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Abstract

Reticulated nickel foams were alloyed with chromium by pack-chromizing, resulting in Ni—Cr foams with 9-32wt.% Cr and 2.6-3.5%
relative density. The oxidation resistance at 100M@f the Ni—Cr foams and the corresponding bulk Ni—Cr alloys is the same, provided
the foam’s higher surface area is taken into account. The foam compressive yield stress at ambient temperature is in agreement with mod
predictions. The foam creep behavior, measured between 725 an@ &2%he stress range of 0.1-0.2 MPa, is compared to two models
assuming strut compression or strut bending as creep deformation modes. These models, which originally consider dislocation creep as tt
sole deformation mechanism, are modified to incorporate diffusional creep, due to the relatively fine grain size of the Ni—Cr struts. Good
agreement is then found between data and the strut creep compression model.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Metallic foam; Cellular metal; Oxidation; Creep; Strength; Nickel

1. Introduction 1100°C and found to follow a simple creep model based on
compressive deformation of foam stri8. Pack cementa-
Metallic foams have found various applications atambient tion was then used by Choe and Dundfd] to alloy Ni
temperature due to their excellent density-compensated mefoams with 8—-9wt.% Al or 14-18wt.% Cr and 5-9wt.%
chanical propertiefl—3]. However, little research has been Al, with a relative density below 3%. After heat-treatment,
devoted to their mechanical behavior at elevated tempera-these foams exhibited th@y’ structure typical of nickel-
tures [4—7], despite numerous potential applications, e.g., base superalloys, and their creep resistance could be mod-
as the core of sandwich structures in engines and furnacesled using the strut compression mogtet]. For applica-
or as high-temperature catalyst substrate, filter, or heat ex-tions where stresses are modest (e.g., substrates, filters, or
changer. Nickel-base superalloy foams are attractive candi-heat exchangers), creep resistance becomes less important,
dates for such applications, given the excellent mechanicalwhile oxidation resistance remains a crucial property. A
properties and oxidation resistance of superalloys. SuperalloyNi—Cr foam forming a CfOs protective layer may be better
foams have been produced by electron-beam-directed vaposuited for such applications, given that a binary Ni—Cr foam
deposition[8], powder sintering9,10], hollow-sphere sin-  is easier to synthesize than a ternary superalloy Ni—Al-Cr
tering [11], and casting12], but no report of their creep  foams, and also does not necessitate a precipitation heat-
and oxidation resistance was given. Recently, Hodge andtreatment.
Dunand13] demonstrated that pure Nifoams could be pack-  We show in the present study that the pack-chromizing
aluminized into homogenous foams with 28-33wt.% Al, process, previously demonstrated for ternary Ni—Cr-Al
within the single-phase NiAl composition. The creep prop- foams with 14-18wt.% Cf14], can be used to produce bi-
erties of these reticulated intermetallic foams, with a rel- nary Ni—Crfoams with chromium content as high as 32 wt.%.
ative density below 8%, were measured between 800 andWe measure and model the compressive properties of these
Ni—Cr foams at both ambient and elevated temperatures.
* Corresponding author. Tel.: +1 847 491 5370; fax: +1 847 467 6573, AAISO, we investigate the oxidation behavior of these foams,
E_ma”addressdunand@northwestern.edu (D.C. Dunand). Wh|Ch iS Of bOth teChnO|Ogica| intereSt (fOI’ theil’ use in
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oxidizing environment at elevated temperature) and of sci-
entific interest (we are aware of only one single report in
the literature concerning the solid-state oxidation behavior
of metallic foamg15]).

2. Experimental procedures
2.1. Chromizing process

Ni—Cr foams, with a chromium content of 9.2-32.0%
(all compositions are given in wt.% unless specified other-
wise) and with relative density* = 2.6-3.5%, were cre-
ated by pack-chromizing of pure Ni foams. These foams
(procured from Porvair, Hendersonville, NC) exhibit a retic-
ulated structure consisting of hollow struts with diameter
of ca. 224.m and wall thickness of ca. §4m, a cell size
of ca. 1.3mm (20 pores per inch, or 20 ppi) and a relative
density of 2.2%. Modifications with respect to the origi-
nal chromium deposition techniql#6,17] used for coat-
ing of bulk samples were implemented to achieve a uni-
form deposition of chromium onto the whole strut surface
of the foams. The pack, consisting of 5wt.% NH acti-
vator, 25 wt.% Cr powder, and 70 wt.% ADs filler powder,
was mechanically mixed in a tumbling device f620 min. A
pure Nifoam (with weight about 1.1 g) was embedded within
409 of pack contained in a high-chromium stainless-steel

185

estimated under the assumption that it is proportional to its
weight gain.

