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variety of applications and devices. The thin, porous metal sheets are less than or equal to approx-
imately 200 pum thick, have a porosity between 25% and 75% by volume, and have pores with an
average diameter less than or equal to approximately 2 um. The thin, porous metal sheets can be
fabricated by preparing a slurry having between 10 and 50 wt% solvent and between 20 and 80 wt
% powder of a metal precursor. The average particle size in the metal precursor powder should be
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Thin, Porous Metal Sheets and Methods for Making the Same

Statement Regarding Federally Sponsored Research Or Developmant
061 This invention was made with Government support under Contraet

DE-ACO576RLEIB30 awarded by the LS. Department of Energy. The Government has

certain rights in the invention,

Priority

7

2

[0062]  This invention claims priority from US. Application No, 13/032,7352, filed on
Februgry 23, 2011, and entitled, “Thin, Porous Metal Sheets and Methods for Making the

Same”

Background

[0003]  Thin, porous metal sheets can enable a variety of applications and devices
requiring materials that are relatively light weight, highly permeable, mechanically strong,
Hlexible, chemically stable, and thermally stable. For example, g thin porous metal sheet can
serve as a gualily support strecture for inorganic membranes cnabling high-performance
nembrane processing at elevated temperatures, Traditional porous metals and the methods
by which they are made, have typically not been able to simultaneously achieve these
seerntngly contradictory attributes. For example, many of the metal foam and/or screen
products are not mechanically robust enough to be formed into thin sheets {e.g., less than
300 pumn}. Furthermore, the pore sizes of most metal foams and sereen products are too large

effectively support additional materials such as membranes, Furthermore, traditional
1
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methods for making thin, porous metal sheets can be expensive and can use highly reactive

materialg such as very small metal particles. Accordingly, improved thin, porous metal

3

sheets and alternative methods for forming them are desirable,

Summary

1

{B8064]  The present invention includes thin, porous metal sheets that are less than or

i
1

equal approximately 200 pm thick, have a porosity between 25% and 75% by volume, and
have pores with an average diameter less than or equal to approxumately 2 um, While

~

embodiments of the present invention can utilize any metal for the thin, porous metal sheets,

e

metals comprising Ni, Ne Fe alloys, Ni-Cu alloys, stainless steel alloys, T3, 11 alloys, and
combinations thereof are particularly relevant. The properties associated with embodiments
of the present invention can cnabie a variety of applications and devices. For example, the
thin, porous metal sheets can support a variety of materials for applications that include, but

are not Hmtted to, membrane separations, microfiliration, adsorption, and catalysis.

Furthermore, the porous metal sheets can be further utilized, for example, in an electrods for

{00651 The thin, porous metal sheets can be fabricated by preparing a slurry comprising
between 10 and 50 wi% solvent and between 20 and 80 wibs powder of & meal precursor,

‘The average particle size it the metal precursor powder should be between 100 am and 5

um. In preferred embodiments, the metal precursor comprises metal oxides, metal hydrides
and metal organics, and especially oxides associated with Ni, Ne Fe alioys, Ni-Cu alloys,

staintiess steel alloys, metal hydrides associated with T1, and T1 alloys.

3
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bodiments. the sturry can forther inclode up to 30 wi%s pore former,

{00861 In some embog

average particle sizes between 100 nm and 10 pm. Exemplary pore

which comprises ¢
SR Y ~orde Rt are ot Hmaired 6 poarbyg ‘i ~ s } g\ Farel mmater

formers can inclade, but are not limited to carbon black, graphite, coke, starch materials, and

combinations thereof, Further still, the shurry can comprise up 1o 15 wi%e organic additives.

Hxamplary organic addifives can include, buot are not limited to, disp
ombinations thereof. Preferably, the shurry is prepared by ball-milling the

& o

plasticizers, and

constituents of the shurry,
{00071  As appropriate andfor deemed necessary, the homogeneity and stability of the
sharry can be verified prior 1o casting the green body. For example, one test invelves

confimung that no solids sediment out when the slarry is left undisturbed for at feast 30

siar

3

[B808]  "The sturry can then be cast inte a green body having a thicknes

200 pm. The 2reen ‘)0& v can be dried first for removal of volatile solvent. T
: &
etal PTECUrsor mto & metallic state and 1o remove the solvent

body s fired to convert the n

along with many of the other slurry constituents (e.g., any pore former or organic additiv

hen sintered and annealed to vield the thin, porous

to vield a fired body. 11

i3 Vi
metal sheet having a metallic backbone of networked pore structures in three dirmensions.
The porosity of the thin, porous metal sheets is between 25% and 75% by volume and the

average pore diameter 1s less than or equal to 2 pm.
in one embodiment, {iring comprises heating the green body in a reducing

{6009}
environment at a ramp rvate betoveen 0.2 and 10 °C per minute to a
ained for & time period b

A1

between 400 and 1200 °C. The firing temperature I8 maint between
12 rectly reduced to the

30 minutes and 24 hours, During firing, the metal precursor is dir
2



WO 2012/115696 PCT/US2011/063405

1

metallic state. Alternatively, firing the green body can comprise first heating the green body
in an oxidizing environment to a {irst temperature and then heating in a reducing
environment at a second temperatore. The fivst temperature 1s between 800 and 1400 °C and
the second temperature is between 400 and 1200 °C. Preferably, the ramp rate to the first
temperature s less than or equal to 10 °C per minute.

{80101  In preferred embodiments, the sintering, annealing, and/or flatiening occur in
inert or reducing enviromments at temperatures that are not greater than the melting point of
the fired body and are substantially equal to the softening point. Typically, the temperature
is between 600 °C and 1200 °C. Flattening can be conducted by applying a load (or
pressure} outo the porous metallic body against a sohid, smooth surface

{0018} In one embodiment, the slurry can be cast into two or more green body sheets
cach having a thickness between 10 and 100 pm. The green body sheets are laminated into a
single laminate and fired to vield a fired body. Lamination can comprise stacking the green
body sheets together and fusing them together under pressure and at an elevated
teraperature. The green body sheets can be formed from a single slurry composition to visld
ecpivatent sheets. Alternatively, the green body sheets can be formed from different slurry
compeositions to yield sheets having varying compositions, thicknesses, and/or structures.
For exampie, a plurality of green body sheets each having a different compaosition or pore
structore can be laminated to vield a single laminate having a graded composition or pore

stracture. In a particular example, a first green body sheet cast from a slurry having a first
composition is lgminated with another green body sheet cast from a shurey having a second

~,

composition. After {iring, sintering, annealing, and/or flattening, the resultant porous metal

s

sheet can have one side with pores having an average diameter less than 10 um (resulting
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from the fAest sturry) and a second side with pores having an average diameter less than 2
rom the second shurry),

{0121 As stated elsewhere heretn, the thin, porous metal sheets of the present invention
can ¢nable a number of applications and devices. In one embodiment, the thin porous metal

~

sheet serves as a filler for microfiliration. Accordingly, the porous metal :

{iltrate on a first side of the sheet from a retentate on the second side, wherein particles of

the retentate are at least 0.1 pm in size. Furthermore, the metal sheets can be wtilin

{16131 Further still, the thin, porous metal sheets can support a varicty of materials

inchuding catalysts, adsorbents and/or membranes. In a particadar example, a ceramic

3

materigl having pores with an average pore size between 5 and 200 nm {5 deposited on the

).)
C

{00147 The purpose of the foregoing abstract is to enable the United States Patent and

-

{rademark Office and the public generally, especially the scientists, engineers, and
practitioners in the art who are not familiar with patent or legal terms or phraseology, to
determine quuickly from a cursory inspection the nature and essence of the technical
digclosure of the application. The abstract s neither intended to define the invention of the
application, which is measured by the claims, nor is it intended to be Hmiting as to the scope

of the invention in any way.

{0015]  Various advantages and novel features of the present invention are described

b

~

herein and will become further readily apparent to those skilled in this art from the following

detatled deseription. In the preceding and following descriptions, the various exnbodiments,

ineluding the preferred embodiments, have been shown and deseribed. Included hereinis a

L
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description of the best mode contemplated for carrying owt the invention, As will be
realized, the invention is capable of modification in various respects without departing from
the invention. Accordingly, the drawings and description of the preferred embodiments set

forth hereafter ave 1o be regarded as Hlustrative in nature, and not as restrictive

Description of Drawings
0816 EBEmbodiments of the invention are described below with reference o the
following accompanying drawings.
00171 g | is a block diagram depicting a process for making thin, porous metal sheets
according to one embodiment of the present invention,
00181 Ing 2 is a graph showing the impact of milling conditions on particle size for one

1

particualar metal precursor,

3

91 Fig. 3 1s a schematic diagram depicting a possible sintering mechanism accord
$6191  Fig. 3 is a schematic diagram depicting a possible sintering mechanism according
to some aspects of the present invention.

{30267 Fig. 4 is a schematic diagram depicting a possible reduction mechanism
according to some aspects of the present invention,

6211 Fig 5 includes micrographs displaying textures and microstructures of varions
porous Ni sheets prepared according to embodiments of the present invention.

