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Low-density, open-cell nickel base superalloy foams have been synthesized by a
high-rate, electron beam-directed vapor deposition process and their mechanical
properties evaluated. The deposition process uses an open-cell polymer foam template
upon which is deposited a metal alloy coating. The electron beam evaporated flux was
entrained in a rarefied transonic gas jet and propagated along the flow stream lines
through the polymer structure. After vapor deposition, the polymer template was
removed by low-temperature thermal decomposition. The resultant ultralightweight
metal foams consisted of a three-dimensional open cell, reticulated structure possessing
hollow triangular ligaments with relative densities of <3%. Their mechanical integrity
was increased by either pressureless or transient liquid phase sintering. The mechanical
properties of these ultralightweight metal foams were comparable to theoretical
predictions for open-cell, reticulated foams.

I. INTRODUCTION on polymer templates. The as-deposited structures
are subjected to a low-temperature thermal treatment
Ultralightweight cellular solids can be manufacturedduring which the parent polymer template is thermally
from numerous metals and metal alloys by a wide varietydecomposed. This is usually followed by a high-
of methods: The properties of these materials dependemperature sintering treatment to densify the ligaments.
upon the properties of the metal, the relative density ofThese methods result in foams with cell sizes ranging
the foam, and the distribution of material within the foamfrom 100.m to 5 mm and relative densities from 0.01 to
(e.g., open or closed cell, cell size, etc) Closed-cell  0.15.
metal foams possess high modulus and strength charac-The electrolytic deposition process involves the disso-
teristics, high impact energy absorbing characteristfts, lution of one electrode (an anode) and the deposition of
very low thermal conductivitie$,and excellent acoustic this metal on a second electrode (the polymer template
damping characteristids? when compared with the cathode). Because polymer-based foams are nonconduc-
metal from which they are made. Open-cell foams are notive, they must be made electrically conductive by either
as stiff or as strong, but they posses characteristics whickputtering or ionic deposition. The metal foam is then
can be exploited in multifunctional load supporting andcreated by the subsequent electrolytic deposition of el-
heat dissipation applications because of the ability teemental Ni or Cu. Metal foams produced by this method
flow fluids readily through the heated structdfe**  are currently manufactured under the trade names Celmet
They also have a high surface area to volume ratio an¢Sumitomo Electric, Osaka, Japan) and Metapore (Soci-
can be used as high-temperature supports for catalysée Sorapec, Fontenay Sous Bois, France) for use in Ni—
and electrodes in electrochemical cells. Cd and Ni—-metal hydride batteries and catalytic devices.
Numerous solid- and liquid-state processes have beeA major limitation of electroless deposition processes is
developed for the manufacture of closed-cell metathat deposition is limited to a few metallic elements (al-
foams and porous solids. These include melt gas injedeoys are difficult). In addition, deposition rates are low
tion, gas releasing particle decomposition in melts andapproximately 0.2—2.0.m/min), and nonuniform depo-
semisolids, gas metal eutectic solidification, and ensition may occur due to uneven field distributions over
trapped gas expansidriThese methods result in foams irregular shaped objects. The resultant foams often ex-
with cell sizes ranging from 10@m to 5 cm and rela- hibit poor physical and mechanical properties because of
tive densities from 0.05 to 1.0. The synthesis of opentheir pure metal composition.
cell metal foams can be accomplished by investment Chemical vapor deposition (CVD) of a metal carbonyl
casting using an open-cell motd,electrolytic deposi- gas has also been used to manufacture metal f68rfs.
tion,"**%and chemicaP or physicaf>**vapor deposition Pure (>99 wt% Ni) metal foams manufactured by
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thermal decomposition of Ni(C£) gas are produced by Il. DEPOSITION METHODOLOGY