2.3. Mechanical testing

Strut microhardness was measured with a Vickers indenter
using a 100 g load. Mechanical testing was conducted under
compression loading on a servo-hydraulic testing machine
with a cross-head speed of 0.1 mm/s using parallelepiped
specimens cut to ca. 10mm 10mm x 28 mm by elec-
trodischarge machining, which was used to avoid cell wall
damage. The compression testing was performed to a total
deformation of over 50%.

Creep tests were performed on two Ni-21%Cr and
Ni—29.6%Cr foams under constant compressive uniaxial
load, using~13mmx 13 mmx 23 mm samples in a com-
pression creep apparatus (Applied Test System, Butler, PA)
with a three-zone furnace maintained to a constant tempera-
ture value withind=2°C. Cross-head displacement was mea-
sured with a linear voltage displacement transducer outside
the hot zone. The minimum creep rate was assessed using a
computer program, which calculated the average displace-
ment over a time period long enough to smooth out any
noise encountered during the experiment. Deformation in the
minimum-rate, secondary-creep region was measured for at
least 8 h, after which the specimen was subjected to a higher
stress level or a different temperature. The total strain accu-

bag which was placed in the central zone of a tube furnace mulated by the foam specimens did not exceed 20%.

with flowing argon as cover gas. Heating and cooling to the
process temperature of 1000 was performed at a rate of
ca. 10 and 7 K/min, respectively. Following chromizing, the

samples were weighed to determine chromium mass gain,

and then homogenized at 1200 for 48 h under flowing
Ar, followed by furnace-cooling. A more detailed descrip-
tion of the pack-chromizing procedure is found elsewhere
[14,17]

2.2. Oxidation testing
Static oxidation tests were carried out on both unalloyed

Nifoams and Nifoams alloyed with 12.2,19.4, and 27.2% Cr.
Small coupons measuringl3mm x 13 mm x7 mm were

sectioned from homogenized foam samples, ultrasonically

cleaned in water, and then rinsed in ethanol prior to drying in

air. After measuring the size and weight of the foam coupons,

they were placed on an alumina platen and heated tokD00
in static laboratory air at an average rate of @dmin. This
temperature was maintained for up to 60 h, with periodic

2.4. Metallography

Specimens were mounted in epoxy and polished down to
0.05p.m using standard metallographic procedures. The mi-
crostructure was investigated using optical microscopy and
SEM, following etching for 20—40 s with a mixture of 10 ml
HF and 100 ml HNQ@ for the Ni—Cr foams and for 10-60 s
with a mixture of 3ml HF and 80 ml HN@for the pure Ni
foam[18]. The grain size of Ni—Cr foams was determined
by drawing 10 random lines of unit length on each exam-
ined micrograph and by conducting intercept measurements
according to ASTM standard$9].

3. Results
3.1. Processing

Fig. 1(a) shows a cross-section of a hollow triangular strut

excursions to ambient temperature to measure the weightof the as-received Ni foam, which exhibits a grain size of

gain due to oxidation. The weight gain was normalized ei-
ther by the foam original weight or by their original surface
area, which was determined as follows. A pure Ni foam was
chromized at 1000C for ~3 h, together with a length of pure

13+ 6 pm. Fig. 1(b) and (c) show optical micrographs for
struts of a Ni foam chromized for 2.6 h at 100D (Fig. 1(b))
followed by homogenization for 48 h at 1200 (Fig. 1(c)).