{8221 Fig & includes micrographs displaying textures and microstructures of various
porous Ni sheets prepared according to embodiments of the present wvention

{8023]  Fig. 7 s a schematic diagram depicting a possible reaction mechanism for one

embodiment of the present invention.
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{80241 Fig. 8 is a graph summarizing TGA/DSC measurements from one embodiment of
the present mvention.
{80251 Fig. 9 includes micrographs displaying surface textures of several embodiments

of the present invention,

j00267  Fig. 10 includes micrographs comparing various Ni sheets prepared according to

s

embodiments of the present invention.

{00277 Iig 11 includes micrographs compeosition summaries for some Ni alloy sheets
according {o embodiments of the present invention.

[928]  Fig. 12 is a micrograph of a layered structure described by embodiments of the
present invention,

{08291 Fip. 13 summarizes SEM/EDS compositional analysis of a porous Ki shest
prepared according to embodiments of the present invention.

{80301  Fig. 14 suromarizes SEM/EDS compositional analysis of a porous Ni sheet
srepared according to emboduments of the present invention,

{311 Fipg. 1538 a graph comparing yield strength measurements for various Ni metal

{B032]  Fig. 16 includes micrographs showing the effects of thermal treatments on Ni

sheets as described by embodiments of the present invention.
10033]  Fig. 17 mcludes graphs showing water permeability and alpae filtration flux of a
porous Ni sheet according to embodiments of the present invention,

Detailed Deseription
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{0034]  The following deseription includes the preferred best mode of one embodiment
of the present invention. It will be clear from this description of the fuvention that the
invention is not limited to these tllustrated embodiments but that the invention alse includes
a variety of modifications and embodiments thereto. Therefore the present deseription
should be seen as lustrative and not limiting. While the invention i3 susceptible of various
modifications and alternaiive constructions, it should be understood, that there is no
infention to it the mvention 1o the specitic form disclosed, but, on the contrary, the
mvention 1s to cover all modifications, alternative constructions, and equivalents falling
within the spirit and scope of the invention as defined in the claims.

B35 Figures 1-17 show a variety of embodiments of the present invention, Referring
first to Figure 1, major process steps used in one embodiment for preparation of porous
metal sheets are depicted by a block diagram. First, a batch of shury is prepared 188 by

1

nixing a metal precursor, @ pore former, and some additives with a solvent. T

yord
]
R
o

homogenous slarry 15 then casted 181 into sheets of desired dimensions using, for example,
a tapecasting technique. In some mstances, two or more of the casted sheots may be
laminated into a single green laminate. Lamination of multiple green body sheets can be
used to produce thick sheets and/or particular cross-sectional composition profiles.

{00361  The green body sheet or laminate is subseguently treated 182 under high-
temperature reaction conditions. In this process step, removal of all the pore former and
organic additives, conversion of the metal precursor inte the desired metailic phase, and
formation of pore structures can occur concomitantly. Finally, the raw porous metal sheet is
annealed 183 onder suitable gas environment and conditions gnd its surface is smoothened gt

=

the same time,

8
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{0037

Sorars

The fabrication process described herein allows decoupling of the material
forming process at atomic, nano-, micro-, and macro-scales by optimizing and controtiing
individual process steps. For example, chemical compositions of the final porons metal
sheets can be controlled by the shary batch composition, while its metallic erystaliine phase
and pore struciure can be substantially controlled through the reaction conditions, The pore
stze of the final product can be controlied by the sizes of the metal oxide precursor particles

and the pore formers, while the porosity can be determined by the pore former Ioading and

sintering conditions,

Hxample: Sturry Preparation

{30381 Shurry prepavation can depend on the desired composition for the resultant metal
sheet, In one example, NiQ powder was combined with a mixture of 0% Methyl Ethyl
Ketone {MEK) and 20% HEthanol solvents {volume ratio), Witco Emphos PS- 738

dispersant, Nolutia Butvar 13.76% Poi\\’;mii%mwai {PVB) binder, and Alfa Ae sar’

BenrylButyiPhthalate (BBP) plasticizer. In addition, Cancarb Ultra Pu re N99GY Carbon

-

YT % < s -
Black, or Asbury Graghite #4006 was added as a pore former.

{038] A batch container ts filled with an appropriate amount of zivconia milling media

{¢.g., 3/8" diameter barrel media). The amount of media used is dependent on the size of the

v

container. The solvents and dispersant are added into the batch contginer and mixed. Then,
the pore former s added to the container and the container i3 capped and shaken to let the

pore former powder be coated with the solvent/dispersant mixture so that soft agglomerates
of the high surface area material are quickly broken. Next, the metal precursor powder {e.g.,

NiQ) 18 added, and the container 15 capped. shaken, and placed on a ball mill for & minimum
9
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of 1 hours. Typically,
agelomerates of the 1
added, folowed by mixing at a relatively slower speed for a minimun of 4 hours

binder tends to increas

long milling time and lngh speed would aid break

e former and NiO powder.

e viscosity of the shury and thus, a

PCT/US2011/063405

The binder and plasticizer can then be

slower speed is needed to

alfow proper mixing. Once the sfarry is suitably mixed, it s moved 0 a stow roller and

allowed to roll at

before casting.

casting. its compeosition and uniformity determine the erystal phase composition and
untfornuty of pore stryctures in the final product, respectively. In the inste
oxtde 18 used as the Ni precursor material. Graphite and carbon black
evaluated as the pore forming material, For a giv
properties of the slorry can be

plasticizer. Tables

preparation of pe

Table Ia. Slurry b

a speed that {acilitates removal of trapped air bubbles from the

The slow rolling of the shary is kept for a minimum of 2 hours before

eparation can directly affect the ability 1o conducttape

it example, nickel

particles were

o loading of NiG a

faand 1b summartze the batch compositi

rous Mi sheets,

ch composiiions for porous Ni preparation

I #

hurry

3

adjusted by use of solvent, dispersing agent, binder, and

uated in this work for

Pore former, vol¥

| 9 RS 5N

oy

Solds, vol.%

"

RN

Sturry vol., mi
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 Bthanol 0.0% 6.6% 3.6% 6.6% 6.7%% 5.0% 4.6%
 MEK 24.6 27.0% 1232% 127.0% |273% 22.8% | 19.0%

P8-236 (Inspersanty | 0.6% 0.5% 03.6% (.5% 0.5% 0.6% 0.6%

PYVE-79 (Binden} 3.1% >.6% 3.3% 5.6% 5.4% 3.3% 3.1%

BBP {plasticizer} {.0% 3.8% 3.6% 3.8% 3.6% 3.6% 3.5%

DBP 33% 1 00%  00%  0.0% [00%  00%  0.0%

Total 100% 100% 100% 100% 100% 100% %%
...... Carbon Carbon | Carbon | Carbon | Carbon
Pore former Graphite | Black Graphite | Black Black Black Black
as as as
N solid recetved | received | received | Milled | Milled | Milled | Milled

Motes of difterent batch#

b, PVB-based batch, starting trial

2. 20 vol%% pore former

3. Same as -»i e c*g t for using BBF instead of DBP,

4. Same as #2 except for atirition -miimg of NiO. The cast tape was very sticky and difficalt
laminabion, as the tape tended to be self-lanuinated apon contact.

3. Based on #4 but the { bmdvr*p;asﬁcu r} to solvent ratio, B+F/S, was lowered due o sticky lape

after casting.

6. Based on #3. The B+P/S ratio was further fowered because the cast tape was still sticky. The
sobid to the solvent toading ralio (SSL) was also tnereased to &cep the viscosity similar, The
modified batch | becam e significantly less plastic with a higher solids loading. Tt was easter to do
tape casting and lamination became less problematic.

7. Batch was lurther modified to become significantly less plastic with a higher solid loading. This
wis a standardized batch composition used for the sintering and reduction processing route.

Table 1b. Slurry batch compositions for porous Ni preparation

D § 9 10 i1 12 i3 i4
Pore former, vol.% 0 0% 60% 80% 40% 0% 0%
Solids, vol 24% 244 24% 24% 27% 27 27%
- Sharry vol., mi 70.0 70.00 70.0 70.0 517 35.6 35.6

Composition, wi. %

NiQy FO5% 153.4% 141.1%  1242% | 539% 1 432% 1 433%
________ Pore former 0.0% 9.6% 16.6% 1 26.0% 1 100% 1 174% | 174%
_______ IPA (2-Propanol) 0.0% 10.0% 0.0% 0.0% 0.0% (0% $.0%

Fihanol 5.2% 6.2% 7.3% 4.8% 5.5% 5.6%

MEK 21.5% 125.5% 1 30.0% | 19.5% 122.6% @ 22.9%

P‘\ 23 0.6% {.6% 0.5% (3.6% $.6%% (3.6%

5.8% 6.0% 7.1% 3.5% £.4% 6.1%

m >= sticiz 3.9% 4%  48% 1 37%  43% | 42%

11
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DBP i 0 0 0 0 G 0

Total 160% 100% 100% 100% 100% 1 100% 10094,
Pore former material | same same same same same same same
NiQ sohid {Baken) niitled milled milled milied milled mitled milled

Notes of different baich#

8. Based on #7 but Carbon Black was not used for trials without a pore former,

Q. Based on #7 but the carbon black pore former was increased to 40 vol 46,

1. Based on #7 but the pore former was increased to 60 vol% and the B+¥P/S number was
reduced due to stickiness of the cast tape.

11 Based on #10 but the pore former was increased to 80 vol.86.

12, Based on #9 but the B+P/5 ratio was decreased and the §SL rmm‘be was increased in
avder to reduce s’idﬁness of the cast tape.