Inco Limited (Toronto, Ontario, Canada) under the trade E|actron beam evaporation is a widely used method
name Incofoam. It is increasingly used for the nickelgo the high-rate production of atomic and molecular va-
electrod_e of rechargeable batteries. Refractory met%or?S Normally, vapor is ballistically transported to a
foams (i.e., Zr, Nb, Hf, Ta, W, and Re) produced by g hsirate under high-vacuum conditions where it con-
chemical vapor infiltration (CVI) are also manufactured yenges on surfaces that are in the line-of-sight of the flux
by Ultramet Advanced Materials (Pacoima, CA) and Re-gqrce. However, by intersecting the vapor plume with a
cemat International (The Netherlands) under the tradgy efied trans- or supersonic inert gas jet, it is possible to
names Ultrametal and Recemat. Potential applicationgnirain the evaporated flux in a nonreacting gas flow and
include thermal insulation, lightweight nozzle flaps for yansport it to a substrate under low-vacuum (0.1-10 torr)
advanced turbine engines, aerobraking structures, aircratt yitions26-27 Deposition of the atomistic flux then oc-
wing and fuselage structures, molten metal, and catalytig s by gas phase scattering from the stream lines of the
filtration devices. Advantages of the CVD and CVI proc- ¢\ 26 A schematic illustration of such an electron
esses include high throwing power resulting in highpeam_girected vapor deposition (EB-DVD) process is
deposition rates, non-line-of-sight deposition, relativelygnown in Fig. 1. The system used for deposition con-
inexpensive capital equipment costs (because it is a lovijsieq of a 60 kV/10 kW axial electron beam gun (modi-
vacuum process) and the ability to deposit both elementgle 1o function in a low vacuum environment) and a He
metals and some alloys. However, vapor decompositioyrier gas jet. A more complete description of the EB-
of the least expensive chemical precursors occurs at highyp system and its available processing range can be
temperatures where the thermal stability of the polymeg, nd elsewherd®2°

template must be taken into consideration. The need 0 \yhen the gas jet intersects an object, the stream lines
use toxic, low decomposition temperature chemical prepass around the object. Scattering of the condensable flux

cursors results in a costly process that is difficult g this flow then enables non-line-of-sight deposition.
implement in an environmentally satisfactory manner.

Physical vapor deposition (PVD) techniques including
metal spray deposition, thermal evaporation, reactive
sputtering, and arc-vapor deposition have also been use
to manufacture metal foant$-%* The arc-vapor deposi-
tion process developed by Vapor Technologies, Inc
(Boulder, CO), and other conventional PVD processe:
investigated by Montedison (Milan, Italy) have been pat-
ented in recent years. However, PVD processes suc
as these offer a number of potential advantages includin
the ability to deposit most metal elements and many
of their alloys and to even create foams with multilayered -

High vacuum
=" Ipump

Electron beam

or functionally graded metal ligaments. However, ~ \D'*é%rr%'.}""" \
because these processes operate in high vacuu Pressure S N
(10"°-10"°torr), they coat only the surfaces that are in gauge =
the line-of-sight of the vapor source. This is likely to result He Jet N N
in uneven coating of the polymer template, depending ot T _ ~
the cell size. In addition, low deposition rates (less thar gefidon 3 O
_2 Mm’r_nin)f IQW mat_eria_lls utilization factors, and difficulti_es Mixing chamber || NoZZle : Vaporized
in maintaining stoichiometry for alloys whose constitu- Crucible material P?ggg‘n‘"
ents possess widely varying vapor pressures can impo: template
constraints upon the use of conventional PVD technique
for the low-cost synthesis of metal foams. Pressure |  Sontinuous

Here, we explore the application of an electron beam: gauge C\):[
directed vapor deposition (EB-DVD) approach for syn- Thmﬂle% I%
thesizing open cell metal alloy foams. In the EB-DVD plate
approach, electron beam-evaporated vapor is entrained Mechanical
a rarefied transonic gas jet and propagated through C'Li“%';er

polymer foam template._We .ShOW that low-density metaIFIG. 1. Schematic diagram of the EB-DVD processing chamber

foams C‘?‘n be Create_d in this manner and report Or_] th§1owing the introduction of a carrier gas flow into the chamber