In Fig. 1(b), the outside surface of the strut is coated with

Ni wire (0.5 mm diameter), whose surface area can be easilya smooth and continuous Cr-rich deposition layer with an

calculated. After measuring weight gains for both the foam

average thickness of caun: a significant amount of the

and the wire, the surface area of the chromized foam waschromium deposited irfrig. 1(b) has thus diffused in the
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Fig. 2. Time dependence of average composition for Ni foams upon
chromizing at 1000C.

Ni foam, the weight gain rate of the Ni-19.4%Cr foam is
reduced by a factor of two and that of the Ni—27.2%Cr by a
Fig. 1. Optical micrographs for etched cross-section of foam struts of (a) an factor of four, which is consistent with the trend found in solid
unalloyed Ni foam (with etch pits) and (b) a foam with average composition Ni—Cr alloys in referencf22]. This is because arather porous
Z;éi:‘;/gcgr ?:fr;w)r‘;:ézraf‘(tclg?g}‘:’rr vzofufr‘nzh(‘\jv"l‘;':gefc ﬂar.gv (Ccr)(’;‘zme NiO oxide layer develops on the surface of pure nickel, while
sample asy(b) after homogenization for 48 h at 1<ZDOshowing co;nplete the CpOs oxide Iayer formlng on NI_C.r a”OyS I.s Inherenﬂy
dissolution of the Cr(Ni) layer and etched grain boundaries. dense and cohere[ﬁ3,24]. Also, foIIowmg a rapld Increase

in mass gain at short times, the oxide layers for all foam com-
positions grow according to parabolic kineti€sg. 3shows

the fitted parabolic curves with the parabolic rate constants
(kp) for times between 5 and 50 h.

nickel, leaving only a thirx-Cr(Ni) outer shell, visible as an
un-etched shell irrig. 1(b), since high-Cr coatings are not

att.acked by the e_tchant u_sed hgire]. After homogenlzgtlon Fig. 4shows the static oxidation curve for the Ni—19.4%Cr
(Fig. 1(c)), the thina-Cr(Ni) outer layer disappeared, imply- . . .
. ! . . foam compared with that for a bulk Ni-20%Cr sample oxi-
ing that concentration gradients along the strut thickness were ;. : . . . ;
dized in pure oxygef5], normalized either by their weight

removed. The typical diffusion distance calculated using dif- ;. X
fusion coefficient of Crin Nj20] is (4Dt)/2 = 177um, much (Fig. 4@)) or surface area(g. 4b)). As expected from its

larger than the strut wall thickness of gi, thus implying

that the Cr concentration is uniform in the foams after ho- 0.005

mogenization. The grain size for the homogenized Ni—19.2Cr Pure Ni 1000 C
foam shown irFig. 1(c) is 24+ 14um. 0.004 %o =86 10" roms |

Fig. 2is a plot of the time-dependence of Ni foam weight Ni12.99%Cr ]
gain upon chromizing at 100@, expressed as average con- (k,=5.4 1071

centration. Chromizing times range from 20 min for 9.2% Cr 0.003
to 600 min for 32% Cr, well within industrially acceptable
times. As expected for a diffusion-controlled mechanism,
the chromizing kinetics is monotonously decreasing, as pre-
viously found for aluminization and chromizing of similar
foams[14]. A more detailed description of the kinetics study 0.001

can be found elsewhef#3,21]

[
Ni-19.4%Cr
(k,=2.7 10

/A__A_,A————""‘"ﬂ Ni-27.2%Cr
2 (k,=6.8 1072)

0.002

Weight Gain (g/cm?)

3.2. Oxidation behavior 0 20 40 60 80
Fig. 3 shows the kinetics of mass gain at 10@up to Time (hrs.)

about50h fort.he fpur l\.“ an.d NI_Crfoa.mS StUd_Ied_' It |_s_appar- Fig. 3. Kinetics of static air oxidation at 100C for unalloyed Ni foam and

ent that the oxidation kinetics of the Nifoams is significantly ni_cr foams with 12.2, 19.4, and 27.2%Cr. Solid lines are parabolic fits

slowed by the Cr alloying addition. As compared to the pure with the rate constants (e s) listed in the figure.
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012 P T T T T T T T T T T T T Table 1
[ ] Microhardness for struts of heat-treated foams

] Microhardness (HV)

- Pure Ni 74.4+ 3R
N Ni-12.3Cr 116+ 9

Ni-19.4Cr 120+ 13
Ni-27.2Cr 166+ 14

a As-received foam.