13, Based on #1080 but the B+ P/S ratic was decreased and the SSL mumber was increased in
orvdertor .*'i uce stickiness of the cast tape.

14, Based o io but the B+P/S ratio was further decreased to reduce stickiness of the cast
1ape. if is was a standardized batch composition used {or the direct reduction processing
rouie

£

Hxample: Tape Casting and Lamination

{00431 Tape casting can be accomplished using a doctor blade. The doctor blade is used

1

to pull a uniform thickness of material out onto a carrier film, Siltcone coated Mylar is but
one example of a carrier film. The resulting tape is allowed to dry before being removed

from the caster, but remains attached to the carrler film. The tape was then allowed to dry in
air overnight {o remove residual solvent before further processing.
{0042  Ouce dried, the tape was cut into pieces of desired sizes for lamination, The cut

teces can be removed from the original carrier film and placed omto fresh silicone-coated

o~

Mylar. The first laminate layer would be placed with the “cast side” facing away from the

Mylar., The second layer was placed “east side™ facing toward the first layer (“cast sides

i €

together™). The “cast side” of the tape is defined as the side that was toward the carrier film,

g ~

while the “air side™ of the tape is the side away from the carrier film during casting and

drying. The “cast side” surface was much smoother than the “air side.” If thicker samples

12
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were required, more than two lavers of tape were stacked appropriately to create a laminate
that was “symmetric”, Le. wdentical from the center to either side. To do this, the tapes would
be stacked “air s1de™ 1o “cast side” from the outside {o the center, with the two layvers in the
center having “cast sides together” and an identical number of sheets from the center to
etther top or bottont edge.

(00431 After all the required layers were stacked, the top layer was covered with another
piece of fresh silicone-~-coated Mylar. Then, the entire lay-op would be placed on a sheet of
1/8 inch thick siltcone rubber, and tnserted into a vacuwm bagger to remove any air trapped
between layers and o stabilize the lay-up by inhibiting the ability of layers 1o shift around
dunng lamination. A hot roll laminator was used for lamination, with top snd bottom roll
temperatures all set at 275°F and the speed set to ~0.75 of the scale. The NIP pressore was

set at 40pst. Hach lay-up would be passed through the laminator three times under these
conditions, and then removed from the vacuum bag.

{30441 The slurry needs 1o be prepared in such a way that a aniform sheet is readily
casted and the dried sheet can be easily taken off from the carrier film. The uniformity
means that the sheet thickness 15 uniform over the whole sheet and the composition along the
thickness of the sheet is uniform. Thus, the shurry should be neither too dilute nor too
viscous. Addition of some pore forming matertal was significant in making a porous metal

sheet ot adequate porosity for membrane applications (30 to 639, Use of graphite particles

sore former resulted in large and non-uniform pore structures due to the plate-like

trpna

as the
morphology of graphite. During tape casting, these plates tend to orient in the direction of

the cast and leave bands of pores through the thickness of the final piece. It was found later
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-
0}

¥

C/'J
.,,4

that uniform pore stractures of mean pore size around micrometer were obtained usin

e

carbon biack as a pore former

{0045 The Ni) particle size has g significant impact on the uniformity ol pore
structures in the final product, Figure 2 shows that above 38% of the NI in the as-received
sampie has particle sizes above one micrometer. Some fraction {~10%} of particles even has
size above 10um. Since the thickness of the tape-cast film was typically about 25pum in our
experiments, presence of such large NiO agglomerates would result in defects of the cast
film and final product. Thus, preferably, the as recetved NiO powder is attrition milled. The
Earge agglomerates above Tum size were completely eliminated by the milling. The
optimum milling conditions appeared to be 120 min at 650 rpm. Thus, the miHled NiQ was

used i the subsequent experimental trials.

Hxample: Stntering and Reduction of the Green Body Sheets/Laminate

{0046]  After the desired material has been cast and laminated to form the green body

sheet, the sheet needs to be converted and sintered into a cohesive, monoiithic structure

containing substamially only the metal oxide. Sintering can be highly exothermie, ag it
removes all organie materials contained in the green body sheet. The reaction conditions

b

should be well controlled in such a way that the sheel structure is still intact after the

stgruficart changes in the chemical compostiion and physical strocture. The green sheet may
not sinter properly or even be twrned into powder/small fragments if the reaction process is
not controlled well, The temperature and gas environment are critical conditions to control

this procesy step. The green sheet was placed inside a high temperature box furpace with

moly distlictde heating elements in a configoration that allowed for a uniform temperature
14
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and gas profile. This enabled the reaction to oceur uniformly over the entire sheet. A dilute
{3/N7 gas siream, sach as 2% /N, is preferred to maintain control of the oxidation
reaction. A typical temperature profile used in the oxidation/siniering process is listed in
Table 2. The temperature 18 gradually raised from ambient to a high temperature with several
holds along the way to allow controlied removal of organic compounds. The removal of the
residual solvent and organic material was completed mostly at low and mnderate
temperatures {<600°C, while sintering occurred at high temperatures (> 1000°C). The metal
oxide powder has to be sintered to an appropriate temperature (o maintain it in the sheet
form. Withouwt adequate sintering, a loose powder can form instead of a sheet. I the sheet 13

over siifered, however, the porosity and pore size of the final porous metal sheet may be

reduced.
Table 2. Typical temperature profiles used in oxidation and reduction process steps
Oxidation step Reduction step
Segment | Ramp | Duration End | : ;éi;:-"‘ Dhration
Start °C_{ BEnd °C | °C/min_{h Start °C | °C “Cimin | h
20 190 {.3 5.67 20 308 3.8 1.6
2 190 0 1o 1 2.00 300 450 105 5.0
3 104 404 0.5 7.00 450 454 G 3.0
4 4034 400 U 1.00 450 800 3.0 1.9
5 a0 1375 13 5.42 800 | 800 | 0 :
G 1375 1375 {3 1.00 800 20 5 2.6
7 375120 3 452
___________ 26.6 Total, b 17.1

y.«a
(v
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{08471  The sintered metal oxide sheet derived from the above process step can be
converted into the desired metallic crystal phase by a subseguent reduction step. Typically,
ihe pore siructure is {inalized at the same time. Accordingly, the sintered sheet is placed
wside a tube fumace or other atmosphere-controlled furnace, The gas enviromment and

temperature profile are eritical conditions that determine formation of the metallic crystal

phase and porous structure. For reduction of the sintered sheet, exemplary gases can include,

ey

it are not imited {0, hydrogen, carbon monoxide, syngas gas, and natural gas. The
temperatore is raised gradually to the target temperature with multiple holds to maintain
control of the reduction process. Under the reduction temperature profile Hsted in Table 2,
metatlic structures are also sintered along with the reduction. The reduction converts the
metal oxide or metal precursor into a metallic phase, while the sintering allows bonding o
the metallic crystals/graing 10 obiain a mechantcally strong structwe. The reduction and
sintering is usually condoeted at low and high temperatures, respectively. For preparation of
porous Ni sheets from NiO precursor, & reduction temperature around 400°C is adequate for
conversion, while a sintering temperature around 800°C is preferred

{0048] A S0um-thick green body laminate sheet was made by lamination of two tape-
cast fiims of about 25um thick. This helped to minimize the composition gradient that could
be caused by the sedimentation during the casting process step. The green sheet looked like

ce of black~colored paper, uniform, flat, self-supported. Afler sintering at 1375°C in 2%

i
s
[
peel
(7
Yt

Op/Ny gas environment, the green sheet was transformed into a greenish Ni) sheet with
some amount of porosity. The sintered sheet was very weak and could not be self supported.

it was moved into a hydrogen fiwnace on an alumina plate, The NiQ was converted into a

metaliic form by reduction in Hy gas at 400°C and sintering at 800°C. The resuiting raw
16
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‘

porous metal sheet was strong. However, some wrinkles were created by the reduaction

> porous metal sheet was made flat and smooth after annealing/flatiening, which

o)
=t
o
<
£
4]
o7
na
]

>
4 v
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T

is described below in further detail.
{0049]  The proposed reaction mechanisms for the sintering and reduction process steps
are illusirated in Figures 3 and 4, respectively. In the sintering step (referring to Figure 3},

the pore former is removed by oxidation/combustion reactions, while the metal oxide grains

are sintered together to form a continuous skeleton. The oxidation of the pore former and

Z

N} sintering ave conducied concomitantly in three-directional body of the green sheet. The
sheet typically shrinks during the process as the pore former is volitilized and the metal
oxide grains are sintered. Thus, there is a dramatic change in the sheet chemical composition
and physical properties, and significant amount of stress can be developed during the
process. The green sheet needs to be carefully set up in the firnace to generate uniform

temperature distribution and aniform oxygen gas environment so that the gas/solid and

green sheet. In this

T

solid/solid re

\.{}
.‘,.,

eed untformly throughout the whole body of the

4

way, stress is minimized {0 keep the sheet {lat and uniform after sintering. Oxidation of
organics i highly exothermic. If the reaction is not controlled well, the green sheet can be

severely compromised, to the point that particle-particle contact is eliminated and all that

remains afier sintering is NiQ powder,

L]
-
1
v
L%
o3
o
©
[
oo
=
o

{35861 n the reduction step (referring to Figure 4}, the metal oxide
metal, and the metallic grains are sintered to form a continuous metallic skeleton, Reactions
el Pacs franc ses in all the scales fwhole sheet. individual orain, metal/metal
and mass iransport processes in all the scales (whole sheet, individual grain, metal/metal

oxide interface) need to be taken into account to obtain a uniformly porous structare in three

dimensions. The reaction conditions need to be controlled in such a way that gas/solid and

