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Recently, the use of renewable energies has increased to environmental pollution,
limitation of fossil energy resources and energy security One of the means that
enable us to use such energies is fuel cells (FC). However, there are many problems
in the commercialization of FC from an economically and operation perspective.
One of the most important problems is heat management. New heat pipes are
being developed for this purpose. A heat pipe is made from a “porous coat” on
a base metal. In this study, a Cu-Ni porous layer with a thickness of ~300pum was
considered as the coating on a Cu-Ni base metal with two kinds of powder (mixed
and ball milled). The morphology and physical properties of the coatings, such as
porosity, permeability and effective thermal conductivity, were investigated. The
best permeability was obtained for the base metals coated with powder which was
ball milled for 6 hours. Thermal conductivity of samples increased (by 9.5%) when
using ball milled powder. Porosity of coated samples decreased with ball milled
powder in comparison to mixed powder.

1. Introduction

problems, such as thermal management, must be
solved for FC before they can be commercialized

Recently, the use of renewable energies have attracted
a great deal of research due to environmental
pollution, exploitation of fossil energy resources and
energy security. Fuel cells are the means that can
help us achieve these goals. But, many technological
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[1-5].

A PEM fuel cell operates normally in a temperature
range of 60-80 °C [6]. This range is determined
by the materials of the PEM: anode, cathode,
electrolyte, etc. In order to achieve high proton
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conductivity in the electrolyte, the temperature must
not exceed approximately 80 °C [7]. So, proper
thermal management is one of the most critical
technical problems that must be resolved [8-10].
The heat generated in a PEMFC can be removed by
the cooling system or transferred by conduction—
convection across the faces of the stack (bipolar
plate) [11]. In a previous studies a novel design was
proposed in which the bipolar plates are fabricated
from a porous, hydrophilic material (so called heat
pipe) [1, 12]. A heat pipes includes a metal sintered
powder wick or a silicon/carbon porous wafer with
biporous (micro/macro) pores on the inner/outer
surface of a tubethat is saturated with working fluid.
Heat pipes with extremely high thermal conductivity,
insensitive to gravity forces, high permeability for
fluids, and a small cross-sectional area can transport
large amounts of heat over a large distance [13].
The optimized heat transfer objectives can usually
be stated as either a) removing large rates of energy
generation through small surface areas with moderate
surface temperatures rises or b) reducing the size of
a boiler for a given rate. Both objectives involve
higher heat fluxes [2, 14, 15].

The history of this methodof heat transfer goes back
to 1956 when pioneer Milton studied the porous
surface layer for heat transfer and filed the first patent
on sintering porous surface material (heat exchange
systems) [16]. This technique was further developed
in the 1970s by several researchers [17-19].

The porous layers being applied on tube surfaces can
be classified based on their manufacturing methods
to: sintering, thermal spraying, electrolytic plated,
etc. Among these the sintering porous surface has
been reported to give the best heat transfer ratio

[15, 17, 20, 21]. In fact, the critical heat flux rate per
unit area of the porous surface tubes can be 3-8 times
more than reference smooth tubes [21-23]. They not
only enhance the boiling coefficient of heat transfer,
but also reduce the boiling temperature [24-26]. For
example, the nanoporous ALO, structure showed
significant enhancement of boiling heat transfer even
throughouta 500 hour long-term pool-boilingtest [26].
Sintered wicks using copper powders have been

found to exhibit the best available heat flux
performance. Sintered copper has a heat flux
capacity of 100 W/cm?. By incorporating a naturally
pulsating mechanism in the partially sintered copper
wicking medium, a heat flux as high as 220 W/cm?
has been achieved [19].

Nevertheless, there are some disadvantages in
conventional processes, i.e., high temperature
and long sintering time, which can affect the
microstructure, heat resistance, and shape of the
tubes. Therefore, it is generally recommended to
develop an improved production process and select
an optimum condition process [27, 28].

The porous surface promotes a large number of
nucleationsites[2,20,23-24]. Itiswell knownthatthe
surface structure affects the pool boiling heat transfer
from a heated surface [2, 18, 22, 26]. The number
and size distribution of cavities present on a heated
surface affect the nucleation characteristics [19].
The connection between particles in porous layers
and the size of the channels are the two factors
which depend on the powder shape, powder size
and sintering conditions [3, 17, 19, 23, 29, 30].
The aim of this study is to establish micro-scale
porous structures of Cu-Ni on the surface of a Cu-
Ni base plate to improve thermal control in the fuel
cell stack. For this purpose, the received mixed
and mechanical alloyed powders of Cu-10% Ni
were coated on the surface of plates without any
pressure using a polymeric binder. The samples
were dewaxed and then subjected to a special
sintering. Micro structure and physical properties
of the samples, such as porosity and permeability,
were then characterized.