[ | 1000°C
B air

0.08 |
Ni-19.4%Cr, foam

0.04 .’;" Ni-20%Cr, solid p at 900°C for 66 h[22]. It can thus be safely assumed that
[/ / ] the dense oxide layer iRig. 5is predominantly GiOs. Its
' 7 thickness is about 10% that of the average wall thickness.

Weight Gain (g/g)

3.3. Mechanical properties at ambient temperature

The results of the microhardness tests conducted at room
temperature are summarizedible 1 Allindentations were
] made at least 2@m away from the nearest cell strut edge.
] As expected from the solid-solution strengthening effect of
chromium in nickel, the strut hardness increases with increas-
] ing chromium content.
\ Ni-19.4%Cr. foam 1 Compressive stress—strain curves at ambient temperatures
Ni-20%Cr, solid ] for Ni foams with 0-27.2%Cr are shown kfig. 6(a), where
the foam stress is the applied load divided by the speci-
men cross-sectional area. The pure Ni foam was annealed at
1000°C for ~30 min before testing to produce a microstruc-
ture comparable to that of the alloyed Ni—Cr foams. All foams
display the behavior typical of a ductile metallic foda7]:
linear elasticity at low stresses, followed by a long plastic
0 20 40 60 80 collapse region where the stress rises slowly, and finally a
densification regime where the cell walls start to contact and
the stress rises steeply. It is apparent friéig. 6(a) that in-
Fig. 4. Kinetics of static oxidation at 100C for a Ni—19.4%Cr foam in air creasing the chromium content of the foams leads to an in-
and for bulk Ni-20%Cr in pure oxygei5], with weight gain normalized ~ crease in the plastic collapse stress, or foam yield stress, cor-
by (a) sample weight and (b) sample surface area. responding to the end of the elastic region and start of the

plastic collapse region, and determined graphically from the

much higher surface area, the Ni—19.4%Cr foam exhibits €XPerimental curves as shownfig. &@a).

much faster oxidation kinetics than Ni—20%Cr solid when

normalized by weightRig. 4(a)). However, no difference is ~ 3-4. Creep properties

observed, within experimental error, in the oxidation kinetics

normalized by surface areas, as showfi 4(b), indicating The Ni-21%Cr and Ni-29.6%Cr foams displayed a pri-

that the oxidation mechanism for the foam in air is the same Mary creep phase with decreasing strain rate, followed by a

as that for the bulk alloy in pure oxygen. secondary creep regime with a minimum strain rate constant
The high-temperature oxidative resistance of metals de-0ver an extended period of timeig. 7(a) shows the mini-

pends on the formation of a surface layer (scale) that actsMum strain rate plotted against the applied stresfor these

0.003

1000°C
air

0.002

0.001

Weight Gain(g/cm?)

(b) Time (hrs.)

as a barrier to Oxygen transport. Showrﬁg 5 is a non- foams tested at 82%. The Creep data follow a pOWer'IaW.
porous, protective scale of oxide layer, which formed on the —0
surface of a Ni—19.4%Cr foam exposed in air for 55h. The & = Ko" exp (—) 1)

possible oxide species that can develop on Ni—Cr alloys in-

clude NiO, NiCpQOy4, and CpOg, the prevalence of eachvary- whereK is the Dorn constant) the stress exponenf the

ing with oxidation temperature and treatmg#]. However, creep activation energithe gas constant, afidhe tempera-

as temperature increases abov@00°C, the formation of ture. The best-fit stress exponents are 3.7 for the Ni-21.0%Cr
chromium oxide (GfO3) becomes dominar®2,26] The foam and 3.3 for the Ni—29.6%Cr foam, which are lower than
morphology and dimension of the scale formed on the sur- the value reported for Ni—20%Cr bulk allog € 4.6) in the
face of a Ni—=19.4%Cr foam (5—-30m) at 1000°C for 55 h is temperature range of 680—118D [28]. The narrow range
similar to that reported for a Ni-20%Cr bulk alloy8 iwm) of stresses (0.1-0.2 MPa) measured is due to the following
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Fig. 5. Optical micrograph of cross-section of a strut for a Ni—19.4%Cr foam oxidized in a5®h. A 5um thick oxide scale is visible at the strut surfaces
(and is missing in some areas due to metallographic preparation).