17
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solid/solid reactions occur nniformiy throughout the process. At the metal/oxide mnterface,
metal oxide graim may not be fully redoced if the reduced laver becomes denge rapidly and
th gas diffusion is blocked. Atthe scale of individual grains, the metal oxide grain in

nterior of the oxidized sheet may not be reduced if the external surface is rapidiy reduced

e

and sintered such that H, diffusion into the interior of the sheet body is blocked. Similar to
the sintering process step, the redoction process induces dramatic changes in the chemical
and phystcal properties of the sheet. There is significant shrinkage in the sheet size
Significant amounts of stress can be developed during the process, which can cause defects
and sertous failures, such as, wrinkles, cracks, curling, holes, fragmentation, cte., which
could not be repaired by the post treatment. The sheet setup and reaction conditions in the
furnace need to be carefully controlied so that the reduction can oceur uniformly over the
whole sheet,

{00517 Loading of the pore former in the shurry batch is found to be an important
parameter that affects the processing and final product pore strocture. Impacts of the pore
former loading on morphologies of the sintered and reduoced sheet can vary, A number of
parts were produced using the same procedure and conditions except the green sheets were

Ry

formed with slurries of different pore former loadings. The sintered and reduced sheets of 3

O

51% pore former loading look similar 1o those of g 20 vol % pore former leading, The

«-\
‘l..t

part looked extremely fal afler sintering, and shiny and smooth affer annealing. The sintered
sheet from a 60% pore former loading looked fairly flat bat was very fragile. The reduced
part siill showed very smooth surface but tooked not as shiny as the ones of lower pore
former toading. When 80 vol% pore former was used, the part simply coudd not stay as a

contimuous, whole sheet after sintering. The part did not show any strength for handling. Al
10
i8
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¥ 3
3

such high pore former loading, the NiO particles could no longer be sintered together to

form a continuous structure.

{8052 Thoe microstructares of the final sheets derived from different pore former

LA
i
e
£
]
[

toadings are compared in Figure 5. In particular, the pore former loadings for Figs, !
SAZ are 20 %, for Figs. 3B1 and 582 are 40 %, and for Figs. 5C1 and 5C2 are 60 %. The
micrographs on the left and night columns of Figure 5 show microstructures of the exterior
surface and the fractured thickness of a sheet, respectively. The fractured thickness reflects
the intertor structure. The SEM pictures of the fractured thickness in Figore S are
representative siructures obtained by examining the whole thickness from the top to bottom
surface of the sheet, The surface porosity is increased by using high pore former loading. At
6 % pore formaer loading, two Kinds of pores appear. The pores formed between the sinter
metal grains are in the micrometer level, while the pores existing on a sintered particle/grain
arc smaller and vary significantly in size at different spots. The interior of the sheet Jooks
more porons than the exterior, particularty for the sheet derived from 20 volSe pore forme
However, this may be partly due to grain puli-out due to the fracture of the sheet.

[0053]  Fabrication of porous metal sheets at thickness of 25, 30, and 200um has been

3

demonstrated with this processing route. The fape-cast films were made of the same shurry

batch and laminated into the green sheet of the targeted thickness. The green sheet of

different thickness was sintered, reduced, and amnnealed by using the same procedure and

£

conditions. Figure & compares textures and microstructures of porous Ni sheets of different

<

thicknesses {using the sintering/reduction processing route and a shurry bateh of 26% pore

peci

former) and shows that the resulting sheet has uniform pore structures along its thickness.

19
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The interior sirnctures for these three sheets of different thickness look similar, and highly
porous. However, the surface porosity seems to increase with decreasing sheet thickness.
{B034]  High gquality porous Ni sheets can be consistently produced according to the
methods deseribed herein. Table 3 shows that the sheets made by three repeaied
sintering/reduction runs of tdentical green sheets containing 40 voi% pore former {Batch#9
m Table 1b) have similar porosity around 50%. This slurry batch was modified by shightly

incregsing NiQ foading and decreasing content of the solvent and dispersant to improve the

green sheet of the modified batch composition {(Batch#12 in

tape casting process step. The g
Table 1b) is converted inio the porous metal sheet product by asing the same
sintering/reduction provedure and conditions. Three repeated runs also yielded product

sheets of consistent guality with the porosity around 50%.

Tabie 3 Porosity of nuultiple porous Ni shests {50um thick) prepared through
suvtering/reduction rovte (shury batch of 40% pore former)

Batch# ID Samt*h Density, ga,c Porosity
HG 1 471 0.47
2 4.57 0.51
3 4.45 0.51
#i2 ] 4351 6,50
2 440 0.52
3 4,66 .48

Example: Direct Converston of Green Body Sheets into Porous Metal Sheets

{055]  The sintering/reduction route involves two different kinds of high-temperature
reaction processes, which will add capital cost and process complexity in a practical
manufacturing process. In contrast to the two-step sintering and reduction process described

20
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above, direct conversion of the green body sheets o porous metal sheets can be achieved

by ireating the green body sheet nsing a single process step with particular gas environments

and temiperatures. Unexpectedly, a significant fraction of organic materials in the green

body sheet can serve 43 an in situ reducing agent for conversion of the metal oxide precursor
imto a metallic state. Substantially pure H; 1s the preferred gas environment. An exemplary

tempersture profile is summarized in Table 4.

Table 4. Typical temperature profiles used in direct reduction processing roate
Segment Start °C End °C | Ramp “C/min | Duration b
1 20 190 1.0 2.8

2 164 190 0 2.0

3 fee 400 1.0 35

4 400 408 0 3.0

> 400 800 [ 6.7

& 800 800 O 1.0

7 800 2{} 5.0 2.6
e R S SV

[0056]  Proposed reaction mechanisms are iHustrated in Figure 7 for direct reduction of a

green sheet info a porous metal sheet. The organic pore former in the green sheet may act as

a reducing agent to the metal oxide or metal precursor. Thus, removal of the pore former,

reduction of the metal oxide into metal, and sintering of the metallic graing can be conducted

i one step.

{00571 The reduction characteristic of a green sheet was surveyed by temperature-

programmed reduction measurement on a DSC/TGA apparatus. A small chip of a gree

foncy
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sheet weighing about 20mg was heated in 2.75% Ha/tHe gas stream by raising the
temperature at a ramp rate of 2.4 °C/min. Figure § shows the weight loss and thermal flux
profiles. The weight toss at low temperatures may be due to decomposition and vaporization

fthe organic additives, The NiO reduction starts at about 460°C. The reduction is
substantially completed at 600 to 700 °C. At about 850 °C, the reduced metallic Ni starts
sintering.

[B058]  Direct reduction trials were carried out by using three green sheets made of
different pore former loadings. The sheets were loaded inside a 37 diameter tube furnace and
reduced n a 40% Ha/Nygas How. The morphologies of parts reduced at ywo different
temperatare profiles were compared. The low-temperatore and high-temperatare profiles
correspond o holding for 2-h at 6530°C and 1-h at 800°C, respectively. The green sheets of
20 and 40 voi% pore former loading were reduced into a metallic state by the fow-
temperature redoction. The resuliing porosity was about 18 % for the 20 %% pore former and
38% for the 409 pore former. However, the green sheet of the 60 vol. % pore former could
not be completely converted into a metallic state by the low-temperature reduction,
porosily of the resnlting fragments was about 65%. This indicates that reduction temperature

630°C may be too low 1o allow sintering of the reduced Ni grains.

{8039 By contrasi, all three green sheets were converted into the metallic state by the
high-temperature reduction. The porosity of the reduced part is 3.5%, 19%, and 50% for the
20%, 44 % and 60% pore former, respectively. The surface textures of these three reduced

samiples are shown in Figures 9a, 9b, and ¢, respectively. Significant densification occurred

for the green sheets of 20% and 40% pore former after the reduction treatment at 800°C,

which is consistent with the porosity measurement. Such porosity level is oo fow to be an
23
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effective membrane support. Unexpectedly, the 60% pore former part comprises &
contimous, povous structure after the high-temperature reduction. The part appeared
mechanically sirong and had porosity of 509, which is suitable for membrane suppost
applications.

{0060} he direct reduction process was very repeatable. With the same green sheet of
the 60% pore former, the porous metal sheets of same quality of porosity avound 54% were
produced by three repeated reduction runs (Table 5). The porosity was reduced to about 36%

when the reduction was held at 800°C for 2 hinstead of 1 h.