2. Experimental procedure
(a) Sample preparation

Commercial copper and Nickel powders from Powder
Metallurgy Co. Iranwere prepared. The average particle
size of the powders were 100 um for copper and nickel
(Fig.1). Complete specifications are shown in Table 1.
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Fig. 1. Sieve analyses of Cu-Ni powders.

Table.1. Copper and Nickel powder specifications

Powder Cu Ni
Shape Irregular Sponge
Particle Size, (um) 100+10 100+10

Purity (wt %) 99.5 99

Product method

Water Atomized

Thermo-Chemical Reduction

The morphology of the received powders was deter-
mined by a MIRA TESCAN scanning electron mi-
croscopy (SEM) (Fig. 2). SEM uses a finely focused
beam of electrons in order to produce a high reso-
lution image of a sample. These observations con-
firmed that the geometry of the copper powder is ir-
regular and the nickel powder is sponge shape. X-ray
diffraction (XRD) analysis was carried out for deter-

mining the existing phases using an EQuniox-3000
with Cu-ka radiation. Fig. 3 shows this pattern. It
is clear that the copper and nickel are the main ele-
ments of the powders.

Ball milling (BM) was performed in a high energy
planetary ball mill (PM 200 Retch) under an argon
atmosphere (99.99%) for various times of 2-12
hours. A stainless steel hardened vial and balls (65

(b)
Fig. 2. SEM Micrograph of the received a) Cu and b) Ni powders (x200).
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Fig. 3. XRD patterns of the received Mixed Cu-Ni powder.

RC hardness, 10 mm diameter) were used with a ball
to powder weight ratio of 10:1. The copper to nickel
powder weight ratio was set to 9:1. In addition, about
0.1% wt of load stearate was added to prevent the
agglomeration and cold welding of powder particles.
In order to study the phase formation during the
milling process, a small amount of the powder was
taken out from the vial at different intervals. After
milling, the powder was classified and an appropriate
particle distribution for coating was attained by
mechanical sieving according to ASTM B214-
07 [31]. Scanning electron microscopy was also
used to determine the particle morphology. Also, a
mixed Cu-Ni powder in a 9:1 weight ratio without
any additional working was used for coating and the
results were compared with BM coated powders.

A propylene binder was poured on the Cu-Ni plate
(dimension of the plate was selected at 10*10 mm)
and then the received and BM powders were sprinkled
on it (with an amount of 0.35 gr/cm? of the metallic
powders). This process was repeated at least three
times to achieve a certain thickness (200-300 um,
the size of 2-3 adhered particles). This range is an
effective coating thickness for porous wicks used in
heat pipes [32].

The samples were heated in a Memert oven at 250 °C
for 2 hours to remove the water. Dried samples were
then heated for 30 minutes at 300 °C to remove the
latex composition of the binder. At this temperature

the binder evaporated completely without any
destructive effect on the coating. Coated plates
were heated up to 950°C for 90 min. The sintering
process is shown in Fig. 4. The heat treatment was
carried out in a programmable atmosphere controlled
tube furnace. Before starting the process, reduction
gas (5% Hydrogen-95% N2) was purged from the
furnace for 10 minutes, this also occurred during the
sintering process.

(b) Characterization

As described by Darcy’s law, permeability is the
capacity of a porous medium to transmit fluid
and depends on the fluid medium. The hydraulic
conductivity of the porous medium is examined
first and then transformed into permeability. The
hydraulic conductivity of porous samples can be
determined by [25]:

(ke

= 1
hAt @

where K is the equivalent hydraulic conductivity
of a porous medium, q is the cumulative quantity
of deionized water, L _ is the specimen thickness,
h is the difference in hydraulic head across of the
specimen, A is the cross-sectional specimen area,
and t is the total time. The permeability of a porous
medium can be calculated from Eq. (2):
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where . is the water viscosity at testing temperature,
W,.c 1S the water viscosity at 20 °C, g is the
acceleration due to gravity, and V,;.. = 1 x 10°m%s
is the kinematic viscosity of deionized water at 20 °C.
To measure the porosity a porous tablet was made
with the same sintering condition. The porous
specimens were saturated with methyl alcohol and
porosity, €, was measured by Eq. (3).

