strain rate
_e in this regime is given in Ref. [21] as follows:

_e ¼
14:3OsDef f

kTd2
ð4Þ

where O is the atomic volume, d is the grain size, k is the Boltzman
constant, T the temperature, and the effective diffusion coefficient



Fig. 6. Double logarithmic plots of compressive creep strain rate vs. stress for

IN792 foams at 750 1C and 850 1C, with dashed lines from Eq. (7). Although best-fit

foam stress exponents shown in Fig. 5 were different from monolithic value, due

to the transition from diffusional creep to dislocation creep, monolithic stress

exponents (n¼11.1–11.2 at 850 1C and n¼12.6–12.8 at 750 1C) and grain sizes

(d¼50–200 mm at 850 1C and d¼150–200 mm at 750 1C) can also be used to

describe the foam behavior.
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Deff is represented by

Def f ¼Dv 1þ
p
d

� � Dgb

Dv

� �� �
ð5Þ

where Dv is the volume diffusion and Dgb the grain boundary
diffusion. As both mechanisms are independent, the total creep rate
of the material is given by adding the power-law contribution
(Eq. (1)) and the diffusional contribution (Eq. (4)):

_e ¼ Asnexp
�Qp

RT

� �
þ

14:3OsDef f

kTd2
ð6Þ

Grain size was not measured, so Eq. (6) was fit to the creep
data, using materials parameters from Ref. [21] for Mar-M-200
(an alloy similar to IN792) and d as an adjustable parameter; the
transition between the two regimes occurs at stresses near
300 MPa, with a reasonable grain size of 150–200 mm. With this
range of grain size and a small range in stress exponent (11.1–11.2
at 850 1C and 12.6–12.7 at 750 1C), the experimental creep data is
enveloped by Eq. (6), as illustrated in Fig. 5.

The foam creep strain rate _ef can be described similarly by
adding equations for foam diffusional and power law creep from
Ref. [2]

_ef ¼ A
0:6

ðnþ2Þ

1:7ð2nþ1Þ

n

� �n

sn
f r

n�ðð3nþ1Þ=2Þexp
�Qp

RT

� �

þ
14:3Osfrn�2Def f

kTd2
ð7Þ

This model assumes deformation by strut bending which is
credible given the large node and thin strut morphology seen in
Figs. 1 and 2. According to Eq. (7), a foam has the same stress
exponent as the monolithic material. At first sight, Fig. 4 shows
significant differences in the creep exponents between dense and
porous materials: n¼12.674.1 and n¼8.971.8 respectively at
750 1C and n¼11.170.4 and n¼3.270.2 at 850 1C. However, as
shown in Fig. 6, it is possible to use Eq. (7) to envelop the foam
experimental data at 750 1C using the same range of grain size of
150–200 mm as for the monolithic. The large discrepancy in the
stress exponent at 850 1C disappears if the grain size is allowed to
span a slightly wider range of 50–200 mm, as shown in Fig. 6. The
low stress exponent n¼3.270.2 in the foam is then interpreted
as resulting from a sample with a wider range of stable grain
Fig. 5. Double logarithmic plot of compressive creep strain rate vs. stress for

IN792 monolithic samples, with dashed lines from Eq. (6) showing encapsulation

of data at 850 1C with stress exponent n¼11.1–11.2 (monolithic value n¼11.1)

and grain size d¼150–200 mm. Data from creep at 750 1C are similarly encapsu-

lated with n¼12.6–12.7 and d¼150–200 mm.
sizes. Assuming that grains are pinned by the pores as bamboo
grains, such a broader range is credible in the foam showing
coarse nodes and fine struts with coarse grains and fine grains,
respectively. Also, the range of stresses locally in the foam is
much higher than in the bulk, due to stress concentrations, again
providing a qualitative justification for the broad range of stresses
where the transition between the two types of mechanism
appears to occur for the foam. Diffusional creep may further be
affected by the flow of vacancies to and from pore surfaces; this
mechanism, which is not expected to affect the stress exponent of
unity may impact the activation energy of viscous flow, is not
considered further here. Although grain boundaries were not
visible by metallography, it would be expected for the foam to
have a smaller grain size than monolithic if the spaceholder
particles act as nucleation sites. A similar situation was observed
in Ni–Cr foams [4], where the foam had a lower stress exponent
(n¼3.3–3.7) than the monolithic material (n¼4.6) and was also
likely tested in the stress range where a broad transition from
power-law to diffusional creep occurred.

Many of the studies of Ni-alloy foams have focused on processing
(as reviewed in Section 1), with only a few performing creep
experiments. In these studies [4,5,10], the foams were made from
Ni–Cr, Ni–Cr–Al, and J5 alloys, which are not designed to be as creep
resistant as the highly alloyed IN792 used here, and show lower
power-law stress exponents at lower temperatures (680–850 1C).
In the case of J5 [9], a Ni–22.5Mo–12.5Cr–1Ti–0.5Mn–0.1Al–0.1Y
alloy designed for solid oxide fuel cells, the foam relative density
was 0.46 and exhibited a minimum creep rate at 850 1C similar to
that of the IN792 foam studied here, which has a significantly lower
relative density of 0.35 and much better oxidation resistance. This
illustrates the benefit in using a highly alloyed, precipitation-
strengthened Ni-base superalloy for creep resistant foams.
5. Conclusions

A Ni-base superalloy alloy IN792 foam was created by a cast
replication technique, where the liquid alloy was pressure infil-
trated into a bed of SrF2 powders, which were removed after alloy
solidification using a 5% HCl solution. The foam, with an open
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porosity of 65%, exhibited a stiffness of 13 GPa and yield strength
of 70 MPa at room temperature, in agreement with existing
models for foams deforming by strut bending. Both monolithic
and foam samples were tested under creep conditions at 750 and
850 1C. Monolithic alloy exhibited power-law behavior at high
stress, with stress exponents of 11.1 and 12.6 at 850 and 750 1C
respectively. At stresses below �300 MPa, diffusional creep was
observed with stress exponent near unity. Both regimes can be
modeled using existing equations for power-law and diffusional
creep. The foam exhibited power-law behavior with stress expo-
nents of 3.2 and 8.9 at 850 and 750 1C respectively, different
from monolithic values. However, their creep behavior can
be described with existing foam creep models using data from
monolithic testing, assuming that the lower stress exponents
reflects a diffuse transition from diffusional to dislocation creep,
reflecting a range of grain size.
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