Table 8. Porosity mi 19? Ni sheets (SOpm thick) prepared through divect reduction route
{Bateh #14, (>{3% ;}ma ner}
Reduetion conditions Sample# | Density, gice | Porosity
1 hat 800°C 440 0.52
2 3.99 (.56
3 4.02 (.54
2 at 800°C 1 5.74 0.38
2 5.98 035

{8061}  'The porous metal sheet produced by direct reduction is compared to the one
produced by sintering/reduction. The same green sheet of the 60% pore former and the same
annealing conditions were used. Figure 10 shows the exterior surface and fractured thickness
structures of the final product sheets produced by the two different conversion routes. First,
both sheets are highly porous and have undform pore stractures on the surface and across the

sheet thickness. The sheet produced by the sintering/reduction has some smailer holes

distributed on the selid phase in addition to pores formed among the solid grains. These
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holes may be formed from removal of the pore former embedded into the metal oxide
agglomerates during the sintering process. The porosity numbers of the porous metal sheets
are listed in Table 6. The direct reduction resulted in & porous sheet of slightly higher
porosity than the stitering/reduction. This may be caused by significant sintering of NiG
particles during the sintering process of the green sheet of such a high pore former loading.
The porosity numbers measured based on the Volumetric density is close to those measured

based on Archimedes density.

Tabie 6. Impact of two different conversion routes on porosity of final porous Ni sheet
3 ¥
product (S0um thick: same batch composition, #11 with 60% pore former)

“Conversion PrOCESS Porosity based on Porosity based on
>>>>>>>>> Volumetric density Archnneds:& dsnsif}f
Sintering and reduction 46.8 48.0%

Dirgction reduction 33.2 35.5%

Exampie: Anuealing and Flattening
{0B62]  Porous metal sheets produced by the above high-temperature reaction processes
e often associated with some wrinkles and/or patterns, espeeially near the edges. The

heets can be annealed and flattened at the same time to obtain a strong, uniform porous

o
e

metal sheet with minimal surface vartations. In particular, a load 1s applied to the porous
metal sheet against a smooth surface at elevated temperatures. A reducing gas environment

1

is preferred to gvoid re-oxidation of the metallie state. The temperature should be less than

or approximately equal to the softening point of the porous metal sheet. However, the

24
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temperature must 1o be low enough to aveid excessive sinfering or melting of the porous

struciure,

£

{0063]  The sintered and reduced metal sheet can be placed in g vacounycontratied
atmosphere hot press furnace; the furmnace was flushed with Argon three times to purge owt
residual oxygen in the furnace; the flushing was done by pulling vacuum to .1 torr and
back-filling the furnace with Argon gas back to atmospheric pressure; ther, the furnace was
pulied to 0.1 torr and back-filled with 3.0% Ha/Ar to 2- 3 psi positive pressure. This pressure
was maiatained n the furnace through the entire run; the furnace was heated 5°C/min from
room temperature to 800°C. A load was gradually applied immediately upon reaching hold
temperature of 800°C. The initial load of 10 psig (~7.85 psi on sample) was increased to 50

sig {(~39.27 psi on sample) after 10 minutes elapsed from initial application of the foad.

e

rast

After 20 minutes of elapsed time, the load was increased to 100 psig (~78.32 psi on sample).
The load was again increased to 130 psig (~102.08 psi on sample) after 30 min elapsed time
and was matmntained for approximately 1.5 hours at maximuom pressure, The temperature was
then reduced by 3"C/min. The load was removed from the sample after the furnace was
coaled to roughly 500°C to prevent formation of defects from thermal stresses being

induced, and thus the toad pinning the part causing tears in the sheet.

Example: Preparation of metal precursors for Ni-based allovs

{0864  Different metal alloys can be prepared with the process steps described herein by
using appropriate metal precursor materials. In the instant example, metal oxide composites
were prepared to make different Ni-based allovs. The raw materials used in this task include

' Y - ‘. e 3 S . . O - . R Yy RS .
fron{lil} Nitrate nonahydrate { 98%, ACS grade, Sigma-Aldrich™), Manganese(1l) Nitrate
25
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hiydrate (98%%, Aldrich™), Copper(1l) Nitrate hydrate { 98%, ACS grade, Sigma Aldrich™)
Chromium( 1D nitrate nonahydrate (99%, Sigma Aldrich™), Ammonium heptamolybdate

TN

tetrahiydrate (99.98% metals basis, Sigma Aldrich), Ammonium carbonate (AUS grade,

Sigma Aldrich ‘“y Iron{ LU oxide (99.5%, 325 mesh, NOAH technologies cor_pcraiian@),
and fron{ 111} Nitrate nonahydrate (ACS grade, crystal, NOAH technologies cm‘p@ra&imf"’h}.
The composiie can be prepared by using co-precipitation or impregnation technigues. T
two methods ave sHustrated with preparation of metal oxide composite precursor for low-
expansion NiFe alloy,

Co-Precipitation:

00651 376.12g of the iron {11 nitrate and 75.42g of the Nickle (1) nitrate were added
into a 21 flask, A suttable amount of de-iontved water was added to completely dissolve
these salts. The resulting solutton looked brownish red in color. 2M of the ammonium
carbonate solution was added into the solution drop-by-drop to get the precipitate, The
precipiiate was filtered from the remaining solution. The wet cake was dried at 120°C. Two
portions of the dried powder were calcined for 2 b in air at 400°C and 700°C, respectively. A
composite of Ni and Fe metal oxides was obtained afler calcinations
fmpregnation:

7.

{80661  74.3%g ol the bron (11, III) oxide was transferred into a 250mi beaker. 236.57g of

the Ni nttrate was added into a 250m! beagker and dissolved with 100w de-tonized water.

‘
@

)»n

The solution was added into the tron (31, ) oxide powder drop-wise under stirring.

resulting shurry mixture was heated on the hot plate to get rid of excess water and then dried

at 120°C overnight. Two portions of the dried powder were caleined for 2 h in air at 400°C

and 70004, respectively. The resulting metal oxide composite looked in gray black color,
26
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Table 7. Compositions of four targeted Ni alloys (wt. %)

PCT/US2011/063405

. Nifte aiti'oy otlow NiCu 400 grade 304 stainless steel | Magnetic alloy
Hlement | expansion N = )
Fe 52.0% 2.5% 74.0% 20.0%
Ni 48.0% 65.0% 8.0% 75.0%
Cu 31.5% 2.5%
Mn 1.0%
Cr 18.0% o
Mo 2.3%

Example:
{0867}

compositions are Hsted in the Table 7

7. The NiFe is g low expansion alloy a

Preparation of Porous Sheets with Other Ni-based Allovs

Porous sheets of Four Ni-based alloys were fabricated, and their nominal

d is known for

bonding well o glass materials. NiCu alloys are corrosion resistant and have been used to

build the oif and gasy

rpehines, 304 stainles

appliance and industrial applications. The fourth is a magnetic alloy

steel is a commonly-used metallic ma

terigl for

‘Table 8. Amounts of chemicals used 10 prepare composite metal oxides by co-precipitation

method
o ~ | Niu 334
NiFe alloy of 460 cainies Magnetic
) : stainiess
low expansion . Alloy
: grade stgel -
Raw mater a;% used for preparation, g )
fron { 11} nutrate nonahydrate 376,21 18.08 S35.38 144,69
“““ ?\E'i m‘uai .-'drate 7542 32035 12.57 117.85
Copper nitrale hydrate 115,30 8.15
'\i&mmw C{E} nitrate hydrate 325 o+
Chrominm {1} nitrate fmo &a
. ' 138.54
monahwdrate b

~3

o
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Ammonium molvbdate
tetrahydrate

N .
BET sorface area of gf}gp‘;c“ metal oxide com posm mig

4()!2}“{ for 2hrs 67.

700°C for Zhrs 4.92 2,00

00681 (¢

ach metal oxide composite from individual compounds (or materials),

of the raw material

composite preparved by ¢

o-precipitation was first caleined at 400°C. The resu

o-precipitation and impregnation methods were evaluated for preparation of

Table 8 Hsts amounts

s used for preparation of each respective alloy. The metal oxide

fting BET

surface was too high to conduct the tapecasting. Next, the precipitate was calcined at 700°C

and the BE1T

by the impregnation technique is

e

“surface area was drastically reduced. The raw materials usage for preparation

tisted in Table 9. The dried sample was caleined at 700°C,

‘Table 9. Amounts of chemicals used 1o prepare the composite metal exides by impregnation
method
NiFe alloy of § NiCu 334 )
T C Magnetic
Low 400 stamiags -
. . o Alloy
expansion grade steel
Raw :;me-ms used for preparation, g
fron (114, D oxade 74.31 8G.01

Nit

i) hvdroxide

et 143
P

el PN
3

<
4%
.
ey

TR ]
NS
i s
[ N RS

E

Ni nifrate hydrate 236,57 30,00
Copper nitrate hydrate 11530 592
Manganese (11} nitrate hydraie 32s o4
Chromium {1 §§ nitrate < o
nonahydrate oser
Ammonium molvbdate 2 47
tetrahydrate o
BET surface area of calcined metal oxide composite, m™/g
700°C for 2hrs | 5.76 L 3.698 14.4 5.93
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[006%]  The metal oxide powder made from 700°C-calcination was used to make the
shary bateh with the procedure as used for the NiQ) batch preparation. The batch
composition as bsted in Table 10 for the NiFe metal oxide composite prepared by the co-
precipiiation is also similar to the Ni0 batch. The batch compositions for the other metal
oxide composites are the same, The shurry batch was prepared by a two-stage batching
process as described elsewhere herein. The metal oxide, pore former, solvent, and dispersant
were nuxed first and then, the binder and plasticizer were added. Such a batch composition
allowed tape casting of 25uny-thick green sheet smoothly with the differert metal oxide

