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bstract

In this paper, we present the preliminary results of our investigations to fabricate porous micro-feature surface structure arrays on large surface
reas for fuel cell and other heat/mass transfer applications. We hypothesized that micro-channels of around 200–400 �m height and width with
orosity levels of 30–50% and with strong bonding to a thin substrate could be fabricated using hot powder compaction and/or hot roll powder
ompaction. We investigated the effects of compaction pressure, temperature, holding time, powder size and substrate conditions on the attainable
orosity and channel size. Our feasibility study findings indicate that both pressure and temperature have significant effect on the porosity level.
uggested temperature levels are around 450 ◦C to ensure strong bonding among powders and between powders and the thin substrate. Minimum

ressure level can be around 50 MPa, but it depends on the temperature levels. Roughened substrate surface condition is found to slightly assist in
chieving strong bonds and high porosity. In order to have high porosity levels, uniform powder size is preferred. Although not tested extensively,
ot compacted specimens up to 450 ◦C temperature levels are found to be not very strong. Hence, subsequent sintering is necessary.

2008 Elsevier B.V. All rights reserved.
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. Introduction

One of the basic elements of fuel cell stacks is the heat and
ass transfer plates known as either bipolar plates in PEMFCs

r interconnect plates in SOFCs. Their main functions are to
1) equally distribute the gases (hydrogen and oxygen) to anode
nd cathode surfaces for electrochemical reactions, (2) struc-
urally support the MEA and (3) transmit the electrons [1–5].
hus far, various methods are developed to fabricate such plates
ddressing their needs for efficient flow field designs, weight
nd volume, contact resistance and cost. For the bipolar plates,
urrently, three methods or types are commonly used, tested
nd promoted: (1) metallic bipolar plates mostly made of stain-
ess steel alloys [6], (2) composite bipolar plates [3,7–9] and (3)

raphite bipolar plates [10]. For the interconnect plates, based on
he type of SOFC whether it is an anode supported, electrolyte
upported or interconnect-supported, there are various ways of
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ing; Micro-manufacturing

abrication and materials. For the interconnect-supported type,
icro-channeled stainless steel alloys are being developed as

hey promise a remarkable cost reduction [4,5]. Regardless of
hether it is a PEMFC or SOFC, in order to increase the effi-

iency of fuel cells, reduce weight and cost, alternative surface
tructures on these plates have been developed. Micro-scale
orous surface texture on the metallic bipolar/interconnect plate
an enhance the thermal and chemical reaction properties, and
ence, increase the efficiency and performance of fuel cell (i.e.,
W/weight or kW/volume). The benefit of such innovative plate
oncept utilizing porous surface structure has been demonstrated
reviously using metallic foams [11–13]. However, the cost of
uch thin foams is high, and only passive control of the poros-
ty is possible. Modulated porous surfaces at micro-scales (i.e.,

icro-channels or micro-bump arrays on a large surface) were
ound to enhance the heat transfer efficiency up to 300% [14]
hen compared to plain surfaces as depicted in Fig. 1. It was
eported that functionally engineered surfaces with micro-scale
eatures and porosity can enhance the heat/mass transfer mainly
y offering (a) increased surface area in a given volume and
ass, (b) capillary-assistance to liquid flow effect, (c) increased

mailto:mkoc@vcu.edu
dx.doi.org/10.1016/j.jpowsour.2008.01.056
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Fig. 1. Enhancement of heat transfer efficiency by using modulated porous surfaces (i.e., micro-features with porosity) [14].

Fig. 2. Classification of porous surface fabrication methods [25–27].

Fig. 3. Fabrication of modulated porous micro-scale surface features.
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Fig. 4. (a) Experimental tooling, (b) heating and temperature control system and (c) size and geometry of the micro-channels.

Table 1
Experimental conditions for each phase

Experiments Conditions Values Explanation

Phase 1 Temperature 20, 110, 150, 300 and 450 ◦C
Pressure 250 and 320 MPa
Holding time 10 s
Substrate Cu 110, to = 100 �m smooth and rough Rough surfaces are obtained by brushing with sand paper
Powder Average size: 50 �m, (10% < 25 �m, 50% < 50 �m and 90% < 100 �m)

Phase 2 Temperature 300 and 450 ◦C
Pressure 50, 70, 100, 150 and 200 MPa
Holding time 30, 60 and 120 s
Substrate Cu 110, to = 100 �m rough surface
Powder Average size: 50 �m, (10% < 25 �m, 50% < 50 �m and 90% < 100 �m)

Phase 3 Temperature 450 ◦C
Pressure 50 MPa
Holding time 60 s
Substrate Cu 110, to = 100 �m rough surface
Powder Average size: 50 �m More uniform (45–53 �m)
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Fig. 5. Methods and procedure used for measurement of chan

ucleation site density, (d) enhance vapor escape paths and (e)
ncreased catalyst loading capacity [14]. This type of surfaces
an also find applications in fuel processor or reformers to obtain
igh purity hydrogen [15] and biomedical devices [16].