mechanical properties of foams made from a highthrough a nozzle which transports the evaporated source material
temperature, corrosion resistant nickel-based superalloyhrough the polymer template.
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The degree to which blind surfaces can be coated is e an atmosphere containing oxygen. The burnout con-
complicated function of the objects shape, the flow fieldditions determine the amount of residual carbon which
near it, the composition of the flow, and the collision remains to potentially contaminate the metal foam. Vari-
cross section of the material to be deposited. As a resulgus decomposition approaches have been explored. In
there exists an optimal set of process conditions that arene, the polymer was heated at approximately 1 °C/min
best suited for each objects coating. These are controllear less to a temperature between 350 and 500 °C in
by the electron beam power and scan pattern on the metalr.*>?3In another, metal-coated polymer templates were
source, the gas inlet nozzle flow pressure, the operatinapidly exposed (less than about 5 s) to a temperature of
chamber pressure, and the nozzle geometry. These can atlleast 600 °C (in air) to thermally decompose the poly-
be significantly varied facilitating wide processing con- mer template. This latter process caused the gaseous oxi-
dition variations. dation products to form a large internal pressure and
For the deposition experiments reported here, cylindricreated burst holes in the metal lay@iere, the poly-
cal samples were used (25.4 mm in length and 12.7 mmrethane templates were removed by thermally decom-
in diameter) as the deposition template. They consistedosing the polymer in vacuum (approximately 1 6orr)
of open-cell, reticulated polyurethane foams with a poreéby heating at 1 °C/min to 250 °C and holding for 2 h.
size of approximately 0.85 mm (30 pores/in. nominal).This resulted in complete removal of the polymer core
The polymer foam was positioned 7.0 cm from thewith minimal carbon residue.
nozzle and 5.0 cm from the vapor source. The polymer After thermal decomposition, the samples were either
foam templates were rotated about its cylindrical axis apressureless sintered or transient liquid-phase sintered.
approximately 1 revolution/min and also translated axi-Pressureless sintering consisted of heating the samples at
ally through the vapor flux region to promote uniform a rate of 10 °C/min up to 1150 °C, holding for 12 h fol-
deposition and complete infiltration. Several trial depo-lowed by furnace cooling at approximately 25 °C/min in
sition experiments were conducted using different comvacuum (approximately I8torr). For transient liquid
binations of upstream and process chamber pressures apldase sintering, an alloy powder with a nominal compo-
gas flow rates. At low process pressures (0.30 torr), flussition of Ni-25.0 Cr-10.0 P-0.03 C wt% (Nicrobraz 51)
scattering from the stream lines resulted in thick coatingsvas used. To apply this liquid phase sintering material,
at the exterior of the sample. Very low process pressure$0—-100pm-diameter braze powder was mixed with a
enhance line-of-site coating and incomplete coverage dbinder and applied throughout the foam using an air pow-
ligaments. Intermediate process pressures of 0.07 toared fluidized bed. The samples were then heated at a
resulted in best ligament coating uniformity. The final rate of 10 °C/min up to 550 °C, holding for 1 h (to vola-
operating conditions selected for the deposition usedilize the binder), and then continued heating to 1120 °C,
an electron beam power 2100 W, He gas flow= holding for 2 h followed by furnace cooling at approxi-
3.5 standard L/min, chamber pressute0.07 torr, and mately 25 °C/min. In all cases, the mass of liquid-phase
upstream nozzle pressure 0.68 torr. During deposi- sintering agent added was less than 5% of the mass of
tion, some heating of the substrate occurred. The proceseposited metal foam.
conditions ensured the temperature remained below ap- The morphology of the EB-DVD foam structures was
proximately 100 °C to prevent slumping of the polymerevaluated by scanning electron microscopy (SEM) and
template during deposition. Variation of the depositionfocused ion beam microscopy (FIB). X-ray diffraction
time allowed the metal thickness to be varied. (XRD) patterns and the lattice parameters (evaluated
An Inconel alloy 625 nickel-based superalloy of nomi- from {111} peaks) were obtained using Cy, Kadiation
nal composition Ni—21.3 Cr—8.8 Mo—-3.9 Nb—0.13 Al- and a scan rate of 0.02 deg/min. The mechanical proper-
0.19 Ti wt% was used for deposition. Conventional ingotties of the foams were determined using uniaxial com-
processed Inconel alloy 625 is a non-age-hardenablg@ression tests at a strain rate of 0.024 thirBecause
solid solution alloy with a face centered cubigghase) the initial loading of a metal foam may not accurately
crystal structure. It is microstructurally stable up torepresent the true elastic modulus, each foam was
650 °C. The high alloying element concentrations makdoaded and unloaded at 2, 4, 6, 8, and 10% strain and
the alloy well suitable for high-temperature applicationsthe Young’s modulus was calculated from the unload-
where corrosion and especially pitting resistance are rang curve.
quired. Nominal properties for the fully dense polycrys-