constraints: stresses higher than 0.2 MPa lead to power-lawated by pack chromizing of Ni foanjg9]: the process tem-
break-down (as also reported in refereffgefor NiAl foams perature was reported as 11T but no information was
and[7] for Alfoams), while stresses below 0.1 MPa cannotbe provided for the process time or the pack composition. The
achieved with the present creep apparatus, due to the weightesulting foams exhibited a Cr content of 13—-20%, with a
of the pushrod. higher relative density (5%) and larger cell size (5 mm, cor-
Also shown inFig. 7(a) are creep data for Ni-8.3%Al responding to 5 ppi) than the foams presented here. Other
and Ni—16.6%Cr-5.5%Al superalloy foanji$4], exhibit- techniques have been proposed for making Ni—Cr foams: sin-
ing creep rates which are lower by one to two orders of tering of Ni—Cr cut wire$30], electrochemical deposition of
magnitude as compared to the Ni—Cr foams, despite their Cr upon Ni foamg31], suspension—electrochemical deposi-
lower relative densitiesof = 2.5-2.9% for the superalloy tion on polymer foam§32], and sintering of Ni—Cr powders
foams versug™ = 3.0-3.3% for the Ni—-Cr foams). This illus-  [33]. As compared to the cementation technique, the sintered
trates the intrinsically better creep resistance of precipitation- wire or powder foams suffer from low strength (due to the rel-
strengthened nickel superalloys containing aluminum, as atively weak sintering necks), and the electrochemically pro-
compared to solid-solution-strengthened nickel alloys con- cessed foams are prone to contamination from additives used
taining chromium. in the bath and possible uneven deposition along the foam
Fig. 7(b) shows the minimum strain rate plotted against struts. The present cementation approach currently consists
the inverse of temperature for the Ni-29.6%Cr foam tested of two steps (cementation at 1000 and homogenization
at a constant stress,= 0.128 MPa between 725 and 825. at 1200°C) which could however easily be combined into a
Fitting the data td=q. (1)results in a creep activation energy single processing step at an intermediate temperature.
of 249 kJ/mol. This value is similar to that of bulk Ni-20%Cr

(285 kJd/mol) in the temperature range of 680—116(28]. 4.2. Oxidation behavior
The parabolic oxidation kinetics of the foams (listed in
4. Discussion Fig. 3 at 1000°C are indicative of a diffusion-controlled
process, typical of metals oxidized at elevated temperatures
4.1. Processing without severe degree of distortion and delamination of the
oxide layer[34]. The parabolic rate constants of the foams
Besides our previous article on Ni—Cr—Al foafigl], we are in general agreement with those reported in the literature

are aware of only one article where Ni—Cr foams were cre- [22].
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Fig. 7. (a) Secondary strain-rate plotted against stress at@26r two

Ni—Cr foams with 21.0 and 29.6%Cr, showing stress exporrent3.3-3.7;

data for Ni foams with 8.3%Al and 16.6%Cr and 5.5%Al with superalloy
with 12.2-27.29%Cr foams; (b) plot of foam plastic yield stress (normalized mic_rostructure{;14] are also shown. (b) Secondary strain-rate pIotte_d against
by alloy yield stress) vs. foam relative density, together with predictions theinverse thempera_tur(_e ataconstantstress of 0.128 MPafor aNi—29.6%Cr
from Eq. (2)with Cs = 0.15, 0.3, and 0.6. foam, showing an activation ener@y= 249 kJ/mol.