Since the cost is a major issue in commercial and afford-
ble realization of fuel cells, any fabrication technique for any
f fuel cell component should be economically justified. Thus,
nly a few of the existing methods are likely candidates to fab-
icate porous surfaces for fuel cell applications under the mass

roduction and low-cost requirements. Existing methods of fab-
icating porous structures can be classified according to the state
f the material during processing, which defines four “families”

fi
c
p

Fig. 6. Comparison of channel height measurements obtaine
ights. (1) laser profiling methods and (2) optical microscopy.

f processes as follows: (1) liquid material, (2) powder material,
3) metal vapor or gaseous metallic compounds, (4) metal ion
olution, Fig. 2 [17–19]. Among them, powder or fiber sintering
s a commonly used method for many other applications such
s filtration, lubrication, etc. [20–21]. Kartsounes used copper
lasma spray for coating, while Dahl and Erd [22] employed a
ame powder spray method. Some researcher employed electro-
lating (electro-deposition) technique for porous-layer coating.
or example, Fuji et al. [18] made a micro-porous surface by

xing copper particles on a smooth flat surface by plating with
opper, and Janowski et al. [23] invented a way by attaching a
orous reticulated organic foam layer to a tube and then plating

d by optical microscopy and laser profiling methods.
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Fig. 7. Porosity measureme

thin metal coating on the foam. Kunugi et al. [24] devel-
ped a chemical etching method as discussed in the previous
ection. As demonstrated in their study, a nanoparticle porous
ayer can be formed on a substrate surface by etching with
ome acids or alkalis including around 100 nm size nanopar-
icles made from copper oxide, carbon nanotube and aluminum
xide. However, in summary, all of the above methods suffer
rom mass and cost-effective manufacturing difficulties since it
s a multi-step procedure and requires longer cycle time. Due
o its simplicity and low operating cost, compaction of particu-
ate materials has been used for a large number of applications
n mining, mineral, metallurgical, chemical, food and pharma-
eutical industries. Typically, fine powders are compacted by
echanical pressure exerted by either flat plates or rolls. Rolling

rocess has also been used to establish the atom-to-atom bond
etween two pieces to be joined through intimate contact by
echanical pressure, which is called ‘roll bonding’. The main

dvantage of hot compaction and/or rolling is that very high
ressure can be exerted in a productive manner as illustrated in
ig. 3.

In this study, we aimed to develop a novel manufacturing
rocess based on hot powder compaction to fabricate porous
urfaces with modulated micro-scale features on a thin solid
ubstrate for heat/mass transfer enhancement. The primary goal
f this feasibility study was to understand if micro-features with
orosity could be fabricated under different temperature and
ressure conditions to control the feature size ad porosity. We
efined three major important aspects for the desired surfaces:
1) micro-scale features (i.e., modulated channels or bumps),
2) interconnected and controlled porosity, and (3) mechani-
ally strong and minimal thermal-resistant bonding with a solid

hin substrate. In order to assess the manufacturability, process
ontrol (i.e., pressure versus porosity and temperature versus
orosity) and robustness issues, in this preliminary phase of
ur studies, we used copper powders as they can be formed

t
c
a
t

cedure and sample results.

t lower temperature and pressure levels compared to stainless
teel, which is a preferred type of material particularly for elec-
rochemical stability in fuel cell applications. Moreover, copper
as chosen to address micro-compaction of porous surfaces for
eat exchanger applications. We expected that our findings with
opper powder compaction would guide us through the second
hase studies where we intend to use stainless steel powders.

In this paper, after presenting the overall motivation, objec-
ives and state-of-the art review of fuel cell component

anufacturing in the introduction section, we described the
xperimental methodology, tooling and measurements in Sec-
ion 2. In Section 3, we presented the experimental results and
iscussed their analyses. In Section 4, we summarized our find-
ngs and laid out a plan for the future work.