talline alloy are the following: yield strengthy, = IIl. RESULTS AND DISCUSSION
414 MPa; Young’'s modulug = 208 GPa; shear modu- A Coat hol
lus, G = 81 GPa; densityp = 8.44 g/cni.®° - Coating morphology

After deposition, the polymer template was removed The morphology of the directed vapor-deposited foam
by a thermal decomposition step. Typically, metal foamand the polymer template used for its synthesis is shown
manufacturers remove the polymer templates by heatingn Fig. 2. It can be seen in Fig. 2(a) that the reticulated
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polymer foam template had cusp-shaped ligaments witB. Microstructural analysis

triangular cross sections. The as-deposited metal foam

therefore had hollow ligaments with cusp-shaped triand. As-deposited condition

gular interior voids, Fig. 2(b). The metal thickness was

found to be similar on each of the three sides of the The morphology of the EB-DVD foams in the as-
ligaments. However, some thickening at the apex wasleposited condition is shown in Fig. 3. The as-deposited
observed. This appears to be a manifestation of thenicrostructure had a fractal surface created by the com-
higher flux view factor at these locations. Sectioning in-petitive growth of tapered columns, Fig. 3(a). The pri-
dicated that the coating thickness decreased slowly witinary domed surface features were approximatelynb
depth into the foam. For the samples synthesized heréy diameter and in some cases exhibited intercolumnar
the coating thickness on interior ligaments was approxicracking, Fig. 3(b). Some of the tapered columns ex-
mately 20% less than that on ligaments located on théended from the substrate to the coating surface while
samples exterior. Therefore, we expect interior locatesthers had nucleated in the coating and extended to the
cells to be more compliant than cell located around thesurface, Fig. 4. In general, the intercolumnar cracking
circumference of the samples. was locally perpendicular to the deposition surface.

Reticulated
Polyester Foam

Solid ligaments

EB - DVD
Inconel® 625 Foam

Hollow ligaments

100 um

FIG. 2. Micrographs showing the structure of (a) the parent reticulated polymer foam with solid ligaments and (b) the EB-DVD metal foam
possessing hollow ligaments after the thermal decomposition treatment.
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As deposited
a) ligament

FIG. 4. Focused ion beam micrograph showing the ligament cross
section in the as-deposited condition.

various growth mechanisms dominate) to zone3/dt,
(whereT is the substrate temperature during deposition
andT,, is the coating material’s melting point) and inert
gas pressure. Their contributions depend upon the ho-
mologous temperature of the film during growth, the
deposition rate, the incidence angle distribution of
the condensing flux, and characteristics of any energetic
assisting ions/

For the metal foams synthesized here, the deposition
temperature was 0.2/ T,, which is in the region labeled
zone T (where, 0.1 J/T,, < 0.3); however, the struc-
tures exhibited characteristics more reminiscent of a zone
1 structure T/T,, < 0.1). Zone 1 structures consist of
tapered crystals with domed tops which are separated by
voided boundarie¥2° The internal structure of these
crystals are poorly defined, with a high dislocation den-

- sity. The coatings are characterized by high hardness and
FIG. 3. Focused ion beam micrographs showing (a) the ligamentow lateral strengths. This was observed by the fragility
structure and (b) the surface structure in the as-deposited conditionyf the as-deposited foams. Zone 1 structures generally

result when adatom diffusion is insufficient to overcome
the effects of shadowing. Shadowing induces open