Fig. 6. (a) Room-temperature compressive stress—strain curves for unal-
loyed Nifoam (previously annealed 30 min at 10@) and four Ni—Cr foams

~ Fig. 3shows that the oxidation resistance of the Nifoams expected from solid-solution strengthening by chromium in
improves only marginally with the addition of 12.2% Cr, but  nickel. The hardness increases near linearly with chromium
dramatically with 19.4% Cr. This is in good agreement with content, similarly to the near linear increase in yield strength

the oxidation behavior of solid Ni—Cr aIons which show reported for bulk Ni—=Cr a||oys over the same Composition
a significant improvement in oxidation resistance when the range[35] as listed inTable 2

chromium content exceeds 15-2(0283], a result attributed Fig. 6(a) shows that the yield stress of the foassin-

to the formation of a very adherent, dense@ylayer. How-  creases with increasing chromium content, which can be
ever, the adverse effect of chromium on the oxidation resis- caused both by the increase in foam relative density (fol-
tance of bulk nickel for chromium content less that0 wt.% lowing mass gain during the chromizing process) and the in-
[22] was not observed for the Ni—12.2% Cr foams examined crease in metal yield stress by solid-solution strengthening.
in the present study. The relative importance of these two mechanisms is taken into

account in a model for the yield stress of open-cell metallic

4.3. Mechanical properties at ambient temperature foams developed assuming formation of plastic hinges at the

strut joints[1].
As displayed inTable 1 the hardness of the Ni—Cr al-
loy struts increases as their chromium content increases, asy ~ Csoyp*/? 2)
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Table 2
Yield stress of heat-treated foams at ambient temperature

Pure Ni Ni—12.2Cr Ni—19.2Cr Ni—22.3Cr Ni—27.2Cr
Relative density™* (%) 22 27 29 30 32
Measured foam yield stress* (MPa) Q112 0.29 039 055 091
Alloy yield stressoy (MPa)([35] 90 180 220 235 255
Yield ratio oy */oy 0.0012 00016 00018 00023 00036

a8 Annealed foam.

where Cs is a constant in the range of 0.3 angl is the
yield strength of the bulk material. Using valuesogftaken
from referencq35] (and listed inTable 3, the normalized
foam yield stressy /oy is plotted against the relative density
p*in Fig. 6(b) in a double logarithmic manner, together with
the prediction ofEq. (2) The slope of the best-fit curve in
Fig. 6(b) is 2.5, which is significantly higher than the value of
1.5 predicted b¥q. (2) However, data are in general agree-

Creep parameters measured for a Ni-20%Cr bulk 428y
(n=4.6,Q=285kJ/mol, an& = 3.8 MPa*%s~1) are used

to plot the creep rates predicted frdags. (3) and (4¥or

the Ni—-21.0%Cr and Ni—-29.6%Cr foamshig. 8a) and (b),
respectively. The creep rates predicted by the bending model
(Eq. (3) are over three orders of magnitude higher than for
the compression modek(. (4), as also reported in our pre-
vious studies of NiAl, Ni—Al, and Ni—Cr—Al foamfb,14].

ment withEq. (2) considering the large experimental error
for o /oy (conservatively estimated as20%) and the fact
thatEq. (2)was found to predict within a factor of ca. 2 the
yield stress of aluminum foams with relative densities in the
range of 3—40%36]. This is illustrated irFig. 6(b), where
the experimental data fall within the bounds giverBxy (2)
plotted withCs = 0.15 and 0.6.

4.4, Creep properties

As for yield strength at ambient temperature, the creep re-
sistance of the Ni—Cr foams is expected to improve with in-
creasing chromium concentrations according to two distinct
mechanisms: increased foam relative density and increased
solid-solution strengthening. Both effects are captured in a
model by Gibson and Ashbj], who assumed a foam unit
cell with joints consisting of two horizontal and one verti-
cal strut. The vertically applied load is transmitted through
vertical struts (assumed to remain rigid) to horizontal struts,
which deform by creep bending. The foam steady-state creep
ratee* is then predicted to be

. 0.6 17(2n + 1) " —(3n+1)/2 _Q

* *n x—(3n =

& _K(n+2)< . >G 0 exp RT
3

with the same Dorn constaldt stress exponemt and activa-
tion energyQ as the bulk metal, assumed to deform according
to the power-law oEq. (1) Eq. (3)was developed for solid
struts, but the hollow strut geometry of the Ni—Cr foams does
not affect the predictions of the creep-bending model appre-
ciably for the present high ratio of wall thickness to strut
diameter[37].