. Description of experimental tooling, method and
easurements

We conducted our feasibility experiments in three phases
sing the same tooling under different conditions. We inves-
igated the feature size (i.e., channel height and micrometer),
orosity (%) and bonding quality with the thin substrate as a
unction of temperature (room temperature to 450 ◦C), com-
action pressure (25–320 MPa), substrate surface condition
smooth or rough), powder size distribution (average 50 �m with
arying minimum values) and compaction time (0–120 s).

.1. Experimental tooling and system

Compaction experiments were conducted on a 30 kN MTS
achine. We were able to apply and control the pressure with
his MTS Insight 30 machine. A compaction tooling (Fig. 4a)
onsisting of a bolster, bottom die, insert with channel geometry
nd container was manufactured using H13 tool steel material
o enable hot compaction experimentation. During the hot com-
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ig. 8. Variation of porosity (a) and channel height (b) at different temperature
ith two different substrate surface condition (smooth and roughened).

action trials, the whole tooling was heated by a band heater
Watlow miniature band heater), and wrapped by insulation
aterial to achieve and maintain the desired temperature levels
hile the temperature is continuously measured (K type ther-
ocouples) and controlled by a temperature controller (Omega
N616, Fig. 4b). The insert (i.e., punch with the micro-channel

eatures as seen in Fig. 4c) was fabricated using wire EDM pro-
ess. As seen in Fig. 4c, the insert has a diameter of 10 mm with
dentical channel width of 435 �m and channel gap of 350 �m
n the left side (i.e., aspect ratio is 0.8), and identical channel
idth of 400 �m and channel gap of 200 �m on the right side

aspect ratio is 0.5). Furthermore, there is a draft angle of around
4◦ on left side.

During the experiments, a thin copper substrate of Cu 110
lloy (100 �m thickness) was placed on the bottom die. Cop-

er powders (Grade 185E, ACu Powder Co., water atomized)
ere poured on to it. Powders had irregular shapes and showed
large variation in their size (10% < 25 �m, 50% < 50 �m and
0% < 100 �m). The entire system was then heated to the

f
3
i
a

(20, 110, 150, 300 and 450 ◦C), compaction pressure (250 and 320 MPa) and

equired temperature level. Then, punch (insert) was pushed
own by the MTS machine to the desired loading level. Depend-
ng on the type of experiments, the specimen was kept under
ertain pressure level for a while, which will be explained later.
hen, the entire system was cooled down to room temperature to
llow the formed specimen to be taken out of the die for further
bservations and measurements.

.2. Experimental method

Table 1 summarizes the experimental conditions for Phases
, 2 and 3 experiments. In the first set of experiments (Phase 1),
e investigated the effect of temperature at high compaction
ressure levels and for smooth and rough substrate surface
onditions. As described above, at least three specimens were

abricated at 20, 110, 150, 300 and 450 ◦C under both 250 and
20 MPa levels. In the second set of experiments (Phase 2), we
nvestigated the effect of compaction pressure and holding time
t high temperature conditions. We performed at least three
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ig. 9. Bonding with the thin substrate is one of the main requirements of suc
50 ◦C, bonding was observed to take place.

ompactions at 50, 70, 100, 150 and 200 MPa pressure levels
nder both 300 and 450 ◦C. We hold the compaction load at 30,
0 and 120 s to understand if it would make any difference in
erms of the porosity and channel height. Finally, in the Phase

-experiments, we only conducted hot compaction of more uni-
orm powders (i.e., 90% was higher than 50 �m) at 450 ◦C and
nder 50 MPa to understand if powder size distribution would
ffect the porosity and cavity filling characteristics.

c
m
c
I

Fig. 10. Optical microscopy pictures of porous features
ro-scale porous surface structures. Only at high temperature levels of 300 and

.3. Measurements

In order to characterize the fabricated porous specimens,
e performed two main measurements on every specimen: (1)
hannel height to understand the cavity/channel filling perfor-
ance, (2) porosity to establish a relation between forming

onditions (pressure, temperature, etc.) and porosity control.
n this study, we did not perform any measurements to quan-

at different temperature and pressure conditions.
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ig. 11. Variation of porosity (a) and channel height (b) under different compa
00, 150 and 200 MPa, holding times are 30, 60 and 120 s). Note that some of t

ify the bond strength between substrate and porous layer. But,
e examined it under microscope to understand its characteris-

ics.