The morphology of vapor-deposited coatings is confoundaries because high points on the growing surface
trolled by four basic processes: shadowing (i.e. interacreceive more coating flux than valleys do, particularly
tion between the roughness of the growing surface anwhen a significant oblique component is present. The
the angular directions of the arriving coating atoms); sursometimes significant intercolumnar porosity (and result-
face diffusion; bulk diffusion; desorption of deposited ing zone 1 structure) observed here appears to be a result
atoms. Structure zone models (SMZs) for evaporated anef the very high effective angle of deposition and the
sputter deposited metals can be used to characterize thégh rate of deposition. The very oblique flux promotes
structure of vapor-deposited filn#§-3¢ These empirical shadowing while the high deposition rate leads to insuf-
models link characteristic structural forms (where theficient time for surface diffusior®
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2. Vacuum-sintered condition surface with a decreased surface enértfi Very little

Post deposition sintering was explored as a method tg_rain growth had occurred. The average grain size of the
reduce some of the porosity. The morphology of the EB_smter(_ad structure was about the same as the as-deposited
DVD foams after pressureless sintering is shown inmaterlal and was less tharuén in diameter.
Fig. 5. The ligament structure, shown in Fig. 5(a), was ) o i N
more uniform than the as-deposited condition, but many: Transient liquid-phase sintered condition
pores with low curvatures remained. When the surface The morphology of the EB-DVD foams after transient
was examined at higher magnification, Fig. 5(b), theliquid phase sintering (TLPS) is shown in Fig. 6. A

domed surfaces were seen to have formed a terracedarked difference was observed in ligament and grain

Pressureless sintering Transient liquid phase sintering
a) ligament a) ligament

b) surface

FIG. 5. Focused ion beam micrographs showing (a) the ligamentIG. 6. Focused ion beam micrographs showing (a) the ligament
structure and (b) the surface structure after transient liquid phasstructure and (b) the surface structure after transient liquid phase
sintering. sintering.
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structure when compared with the pressureless sintered The normalized Young's modulus (defined as the
samples. In the transient liquid phase process, a low meltmodulus of the foamE*, divided by the modulus of
ing temperature eutectic liquid forms as the melting pointhe parent solidEs) and the normalized compressive
depressant (MPD) dissolves the base material angield strength (defined as the yield strength of the foam,
spreads through capillary action as the sample is heatett, divided by the yield strength of the parent solid)

to the bonding temperatufé:*? The liquid films under- were measured from the stress—stain curves of samples
goes isothermal solidification as the MPD diffuses intowith a range of densities, Figures 7 and 8, respectively.
the base metal at a rate dependent on the diffusion comlso shown are Gibson and Ashbtheoretical relation-
stants in the bulk. The fluid film aids densification and ships for the normalized Young’s modulus of an open-
reduces porosity and defect concentrations (i.e., pinholesgll reticulated foam:

cre_lcks, fissur_es), Fig. 6(a). During t_his solution reprgcipiT Ex ‘o

tation step microstructural coarsening occurs, and signifi- i k(p_) 1)
cant grain growth was observed, Fig. 6(b). This occurs Es Ps ’

beqaus_e the squb_iIity ofa g_rain i_n its surrouno!ing quUiOIwherep* is the density of the foamy, is the density of
varies inversely with the grains size; small grains have %he parent solid. and the factdr = iO for the upper
higher solubility than coarse grains. The difference inbour?d andk = 0 1 for the lower boun(".l A similar rg%_

solubility establishes a concentration gradient in the qu-tionShip has been developed for the normalized yield

uid, and material is transported from the small grains tostrength:

the large grains by diffusion. The net result is a progres-
sive growth of larger grains with an average grain diam- o* p*>3/2

eter of less than 1@m in diameter. P 0.3(—
S pS

)

C. X-ray diffraction 0.01 ¢

X-ray diffraction patterns of Inconel alloy 625 for a ._1}" FoE =k[i)2
random powder distribution, the initial bar used for {u I _ ]
evaporation, and the as-deposited EB-DVD coating wereg | P
analyzed. All of the XRD patterns display characteristics-3 g
of a high Ni face centered cubic alloy. The lattice pa- £ i 0 e ©
rameters of the three alloys were determined from theg,