Another foam creep model developed by Hodge and
Dunand5] assumes that vertical struts span the whole height
of the foam and deform by uniaxial creep compression, while
horizontal struts remain rigid, and only prevent buckling of

107 rr
£ | Ni-21.0Cr :
10°° r 825°C Bending modé .I
3 El(L Q 3
-4 [ 1
5 10° ! 46 Experimental ]
g r ‘/pdata 1
5] ]
a4 [
£ 10°
S !' _./'2.)’ .!
(2] -7 [ ‘ h
10 r Compression modé 1
3 16 Eq. (4 E
10'9 2 PR s
0.1 0.2 0.3
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10° rr
Ni-29.6Cr Bending malel ]
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21 1
2 10° 1
© Experimental 3
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c oan7
@ 10 -!
2 ]
10 -I
-9 — Compression modé ]
10 46 Ea. (4 1
107 . .
0.1 0.2 0.3

Stress (MPa)

the vertical struts. The foam creep rateis given as

k() omexp (22
& —K(3> o eXp(RT)

4)

Fig. 8. Comparison of the experimental creep data for (a) Ni-21.0%Cr and
(b) Ni-29.6%Cr foams at 825C and predictions from analytical calculations
based on the bending of strutd. (3] and creep compression of strui.

(4)], assuming dislocation creep.
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This is because the two models represent extreme cases: the
bending model corresponds to a weak foam geometry where
three struts converge into each cell joint, whereas the creep
compression model is for a strong geometry where six struts
converge into each joint. In general, real foams with com-
plex cell architecture will exhibit a mixture of both bending
and uniaxial compression in their struts, so that experimen-
tal values are expected to fall between the two predictions.
Previous studies on NiAl, Ni—Al, and Ni-Cr—Al reticulated
foams[5,14] have shown experimental values to be much
closer to the compression model than to the bending model.
In the present case, the logarithm of the creep rates of the
Ni—Cr foams falls half way between the predictions of both
models Fig. 8@) and (b)). Also, the stress exponent of the
foam is different from that of the bulk alloyn(= 3.3-3.7
versusn = 4.6). These discrepancies may be explained by
the presence of an additional creep mechanism as discussed
below.

The Ni—Cr bulk alloys studied by Monma et §28] ex-
hibited an average grain size of 400—44@, which is much
larger than that of the present Ni—Cr foams @2414pm
for the Ni-19.2%Cr foamkig. 1(c)). Therefore, diffusional
creep processes active for materials with small grains should
also be considered. The diffusional creep rate equation is
given aq38]

14082

D 5
KTdZ eff ( )

£ =
where 2 is the atomic volumex the Boltzman constant
the grain size, and the effective diffusion coefficient is given

by

IT(SDb:| ©6)

Def =Dy |14+ =—=
eff v|: + d Dy
with Dy as the diffusion constant for lattice diffusion of
nickel, andéDy, the diffusion constant for boundary diffu-
sion. All the above parameters are given in referei3&

(@
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Fig.9. Comparison between experimental creep data for the (a) Ni—21.0%Cr
(p* =3%) and (b) Ni—29.6%Cr* = 3.3%) foams at 825C and predictions

or Ni— oCr and assumed to be unchanged for Ni— 0Cr from analytical models based on creep bending or creep compression, after
for Ni-20%Cr and dtob h d for Ni-30%Cr f lytical models based bend ft
(based on the small or inexistent variability in these pa- combining both dislocation creep and diffusional creep processes. Disloca-

tion creep is dominant at high stresses and diffusional creep at lower stresses.

rameters between Ni—10%Cr and Ni—-20%438]). For the
relatively low temperatures and small grain sizes of the
present study, the volume diffusion is much lower than the
boundary diffusion, indicating that Coble creep dominates
Nabarro—Herring creep in the struts of the Ni—Cr foams.
Replacing the power-lawEg. (1) for dislocation creep
with the Newtonian flow lawEq. (5) for diffusional creep

Solid lines represent predictions with an average grain size pfn24nd
dotted lines positive (2@m) or negative (1g.m) deviations.