1 Tables 8 and 9. Two of the cast films were laminated intn a SOum-thick

5.@

LOH‘I\»: listed
green sheet. The direct reduction approach was tested to convert the green sheet into a
porous metallie sheet. Several different reduction temperatures were utilized, Table 11 lists
density and porosity numbers of ditferent alloy compositions after reduction. Among seven
metal oxide composites tested, only three were converted into a porons metallic form after 1-
h reduction at 800°C in Ha. The rest of the samiples became fragments, and were not fully
reduced. The three metal alloy sheets had fairly good porosity. All the green sheets wer
converted mio a shiny, metallic film after reduction at 1100°C. The thin sheet was so strong
that it could not be torn by hand. However, the porosity was reduced to an unacceptable

level as a mombrang support,

Table 18 Slarry bateh composition of metal oxide composttes

| First bate hi‘w step { Muass, g |

L - PR UR RN 1




WO 2012/115696 PCT/US2011/063405

e
<
el
]

a3
LS
e o R

Nike {co-p
CANCAR
Fthanol
MEK

_____ PS-2TA

Second batching step

recipitaied)
RB 990 Carbon Black

bl

1

(V41

[ove ERENEIN SN
YRR i RRv

B
o

Binder 4.7
BaEP 321
Fotal 73.64

~e

Table 11. Density and porosity of Ni-Alloy sheets prepared with different metal oxide
composite precursors throagh direct reduction route

800°C/1h (M) HI00°C/Th (Hay )
Material Density, g/ce | Porosity % | Density, gfee | Porosity %
NiFe{cop)® 4.31 46.0% 7.07 11%
Ni¥e{imp)® NA NA 6.71 20%
NiCa fmpy® NA NA 7.65 12%
304 88 (imp)° NA NA 6.66 17%
304 S8 {copy”® NA NA 6.74 4%
Magnetic Alley (imp)” 3,60 56.0% 7.41 15%
Magnetic Alloyteop)® 4.76 46.0% 7.32 18%

a. Mo oxide composite prepared by the co-precipitation method.
b, Metal oxide composite prepared by the impregnation method.

80761  The microstructures of all the parts were analyzed by SEM. EDS was used to
examine compositions. Results are tllustrated in Figure 11 with a fow selected samples. The
I-h reduction at 8060°C in pure H; was not sufficient to fully reduce the green part, although

some metallic-like structures were oblained with the three metal oxide compeosites, A

Reduetion temperature of 1100 °C appeared to be too high and most of the porosity was

consolidated at this tomperature. The co-precipitated samples (1.¢., Figs. Tig, 1le, and 1id)
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appear to retain individual grain boundaries more than the impregnated one {Le, Fig. 11 by

However, the impregnated sample appears 10 retain more porosity at 1100°C. Thus, an

optimum redaction temperature for those metal alloys is between 800 and 1100°C,

Example: {omposite Sheets and Graded Structures

{0071}  Povous sheets comprising ceramics and metal composites as well as sheets having
a layered stracture can be fabricated according to embodiments of the present invention.
Instead of using ondy reducible metal oxides, some refractory cerami ic-type metal oxides can
be added into the slurry bateh 1o form a homogenous mixture that is used to form a thin
sheet by using the tape casting technique. During reduction of the green sheet, the reducible

¥

metal oxide s converled into metallic phases and the ceramic oxides are intact, In this way,

a thin, porons metallic/zeramic composite sheet is obtained. In the present example, 5 wi%s

3

of yittia-stabilized zirconia (Y SZ) powder is added into the NiQ shurry batch deseribed

ahove,
{60721 The layered sheet strueture can be made by lamination of different films in a

N

preferved order. For example, films of different metal oxide compositions/ratios can be
taminated together. After reduction and annealing of such a laminated sheet, g porous sheet
product of layered structures can be obtained as designed. These features are Hlustrated by a
porous sheet structure in Figure 12, which was made by laminating tape-casted films in the
fellowing order: Y82~ S0um 5% YSZ/NI - S0um 3% YSZ/NI~ 20um YSZ.

8731 A shary bateh was prepared according to the procedures desceribed in the

previous sections. The laminated green sheet was treated through the sintering/reduction

processing route. The sintering was conducted at 1200°C for 1 h, while the reduction was
s}
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carried out at 800C for 2h i 2.75%H,/Ar gas. The NiQO was completely reduced into &
metallic state while YS8Z remained in an oxide form. As shown in Figure 12, the pore
siractures of both the core zone {Le,, fractured YSZ layer) and external swrface layers are
fairly uniform. Since the sintered metallic Ni provides a continuous backbone, the sheet
maintains reasonable mechanical strength. If only pure YSZ material was made into such a

structure, the sheets were too fragile to even be handled.

Characterization of Porous Ni Metal Sheets

{0674]  Detailed structural analysis was performed on the polished crogs-section of
porous Ni sheets that were representative of the two different processing routes. Figure 13a
and 13b show microstructure and atomic compositions, respectively, of & porous Ni sheet
{#1} at diffevent locations of its cross-sectional arca, This sheet was prepared via the
sintering/reduction processing route. The uniform, networked pore structure is evident, Niis
the dominant metal element. Cr and Fe element are impurities. The presence of a minor
fraction of oxygen suggests that there might be a thin oxide laver formed on the Ni metal
surface. The compositions at two inner points (1 &2} are consistent with the compeosition of
the whole area. Some isolated, un-reduced NiQ) particles were identified, which may be

caused by inaccessibility of the NiO by Hs gas during the reduction.
{80751 The microstructure and composition of the porous Ni sheet (#2) prepared by the
direct reduction are shown in Figures 14a and b, respectively. The sheet looks highly porous.

The composition af the inner point is consistent with that of the whole area. Ni is the

dominant element. In addition to Cr and Fe impurities, presence of small amounts of AL Si

iy

and Zr was found. These elements likely resulted from contamination during the sample

(O]
130}



WO 2012/115696 PCT/US2011/063405
polishing. It is noted that no carbon element and NiO particle were found. Thus, removal of

carbon pore former and reduction of Ni0D were complete with the direct reduction approach.

Table 12 XRD peaks and suze of N1 orystaliite

Commercial dense Ni Porous Ni sheet prepared in this
foil work
Ni2(1 #1
¥ ey ety ~ N i A
2-theta {deg) Size, A Size, A
44.543(23 67711} ST0(6) &)
SLEYTIYY G98(6) S62{7y 852¢8)

S:‘.B:Z 806(1 1) 711(9) £44(12)
98.445() 869(38) CI8HED 874(23)

{10761  The crystal phases of the porous Ni sheets and dense Ni {oif were analyzed by
XRD {Table 12). Ni metal was the only identifiable crystal phase in those three samples. The
Ni erysial size caleulated by Sheerer cquation is about 570nm, $22n0m, and 677am for the
porous sheet #1, porous sheet #2, and dense Ni foil, respectively.

0777 Figure 15 shows the vield strength of the porous Ni sheets compared o a dense

Nialloy 201 foil of the sane thickness. The porous Ni sheet #1 shows average vield strength

about four times higher than the porous sheet #2. The high porosity increases the gas
permeanee but reduces connegtivity of the metal grains and strength of the meial sheet, The
vield strength of the porous sheet#1 is about 60% and 140% higher than that of the dense Ni

foil based on the geometry and solid, respectively.

03
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[0078]  The porous metal sheet is very flexible upon bending. Hs pore structure 13 also
stable under 120pst compression pressure even at high temperatures (~800°C). By
comparison, the porous ceramic plates and conventional metal foams were easily broken
upon bending and the polymeric sheets at such thickness does not self stand and the pore
siracture is readily deformed by stretching and/or compression.

X

{08791 Thermal stability relative to oxygen oxidation was surveyed by TGA tests.

Oxidation of metallic materials is associated with weight pain and release of reaction heat.
Table 13 lists the weight change of the porous Ni sheets subject to different thermal

treatments, The weight gain was insignificant during temperature ramp up from room
temperature 1o 400°C {about 200min). About 0.7 to 0.9% weight gain due to oxidation was
observed after the substrate was exposed to 2% O, for 4 h at 400°C. Further exposure to Ny

-'\P;g
;

only gas at 600°C for 4 b resulted in minimal weight change, while further exposure to 2.7%
dilote Ha& HOMN, mixtore at 850°C for 4 h resulted in a weight decrease. The decreased

weight indicates that the oxidized metallic material wag reduced back to the metal in a

reducing gas envirenment

Table 13 Weight change of porous Ni sheets afier different thermal treatment

Sample # | First si‘ep of heating Awtls | Second step of heating Awitds
As prepared porous Ni sheet (via. sintering/reduction route)
4 hat 400°C, afnpnd at 4 hat 600°C, ramped at
20 min from 22°C, it 2°C/min from 48&'}0{.‘.‘9 mn
29604/N; 0.9% | 2%0,Na, in Ny 0.1%
4 b at 400°C, ramped at 4 b at 850°C, ramped at
2°Clmin from 22°C. in ""(‘f’i}&iz‘ from 400°C, 4h in
#2 206000/, 0.7% 1 2. 7%H/3% HaOfbal My -7
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#3 2 hat 450°C, ramped at 2.7% | 4hat S50°C, ramped at 4.5%
SOCimin from 22°C, in air 3%C/min from 450°C, in air

Addition of nano-sintering inhibitor into porous Ni sheet #3

#3 2 hat 430°C, mmped at 3,19 | 4 hat 550°C, ramped at
modified | 3°C/min from 22°C, in air 3°C/min from 430°C, fu air

o
%
\CJ
3

[0088]  'The porous Ni sheet is chemically stable to the Na or reducing gas af high
temperatures. However, significant sintering of the exterior surface of the porous sheet can

fﬂ\

occur it the sheet is reated in reducing or inert gas at high temperatures (200°C). Figure
16 demonstrates the elfects of thermal trestment on sintering of porous Ni sheets prepared
by the sintering/reduction processing route for sheets with and without impreguation of 20
wits Zr(); colloidal solution, In some embodiments, the thermal stability of the porous
metal sheet is enhanced by using different metallic materials or by proper modification with
anti-sintering additives. For example, the thermal stability of the porous Ni sheets can be
dramatically enhanced by incorporation of small amounis of nano-ceranyie ywaterials into the
structure. Compared to the as-prepared poreus Ni sheet #3 in Table {3, the modification
stgnificantly decreased the weight loss under the same thermal treatiment conditions, which
suggests inhibition of Ni metal oxidation.