(VVF _WT)/IOL
&= _ @)
W, / pm) + (W, =W, )/ pL)

Where W._ is the mass of the Cu-10% Ni porous tab,
p,, is the intrinsic density of the Cu-10% Ni powder,
W_ is the mass of the methyl alcohol-wetted wick, and
p, is the density of methyl alcohol. The experimental
uncertainty in the porosity was estimated to be
+1.0%. Details of the characterization of the porous
layer is explained in [33].

3.Results and discussion
3.1. Phase definition
Fig. 5 presents the XRD patterns of the Copper and

Nickel milled for 2, 6 and 12 hours. As it can be seen,
a Ni peak exists after 2 hours. At other milling times

the peaks of Cu and Ni elements are eliminated.
During milling, because of the intrinsic properties of
a planetary mill, powder particles are subjected to
high-energy impact which causes cold welding and
fracture of powder particles [34]. The preliminary
experiments revealed that both fcc Cu and fcc Ni
peaks diminished after 6 hours milling and issued
formation of a single fcc phase, which suggests a
CuNi solid solution bimetallic phase. The XRD
results indicate the direct formation of CuNi alloy
in the milling process. In addition, the Bragg peak
broadening (corresponding to the grain size reduction
and micro strain accumulation in the lattice) is
observed with increasing milling time. Reduction of
peak intensity occurred as milling time increased,
pointing out the increase in the Cu—Ni phase lattice
parameter [35]. Based on the XRD analysis, further
milling revealed no significant changes in the X-ray
diffraction pattern of the powder (Fig. 5); so, 6
hours ball milling can be considered as the suitable
condition.

3.2 Morphologies of ball milled powder and
sintered coatings

SEM micrographs of the Cu and Ni powders milled
for different times are presented in Fig. 6. These
pictures clearly demonstrate the changes of powder
morphology with increasing milling time. Powders
milledfor2hourshaveadisk-likemorphology (Fig.6a).



260 Iranian Journal of Hydrogen & Fuel Cell 4(2016) 255-266
3000
CuNi

2500

2000
'E 1500 - 12 Houres
5 - ] “A-—-——
2 .

500

u 2 Houres
Q : : : . : == . . : : . ;

47 48 49 50 51 52 53 54 55

Fig. 6. Morphology of powders milled for a) 2 h, b) 6 h, and c) 12 h (x200).

By increasing the milling time (Fig. 6b and Fig.
6c), powders change to anirregular-spherical and
agglomerated morphology. Compared to Fig. 2,
agglomerations of ball milled powders are quite
noticeable.

Fig. 7 illustrates the surface morphology of coatings
obtained by applying milled powders after the
sintering process. It can be seen that the shape of
grains are irregular-spherical in samples coated with
12 hour milled powder.. Comparing milled samples
with the mixed one, the latter has more porosity (Fig.
7d). From this point of view, the surface obtained
by the as received mixed powder is better than
BM, but it must be noted that some places on the
coating with mixed powder are Ni poor as shown
in the EDS analysis in Fig. 8. This deficiency has a

significant effect on the mechanical properties [36]
and corrosion resistance of the coating [24].

Fig. 9 illustrates a cross section view of the samples
and shows that there is a kind of reentrant cavity
with a larger internal surface. This type of coating is
suitable for heat transfer purpose because it facilitates
fluid penetration and boiling nucleation [27, 30].
Observation on a cross section of coatings revealed
that just mixed powder and milled powder for 6
hours, had larger and more interconnected pores.
These parameters are very important for heat transfer
properties [2, 15, 17, 19-21, 27]. Comparing the disk-
like and irregular-spherical powder (Fig. 10) shows
that the latter has more interconnected pores because
of the particle shape and surface contact between
grains.
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Fig. 10. Joining of two neighbor particles after sintering a) disk like (BM) and b) irregular-spherical shape (mixed).

In the coats created by the received mixed powder
the surface of the channels are smooth; however in
the BM cases it was not smooth.