Because dislocation creep and diffusional creep are indepen-
dent processes, their rate equations can be added to obtain
the overall creep rate of the foams. This is don&im a)

in the derivation of the foam creep models results in the fol-

lowing equations for the strut bending model:

and for the strut compression model:

. 140 *\ 1
8* = _K-sza*<%> Deff

and (b) for the creep bending model (suntgfs. (3) and (7)

and the creep compression model (suniqé. (4) and (8)

As expected, dislocation creep dominates at high stresses and
diffusional creep at low stresses. The experimental data are
near the transition region where both mechanisms contribute
significantly to the overall foam creep rate, in the vicinity

of 0.04-0.15 MPa for the bending model and 0.2-0.8 MPa
for the compression model iRig. 9a). In this transition
region, the stress exponent is expected to vary betweeh
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(for diffusional creep) and = 4.6 for dislocation creep. The 3.
foams stress exponent is indeed intermediate between these
values (= 3.7 for Ni-21.0%Cr and = 3.3 for Ni-29.6%Cr
foams). Within the error bands given by the uncertainty in
grain size (estimated to e 5 micrometers), the creep com-
pression model is in agreement with the experimental creep4.
data, but the creep bending model significantly over-predicts
the data. A similar situation was reported for the power-law
creep behavior of NiAl, Ni-Al, and Ni—Cr—Al reticulated
foams[5,14] created by pack-cementation from the same Ni
foams. It was then noted that both models are valid, but rep-
resent extreme cases: foams with few struts converging into
nodes will exhibit mostly bending in their struts, so tEafs.

(3) and (7)are expected to provide a good approximation 5.
of their creep behavior. Foams with many struts converg-
ing into nodes will deform primarily by strut compressive
deformation, and their creep behavior will be more closely
approximated b¥gs. (4) and (8)

We note that the above equations assume simple, idealized
cell geometries which cannot capture the complex deforma-
tion occurring within the present foams: spatial variations
in strut cross-section, orientation, connectivity, composition,
and grain size all result in a distribution of strain rates within
the foam, for which only the volume-averaged rate is mea-
sured experimentally. More complex finite-element models
are needed to quantify these variations, but the idealized foam
creep equationggs. (3), (4), (7) and (§provide simple es-
timations capturing basic differences in foam geometry and
creep mechanisms.
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Creep tests performed on Ni—21.0%Cr and Ni—29.6%Cr
foams at 825C indicate that the foam with higher Cr
content is more creep resistant, probably for the same rea-
sons mentioned in point 1 above for the increased yield
strength.

Introducing power-law creep parameters from Ni—Cr bulk
alloys of similar composition into two analytical creep
foam equations (based on struts deforming by bending
or compression by dislocation creep) provides predic-
tions which bracket the experimental creep data for the
two Ni—Cr foams; the creep exponent of the foams=(
3.3-3.7) is however smaller than that of the base alloys (
=4.6).

The relatively small grain size of the Ni—Cr foam struts
indicates that diffusional creep may be dominant at low
stresses. The above two equations are modified to incor-
porate the contribution of diffusional creep. The experi-
mental data are then, within experimental error, in quanti-
tative agreement with the creep compression model in the
range where both diffusional and dislocation creep are
significant, while the creep bending model significantly
underestimates the creep resistance of the foams. Further
experiments at lower stresses will be needed to probe the
validity of the foam diffusional creep equations.
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The foam creep equations based on strut compressive defor
mation seem to explain quantitatively and without adjustable
parameters the behavior of the present foams, within a rela-
tively large experimental error. To confirm the validity of the
diffusional creep equation&(s. (7) and (8) further exper-

iments at lower stresses, lower temperatures, and/or lower

grain size are needed to access a regime where diffusional
creep is the sole dominant deformation mechanism.

5. Conclusions

Reticulated Ni—Cr foams with 9-32 wt.% Cr and relative
densitiesp* = 2.6—3.5% were created by a pack-chromizing
method. Their mechanical and oxidative properties were
studied, leading to the following conclusions:

1.
increases with chromium content, as a result of increases
in both foam relative density and strut yield strength due
to solid solution strengthening. The data are in general
agreement with an existing model.

The oxidation kinetics of the foam is similar to those of the
corresponding bulk Ni—Cr alloys, after taking into account
the higher foam surface area.

Atambienttemperature, the foam compressive yield stress

perimental assistance with oxidation measurements.
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