{111} peaks. The lattice parameter of the powder and barg o001 |5 o presmurless snserd -
stock was determined to k& = 0.3603 nm where the : o e e ]
EB-DVD alloy was slightly smallerg, = 0.3557 nm). &
Both are greater than the lattice parameter for pure N P
(8o = 0.3524 nm)*® These values are close to a previ- 000001 == : ‘ iy
ously determined lattice parameter of 0.3600 nm for CPS Relative density (0*/p.)
Inconel alloy 62532 The slight lattice contraction of _ ° . .
FIG. 7. Normalized Young’s modulu&t/Eg) versus relative density

the vapor deposited alloy is |nd.|cat|ve of a slightly re- (0*/p<) for the EB-DVD Inconel alloy 625 metal foams.
duced alloy element concentration. The EB-DVD alloy

exhibited a decrease in the relative amount of {200} and
an increase in the relative amounts of {220} oriented »
grains in addition to significant lattice distortion. During "2 F oL 0_3,[;,_")
sintering treatments, the texture was reduced due to r I
crystallization of the microstructure.

Duocei®

[} r .
> [ L
- F

©

0.1 ¢

Duocel®
(investment cast) L] J

o

=}

=
T

\

I\

EB - DVD w -
©  pressureless sintered o e -
® liquid phase sintered P

D. Mechanical behavior

ssive strength (cz%qalcys

1. Uniaxial compression 2 o001k Lo 4

Compressive stress—strain curves for the pressureless Eo‘,eﬂ_ce“.——"’-' o
and the transient liquid phase sintered foams exhibitecg .
characteristics typical of metal foams, including yielding © I *
(i.e., plastic collapse) followed by a plateau region and ~ **°} 5, ' T,
then densification. The stress—strain curves exhibited ser- Relative density (p*/p)
rated striations in the plateau region and were a result gfic. 8. Normalized yield strengtiwt/og) versus relative densityt/
localized fracture of individual or small groups of cells. pg) for the EB-DVD Inconel alloy 625 metal foams.

1034 J. Mater. Res., Vol. 16, No. 4, Apr 2001



D.T. Queheillalt et al.: Synthesis of open-cell metal foams by templated directed vapor deposition

Itis clear from Fig. 7 that the experimentally measured 2.
Young’s moduli lie just below those predicted by Eq. (1). 3
They fall on about the same line as investment cast foams™
with similar morphologies. One of the hypotheses pro-
posed for the decreased structural performance in thes.
elastic moduli of metal foams is the presence of imper-
fections such as cell wall wiggles and uneven material -
distribution within the cell walls, ligaments, and plateau
borders?*~“*° The normalized yield strengths, shown in g
Fig. 8, were predicted quite well by Eq. (2). 9.

V. SUMMARY

An electron beam-directed vapor deposition (EB-1;.
DVD) process has been used to evaporate and deposit an,
Inconel alloy 625 through an open-cell, reticulated poly-
urethane foam for the synthesis of ultralightweight metaft3-
foams. This technique uses a combination of an electron
beam gun (capable of operating in a low-vacuum envi-4.
ronment) to generate a vapor plume and a transonic rar-
efied gas jet to propagate the vapor through an open-cell
reticulated polymer foam. After deposition, the samplest®:
were subject to a thermal decomposition treatment to
remove the polymer template. The resultant ultralight-1¢
weight metal foam consisted of a fragile, three-17.
dimensional open-cell, reticulated structure possessmg
hollow triangular ligaments.

The as-deposited foams were subjected to either pres-
sureless or transient liquids phase sintering to increase
their mechanical integrity. The compressive stress—straimo.
curves for pressureless sintered and transient liquid phase
sintered EB-DVD metal foams exhibited characteristics?®:
typical of metal foams, including yielding (i.e., plastic
collapse) followed by a plateau region and densification.
The normalized Young’s modulus and yield strengths for
the metal foams were predicted quite well by the Gibsor?2.
and Ashby models for an open-cell reticulated foam.
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