{0081 Chemical stability of the porous Ni sheets was examined by immersing the shests
in varions water solutions having different pH values at 85°C. The Ni sheet prepared via the

sintering/reduction processing route was pre-treated in 2% Oy/Ns

gas at 400°C and in 3%
Ha/N, at 850°C, respectively. The pretreatment was intended to result in different surface

states of the porous Ni sheet. The weight gains of the pretreated Ni sheet after immersed in

L3
A
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different water solutions are listed in Table 14, Heating in hot water for T day did not cause
any weight change. Mo or little weight change was observed after the Nt sheet was tmmersed
in PH=123 sclution for a day. However, a significant weight gan was shown afier the Ni
sheet was immersed in & hot PH=2.3 solution. The weight gain was due to reaction of the
metallic Ni with water into Ni oxides and hydrogen, which was evidenced by the evelution
of gas bubbles. Thus, the porous Ni sheet appears to have a good stability in pure water or

basic solution. Surface modification and/or passivation is needed to make it stable in acidic

solutions, and such modification is embodied by the present invention,

Table I4 Weight change of porous Ni sheets treated in different water solutions {the sheet

=

preparved via. standard sintering/reduction processing route).

pretreated ford b at 400°C in}  pretreated for 4 b at 850°C
Solation freatment 2%0) i 3% Hy/Ns
83°C in water,1 day (% 0%
NaOH/HLO, 1 day 0.0% 0.1%
85°C in pH=2.3
acetic acidHH0.6 h 17.2% 20.7%

{8082  Gas and water permeability of the porous Ni sheets were measured to contirm
applicability as an effective membrane support. The gas permeability is characterized by air
permeation af room temperature, while the Hquoid permeability is characterized by water.

The measured air permesbility of as-prepared 50um-thick porous Ni sheets ranged from | to

3.0 x 10 mol{(m®s Pa) and is about two to three orders of magnitude higher than the gas

36
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i3

separation permeanee, 1.0 x10° t6 107 moliim® s Pa) 3, expected from a highly-permenble
gas-separation membrane.

{0083}  Water permeability of the porous Ni sheets was measured with tap water in a
cross-flow operation. The graph in Figure 17a shows water fhux as high as 10,000
fiter/m™/hbar. The gradual dechine of the water tlax was due to accumulation of particulates
and debris on the Ni surface. The as-prepared porous Ni sheet may be direcily used as
micro-filtration membrane for certain applications. Referring to Fig. 17b, {iltration tests with
a micro-algae culture solution show that the micro-algae cells of sizes from 2 o 20um can

be completely blocked by the porous Ni sheet. The algae filtration flux is about one order of

magnitude lower than the tap water, which is due to formation of algae filtration cake laye
on the membrane surface

[0084]  Whule a number of embodiments of the present invention have been shown and
described, it will be apparent to those skilled in the art that many changes and modifications
may be made without departing from the invention in its broader aspects. The appended
clatms, therefore, are intended to cover all such changes and mndifications as they fall

within the true spirit and scope of the invention,

3
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Claims
We Clamm:
1y A method of fabricating a thin, porous metal sheet, the method characterized by the steps

. £

Gl

5./

Preparing a slurry comprising between 10 and 50 wids solvent and
between 20 and 80 wi%e powder of a metal precarsor, the powider comprising
average paticle sizes from 100 nm to § pmy,
Casting the slarry into a green body having a thickness between 10
Firing the green body to convert the metal precursor inte a metallic
state and to vield a fired body; and
Simtering, anncaling or {lattening the fired body fo yield the thin,
porous metal sheet having a metallic backbone of networked pore struchures
1t three dimensions with a porosity between 23% and 75% by volume, and
with an average pore diameter less than or equal to 2 pm,
2y The method of Claum 1, further comprising adding up to 30 wi% of a pore former to the

sharry, the pore former comprising average particle sizes between 100 nm and 10 wm,

wherein said firing snbstantially removes the pore former.

3y The method of Claim 2, wherein the pore former is selected from the group consisting of

carbon black, graphite, coke, starch materials, and combinations thereof.
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4} The method of Clatm 1 further comprising adding up to 15 wi¥% of organic additives to
the alurry, the organic additives selected from the group consisting of dispersants,

binders, plasticizers, and combinations thereof, wherein said firing substantially removes

the oreanic additives.

£

The method of Claim 1, wherein said firing further comprises heating the green body in

5)
areducing environment at a ramp rate between 0.2 and 10°C/min to a fiving lemperature
between 400 and 1200°C and maintaining the firing temperature for a period between 30
aunutes and 24 hours.
0} The method of Claim 1, wherein the metal precursor comprises metal oxides.
71 The method of Claim 1, wherein the metal precursor is a metal hydride or a

. $ s b eE Iy v o
meiaiorganic.

The method of Claim 1, wherein said preparing the slurry comprises ball-milling

constituents of the siurry.

‘The method of Claim 1, further comprising ball-milling or atirition milling the metal

ProCurser.

52
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10} The method of Claim 1, wherein the thin metal sheet and the metal precursor comprise a
metal selected from the group consisting of Ni, NiFe alloy, Ni-Cu alloy, stainless steel

alloy, T4, Ti alloy, and combinations thereof.

11} The method of Claim 1, wherein said firing further comprises heating the green body in

1

an oxidizing environment 1o a first temperature between 800 and 1400°C followed by

heating m a reducing environment to a second temperature between 400 and 1200°C for

a pertod of 30 minutes to 24 houss.

12) The method of Claim 11, wherein a ramp rate to the first temperature is less than or

egual 1o 10 °C per minunte,

13} The method of Claim 1, wherein said sintering or annealing ocowr in an inert or reducing
environment al temperatures below the metal melting point and approximately equal to a

0

softening powmnt ¢f the metal,
14} The method of Clatim 1, further comprising depositing a ceramic, an anti-sintering
material, or both inside pores of the porous metal body, the ceramic or anti-sintering

s

material having an average particle size size between land 200 nm.

15} The method of Claim 1, wherein said casting comprises casting the slurry into twa or
more green body sheets cach having a thickness from 10 to 100 um and laminating the
Loy - & 1) Nt

two or more green body sheets into a single faminate, and wherein said firing comprises
4

Sard
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firing the single laminate to convert the metal precursor into a metallic state and to vield
a fired body,

16} The method of Claim 15, wherein said laminating comprises laminating together a first
green body sheet having pores with an average diameter less than or egual to 10 um and
at feast one green body sheet having pores with an average diameter less than or equal o
2 wm, wherein the pores on one side of the thin, porous metal sheet have an average pore
diameter less than or equal {0 10 um and the pores of the opposite side have an average

diameter less than or squal to 2 pm.

17} The method of Claim 15, wherein the storry compostiion for each green body differs,
thereby vielding a thin, porous metal sheet having a graded composition, a graded pore

structure, or both.

IR} A method of fabricating a thin, porous metal sheet, the method characterized by the steps
of?
Preparing a slurry comprising between 10 and 50 wit¥%s solvent, up to

30wt pore former comprising average particle sizes between 100 nm and
10 um, and between 20 and 80 wit% powder of a metal precursor comprising
average particle sizes between 100 nm and 5 ym, wherein the metal precursor
comprises metal oxide:

14

Casting the shary mnto a green body having @ thickness batween |

and 200wum;
41
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Firing the green body to convert the metal precursor inte a metallic
state, 10 remove organics and the pore former, and to yield a fired body, said
firing comprising heating the green body in an oxidizing envivonment to a

I

first temperatore between 800 and 1400°C followed by heating in a redacing
environment o a second temperature between 400 and 1200°C for a period of
30 oyimstes to 24 howrs; and, thereby,

Yielding a metallic backbone of networked pore siructures in three
dimensions with a porosity between 25% and 75% by volume, and with an
average pore diameter less than or equal to 2 um.

.

19} The method of Claim 19, further comprising sintering, annealing or flattening the fired

body to enhance surface smoothness, mechanical strength, or both.