.3.1. Channel height measurements

We used two different methods to measure the channel height

n the fabricated specimens (Fig. 5). First, optical microscopy
mages were captured for the purpose of measuring porosity and
pecimen profile. We used Motic Image Processing Software to

c
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h
c

Fig. 12. Porosity levels at different pressure levels at a te
conditions (temperature levels are 300 and 450 ◦C, pressure levels are 50, 70,
es were not performed.

nalyze the images. As a second method, we used a laser pro-
ler (Keyence LK-G37, accuracy of 0.05 �m) which offers a
aster measurement method. In order to ensure its accuracy and
epeatability, we compared its results with optical microscopy
mages. As depicted in Fig. 6, laser profiling was found to give

onsistent measurements as good as optical microscopy imag-
ng. For every fabricated specimen, we measured the channel
eight along two different lines as illustrated in Fig. 5. In the
omparison charts, an average of these measurements was used.

mperature of 450 ◦C using more uniform powders.
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Fig. 13. Preliminary results of hot c

.3.2. Porosity measurements

In order to measure porosity level and distribution, we ana-

yzed the optical microscopy images using image analyzing
oftware, since it offered a rapid and accurate characterization
f porosity and its distribution. In our characterization proce-

t
b
s
i

Fig. 14. Roll mill to perform continuous roll compac
ction with a new and large tooling.

ure, first the fabricated specimens were mounted to safeguard

hem from breaking or falling apart due to weaker bonding
etween powders. The mounted specimens were then cut into
ections which then underwent grinding and polishing. Grind-
ng was done using meshes of 240, 400, 800 and 1200 graded

tion of porous micro-feature surface structures.
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and paper consecutively and polishing was done using 6 and
�m grade diamond paste in order to obtain better quality sur-

ace images. Polished specimens were then examined under an
ptical microscope to capture multiple images in every sec-
ion. These images were analyzed in both ImageJ and Motic
mage Processing Software to quantify the porosity level and
epict the porosity distribution. At least three distinct regions
rom each feature/channel on every section were used to obtain
orosity measurement windows as illustrated in Fig. 7. An aver-
ge of all these measurements was used in comparison and
nalyses.

. Results, analysis and discussions

As explained before, complete characterization of porous
urface structures requires comparison of (a) achievable chan-
el/feature height/size, (b) attainable porosity (%), (c) strength
i.e., hardness) and (d) quality of bonding with the substrate. In
his feasibility study, the focus of our investigations was on the
rst two attributes of the porous surfaces. Hence, in this section,
e present and discuss the effects of pressure, temperature, sub-

trate surface, feature size and powder size on the porosity (%)
nd feature height (h).

.1. Results of Phase 1 experiments

In the Phase 1 experiments, we investigated the effect of tem-
erature on the porosity and channel height and relatively high
ompaction pressure levels (250 and 320 MPa). Fig. 8 depicts
he variation of porosity and channel height. It can be con-
luded that porosity decreases with increasing temperature from
5–40% levels down to 13–20% levels. It demonstrates about
% increase in porosity when we go from 300 to 450 ◦C tem-
erature, which could be neglected due to the large variation in
easurements. Similarly, a decrease of porosity is observed with

n increase in the pressure. However, at these two high-pressure
evels of comparison, their effect on porosity is not very signifi-
ant (i.e., 3–5%). Although insignificant, rough substrate causes
slight increase in porosity (i.e., in the range of 1–2%). Similar
bservations are made for both sides of the compaction spec-
men where aspect ratio is 0.8 and 0.5 on left and right sides,
espectively. For the channel height comparisons, it is difficult
o make general conclusions unlike the porosity. For both sides
f the compacted specimens and for both pressure levels, the
ighest channel height is observed at a temperature of 110 and
50 ◦C, whereas the lowest height is obtained at 150 ◦C. Since,
he compacted specimen is not strong enough at 20, 110 and
50 ◦C cases, they were susceptible for damage during ejec-
ion and handling. Bonding with substrate was not very strong,
ometime not possible, at low temperature level as illustrated in
ig. 9. As summary, in order to obtain high porosity, high fill-
ng and strong compaction, we need to use a high temperature
evel. However, since it would be expensive, slow and difficult
o conduct compaction at much high-temperatures, in the Phase
experiments, we investigated the effect of pressure at 300 and
50 ◦C temperature.

o
e
c
r
o

ources 179 (2008) 592–602 601

.2. Results of Phase 2 experiments

In the second set of experiments, we focused on the effect
f low-pressure levels and holding time on the porosity and
eight at high temperature conditions (i.e., 300 and 450 ◦C).
e conducted compaction experiments at five different pres-

ure levels (50, 70, 100, 150 and 200 MPa). We applied the final
ressure level at different holding durations (30, 60 and 120 s).
ig. 10 illustrates the porosity and its distribution on several
icro-features under different process conditions while Fig. 11

epicts the variation of average porosity and channel height. In
eneral, the lower the temperature and pressure is, the higher
he porosity.