3.3 Porosity

Inour experiments, the porosity of the sintered coating
varies from 32.6 to 42.3% (Table 2). However, the
porosity of previous research is generally not more
than 50% [37-38]. From Table 2 it can be seen that
the highest value of porosity belongs to the mixed
powder and lowest value for belongs to 12 hours
BM powders. These variations can be related to the
morphology of the powdersat different milling times
as powder shape and mode of connection has a direct

effect on porosity volume. The coatings are more
compact in the case of 12 hours BM powders. It seems
that high energy mechanical milling provides residual
stress in powders (according to Fig. 5. and the main
peaks move to the right with increased milling time)
and causes decreasing sintering temperature [39].
So, increased milling time lessens the porosity in
samples. As many researchers have stated, the best
efficiency of porous layers in heat transfer equipment
is achieved with 35-45% porosity with connecting
channels in the coating layer [40-43], in our study the
results for 6 hours BM powder met this condition.
After 6 hours ball milling the powder shape changed
from a disk-like to an irregular-spherical morphology,
good diffusion happened between the powders, and
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Table 2. Physical properties of sintered coating

Sample 2h 12h  6h  Cu-Ni Mix
Porosity (%) 36.3 326 34 42.3
Permeability (cm)?x10® 1.7 18 21 1.92
Keff (W/m.K) 277 288 283 26.1

a netlike porosity formed after sintering (Fig. 9).
Also, net-like porosity formed in the mixed powder
because of its irregular-spherical shape and good
bonding between particles.

3.5 Thermal conductivity

The thermal conductivity of the sintered porous
coating is related to its porosity through the following
equation [25]:

2+Kk

k — k air
eff s 2 + k

/K, —2&(1-k,, /k.)
/k +e(-k, k)

(4)
Where k_, is the effective thermal conductivity of the
sintered wick, k_ is the intrinsic thermal conductivity
of Cu-10% Ni solid, k_ is the intrinsic thermal
conductivity of air and ¢ is the porosity of the sintered
coating. Calculated results are summarized in Table 2.
According to equation (4) porosity is the most
important parameter that affects thermal conductivity.
Ignoring the morphology of the powder, the coating
with 12 hours ball milled powder that presents less
porosity has more thermal conductivity and the
mixed powder with 42.3% porosity has less thermal
conductivity.

3.6 Permeability

For better performance of a porous layer, the pore
size must be small enough to ensure high capillary
pressure to draw the fluid through the porous coating,
sometimes even against gravity [27]. Table 2 shows
the permeability value of the coatings. These amounts
are higher for 6 hours BM powder.

Many researchers have shown that besides porosity,
there are also other factors that may affect the
performance of the porous coatings [22-24]. This
accorded well with the literatures which have

reported that samples with the same porosity may
also have different permeability [26].

Since all coatings were made in the same conditions,
the difference in the permeability value is related
to the powder morphology, porosity value, pore
size and pore surface roughness. There was a good
connection between powders after sintering, and as
a result good net-like porosity for irregular-spherical
powder causes good permeability. The results were
comparable with other researcher such as Dominguez
[17], Chiu [20] and Peterson [25]. As mentioned
before, adjustment of all properties for these kinds of
coatings, is a very important parameter in the design.
Irregular particles with more connection channels
have shown better permeability. For 2 hours and
12 hours BM, permeability values were less than
for mixed and 6 hours BM coatings. Disk-like (BM
for 2 hours) and agglomerated (BM for 12 hours)
morphology made disconnected pores and so less
permeability (Fig. 9 and Fig. 10). Also, in these two
cases much rougher powder and channel surfaces
was obtained compared to 6 hours BM and mixed
coatings. These morphology differences caused the
difference in the effective pore size, as illustrated in
Fig. 92 and 12 hours BM had a smaller pore size,
while the 6 hours and mixed had a larger and a
slightly narrower pore size distribution.

As mentioned above, the surface of wall pore for 6
hours BM was rougher than the mixed wall. Surface
roughness decreases the contact angle between
the fluid and surface, and consequently increases
permeability [44-45], so the 6 hours BM powder
showed more permeability. As can be seen in Fig.9,
this is also induced by the significantly larger pore
size in the 6 hours BM powder.

4. Conclusion

In this research a morphological and physical study
of Cu-10%Ni sintered porous wicks used in fuel
cells was done and the following conclusions can be
drawn :

1. Porosity volume in coatings with BM was less
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than coated samples with as received mixed powder
so the thermal conductivity of BM samples is more
than mixed samples.

2. Higher permeability was achieved for 6 hours BM
loose sintering powder created at 950 °C. In this case,
pore wall surface roughness, powder morphology and
interconnectivity of channels are suitable for heat
enhancement surfaces. Surface roughness of the BM
powder was more than the mixed powder. Surface
roughness decreases the contact angle between the
fluid and surface and consequently increases the
permeability of wicks.

3. Thermal conductivity of samples increased (by
9.5%) when using ball milled powder.
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