20 A method of {abricating a thin, porous metal sheet, the method characterized by the steps
oft
Preparing a shurry comprising between 10 and 50 wi% solvent, up to
30 wi% pore former comprising average particle sizes hetween 100 nm and
10 wm, and between 20 and 80 wi%e powder of a metal precursor comprising
average particle sizes between 100 nm and S pm, wherein the metal precursor
comprises metal oxide,

1t

‘asting the slurry into a green body having a thickness between 10

&

and 200um:
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¢ green body to convert the metal precursor info @ metallic
state, 1o remove organics and the pore former, and o yield a fired body, said
firing comprising heating the green body in a redocing environment at a ramp
rate between (.2 and 10°Cimin to a firing tomperature between 400 and
123070 and maintaining the fiving temperature for a peried between 30
minutes and 24 hours; and, thereby,

Yielding a metallic backbone of networked pore structures in three

dimensions with a porosity between 25% and 75% by volume, and with an

average pore diameter less than or equal to 2 um.

21} The method of Claim 20, further comprising sintering, annealing or flattening the fired
body to enhance surface smoothness, mechanical strength, or both,

223 A thin porous metal sheet characterized by a thickness less than or egual to

approdamately 200 um, a porosity between 25% and 75% by volume, and pores with an

average diameter less than or equal to approximately 2 pum,

23} The porous metal sheet of Claim 22, further comprising a filtrate on a first side of' the
sheet and a retentate on a second side of the sheet, particles of the retentate being at least

0.1 ym inostee
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”

24} The porous metal sheet in Claim 22, further comprising a membrane supported by the

metal sheet.

23y The porous metad sheet in Claim 22, further comprising a catalyst supported by the metal

sheet,

26} The porous metal sheet in Claim 22, further comprising an adsorbent supported by the

metal sheet.

273 An electrochenical device having an clectrode, the elecirede characterized by a thin
porous metal sheet having a thickuess less than or equal to approximately 200 um, a
porosity between 25% and 75% by volume, and pores with an average diameter less than

or equal 1o approximately 2 wm.
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AMENDED CLAIMS
received by the International Bureau on 25 July 2012

P
g g

A method of fabricating a thin, porous metal sheet, the method characterized by the steps

Preparing a shary comprising between 10 and 30 wi% solvent and

between 20 and 80 wi% powder of @ metal precursor, the powder comprising

o
=
v
L
o
W
L4
3
5
[
23

e sizes from 100 nm to 5 um;,

S8

Casting the shurry into a green body having a thickness between 10

Firing the green body to convert the metal precursor into a metaliic

state and to vield a fired body: and
Sintering, annealing or flattening the fired body to vield the

porous metal sheet having a metallic backbone of networked pore stractures

in three ¢

¢ dimensions with a porosity between 25% and 75% by volh

with an average pore diameter less than or equal to 2 um.

2} The method of Claim 1, further comprising adding up to 30 wit%s of a pore former o 4

e

sturry, the pore former comprising average particle sizes between 100 nm and 10 pm

L3

wherein said firing substantially removes the pore former

3} The method of Claim 2, wherein the pore former is selected from the group consisting of

carbon black, graphite, coke, starch materials, and combinations thereof,

45
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4} The method of Claim 1 further comprising adding up to 15 wi¥e of organic additives to

6)

i

are

83

N

the shary, the organic additives selected from the group consisting of dispersants,

binders, plasticizers, and combinations thereot, wherein said firing sobstantially removes

The methoed of Claim 1, wherein said firing further comprises heating
areducing environment at a ramp rate between 0.2 and 10°C/min o a firing temperature
between 400 and 1200°C and maintaining the {iring temperature for a period between 30

Airintee and A R
mmuies and £4 pours.

The method of Claim 1, wherein the metal precursor comprises metal oxides.
The method of Claim 1, wherein the metal precursor is 2 metal hyvdride or a

3. . Sy
melaiorganic.

The method of Claim |, wherein said preparing the shury comprises ball-milling
constituents of the sturry.
The method of Claim 1, further comprising bali-milling or attrition milling the metal

PECCUNSOT.
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10} The method of Claim 1, wherein the thin metal sheet and the metal precursor comprise

joo]
yeud
Ty
g
£
o
um

clected from the group consisting of Ni, NiFe alloy, Ni-Cu alloy, stainless steel

1 ailoy, and combinations thereof.

11} The methad of Claim 1, wherein said firing further comprises heating the green body in
an oxidizang environment to a first temperature between 800 and 1400°C followed by

heating in a reducing environment {o a second temperature between 400 and 1200°C for

a perind of 30 minutes to 24 howrs.

12} The method of Claim 11, wherein g ramp rate to the first temperature s less than or

.

equal to 10 °C per minute.

1 The method of Claim 1, wherein said sintering or annealing occur in an inert or reducing
environment at temperatures below the metal melting point and approximately equal to a
softening point of the metal,

i4) The method of Claim 1, further comprising depositing a "ermr}ic an anti-sintering

material, or both inside pores of the porous metal body, the ceramic or anti-sintering

54
N
)
joeil
jonnd
sy}
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matert ing an average particle size size between tand 200 nm,

ety

} The method of Claim 1, wherein said casting comprises casting the slurry into fwo or

posst
L

1
%
¥

more green body sheets cach having a thickness from 10 to 100 ym and Jaminating the

two or more green body sheets into a single laminate, and wherein said firing comprises
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firing the single laminate to convert the metal precursor into a metallic and to vield

EN £

a fired body.

16} The method of Claim 15, wherein said laminating comprises laminating together a first
green body sheet having pores with an average diameter less than or equal to 10 pm and
at least one green body sheet having pores with an average diameter less than or equal to

um, wherein the pores on one side of the thin, porous metal sheet have an average pore

diameter fess than or equal to 10 pm and the pores of the opposite side have an average

¥

diameter less than or equal to 2 um.

173 The method of Claim 15, wherein the slurry composition for each green body differs,

seanteds
3

thereby yielding a thin, porous metal sheet having a graded composition, a graded pore

3

structure, or both.

18} A method of fabricating a thin, porous metal sheet, the method characterized by the steps

¥4y

(S

Preparing a slurry comprising between 10 and 50 wi% solvent, up to
30 wit% pore former comprising average particie sizes between 160
U m, and between 20 and 80 wi%e powder of a metal precursor comprising
average particle sizes between 100 mm and S wm, wherein the metal precursor
comprises metal oxide;

Casting the slurry into a green body having a thickness between 19

and 200um;
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body

Firing the green body io convert the metal precursor into g metallic
state, to remove organics and the pore former, and to yvield a fired body, said

firing comprising heating the green body inan oxidizing envivomwment {o a

[z
"}G

first temperature between 800 and 1400°C followed by hesting i

L.
& reguein

eat
o4

environment to a second temperatare between 400 and 1200°C for a period of

Yielding 2 metallic backbone of networked pore structures in three
dimensions with a porosity between 23% and 75% by vohuane, and with an

average pore diameter less than or equal to 2 pm

he method of Claim 18, further comprising sintering, annealing or flattening the fired

enhanece surface smoothness, mechanical strengih, or both.

203 A method of fabricating a thin, porous metal sheet, the method characterived by the steps

of

Preparing a shurry comprising between 10 and 58 wids solvent, up &

-~

witbe pore former comprising average particle sizes between 100 nm and

twsd

{

‘a2

1 om, and between 20 and 80 wids powder of a metal precursor comprising

average particle sizes between 100 nm and § um, wherein the metal precursor

Casting the slurry into a green body having a thickness between 10
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Firing the green body to convert the metal precursor indo a metaliic

state, 1o remove organies and the pore former, and 1o vield a fived body, said
firing comprising heating the green body in a reduc

HOR
1} N

wing environment at a ramp

¢ between 0.2 and 10°C/min to a firing temperature between 400 and

2007 and maintaining the firing temperature for a period betweer

muinutes and 24 hours; and, thereby,
Yielding a metailic

dimensions with a porosity between 25% an

[
3
LA
o
o
tt
=
=

hume, angd with an

At

s

average pore diameter less than or equal to

~2

2 pm,

21} The method of Claim 20, further comprising sintering, an

body to enhance surface smoothness, mechanical strength, or both.

IDA -Jm porous metal sheet characterived by a thickness less than or equal o

approxsmately 200 gm, a porosity between 25% and 73% by volume, and poves wit

Y

average diameter {ess than or equal to approximately 2 pm

23} The porous metal sheet of Claim 22, further comprising a filtrate on a first side of the
sheet and a reteniate on a second side of the sheet, particles of the refertate being at least

os

G umon size.
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24} The porous metal sheet in Claim 22, further comprising a membrane supported by the

meial sheet,

25} The porous metal sheet in Claim 22, further comprising a catalyst supported by the metal
sheet.

metal shest.

27} An electrochemical deviee having an electrode, the electrode characterized by a thin
porcus metal sheet having a thickness less than or equal to approximately 200 pm, a
porosity between 25% and 75% by volume, and pores with an average diameter less than

or equal 1o approximaiely 2 um.

51
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OK | 531 | 253 | 306 | 4498 | 37.33
CK | 015 | 006 | 009 | 01 | 009
FeK | 049 | 026 | 029 | 031 | 036
NK | 94.06 | 9714 | 9656 | 5461 | 62.20
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SIK 0.29 0 0 0
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NiK 93.01 | 94.96 [ 96.35 | 92.85
IrL 0.19 0.18 0.15 0.17
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