Based on observations and depiction in Fig. 11, it can be
oncluded that pressure (between 50 and 200 MPa), temperature
300 and 450 ◦C) and holding time (30–120 s) have significant
ffect on the porosity but negligible impact on the channel height.
orosity decreases with increasing temperature to 450 ◦C from
00 ◦C. The rate of change is in the range of 7–10%. Increas-
ng pressure also leads to a decrease in the porosity. Lower
ressure (50 MPa) results in porosity around 40–45% while the
igher pressure (200 MPa) leads to porosity about 32–35%. It
hould be noted that porosity decreases interruptedly between
0 and 70 MPa from 40–45% down to 30–35%. Holding time
lso affects the porosity by reducing it with longer holding dura-
ions, but its effect is not as pronounced as that of pressure and
emperature. Finally, it can be deduced from these results that
s the temperature and pressure increases, porosity variation on
he same specimen decreases.

.3. Results of Phase 3 experiments

In the Phase 3 experiments, the goal was to understand if the
owder size uniformity had an effect on the attainable poros-
ty. Hence, we screened the powder used in other phases to
ave a more uniform powder size distribution (i.e., as received
owders had as distribution of 10% < 25 �m, 50% < 50 �m and
0% < 100 �m, whereas after screening we had powders of
5–53 �m, 270–320 mesh). We performed the Phase 3 tests
nder the following conditions: pressure: 25, 35 and 50 MPa,
emperature: 450 ◦C, holding time: 60 s and using rough sub-
trate. As it can be seen in Fig. 12, and after a comparison
ith Fig. 11a, it can be concluded that uniform powders lead to
igher and more consistent porosity percentages (i.e., 45–50%
t 50 MPa in Fig. 12 versus 40–45% in Fig. 11a at 50 MPa), as
xpected.

. Conclusions and future work

The ultimate goal of this study was to verify the feasibil-
ty of fabricating porous micro-channels on large surfaces in

continuous manner. We hypothesized that micro-channels
f around 200–400 �m height and width with porosity lev-

ls of 30–50% and with strong bonding to a thin substrate
ould be fabricated using hot powder compaction and/or hot
oll powder compaction. Therefore, we investigated the effects
f compaction pressure, temperature, holding time, powder size
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In summary, we conclude the followings:

1) Porous micro-channels can be fabricated on large surfaces
for fuel cell, fuel processor and other heat exchanger appli-
cations using copper, stainless steel and other metallic
alloys.

2) In order to ensure strong bonding among powders and
between powders and substrate, temperature should be kept
as high as possible (minimum of 450–500 ◦C for copper).

3) Sintering would be necessary if temperature during com-
paction is not around 900–1000 ◦C.

4) Both compaction and sintering should be performed under
protected atmosphere to prevent oxidation.

5) Pressure levels can be selected based on the achievable tem-
perature levels. At high temperature levels such as above
450 ◦C, low-pressure values should be enough for com-
paction, but would require sintering process. Although high
temperature and high pressure would assist in obtaining
strong compactions, it would prevent reaching the necessary
porosity levels.

6) In order to ensure high and consistent levels of porosity,
uniform powders should be used.

7) Temperature gradient can be used to increase bond strength
(i.e., high temperature at substrate and low temperature at
channel side).

As future and recommended work, similar experiments need
o be conducted for large scale and continuous compactions. We
ave already designed a new tooling to fabricate compactions
f 55 mm in diameter and with larger aspect ratios (0.84 and
.68) as presented in Fig. 13. In addition, design of experiment
DoE) techniques will be applied to obtain interacting effect
f different parameters on the porosity. In order to understand
he bond quality, shear and/or three-point tests are planned for
uantitative characterization. We plan to transfer our findings
rom simple compaction case to roll compaction process. For
his purpose, a specially designed roll mill is acquired as shown
n Fig. 14. As for the second phase of this study, we plan to
se stainless steel powders to make interconnect/bipolar plate
amples for fuel cell applications. It is obvious that for stain-
ess steel powders, we would need to conduct our compaction
xperiments under higher temperature (600–800 ◦C) and pres-
ure (∼100 MPa) levels in order to obtain sound bonding among
owders and between powders and substrate.
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