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In this study, the effect of compression is investigated experimentally on deformation and
porosity of catalyst layers (CLs). Compression tests are performed on five CL samples with
various microstructures using a thermomechanical analyzer and a custom-made machine
Tuc-Ruc (Thickness under compression-Resistivity under compression). The results indi-
cate that CLs have a linear behaviour with no plastic deformation at pressures less than
2 MPa even after 12 cycles. However, CLs showed plastic deformation, work hardening, and
elastic shakedown under cyclic compression up to 5 MPa. In this pressure range, the ma-
terial becomes stiffer and Young's modulus has increased by 50—113% after 8 loading cy-
cles. Moreover, the material “settles down” after 6 cycles showing no further significant
plastic deformation at higher pressures (up to 5 MPa). This behaviour suggests that CLs
enter elastic shakedown region since after several cycles, plastic strain diminished, and
they behave elastically afterwards. The compression tests on five samples yield Young's
modulus of 30—45 MPa for pressures up to 2 MPa and Young's modulus of 37—70 MPa for
pressures up to 5 MPa. The reason for slight change in Young's modulus is that the
microstructure of CL changed, and the porosity decreased at higher pressures.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

through numerous load cycles and temperature/humidity
changes. These induce hygrothermal stresses and lead to
changes in microstructure, thermal, electrical and mechanical

The core of a Proton Exchange Membrane (PEM) fuel cell is the
Membrane Electrode Assembly (MEA) which consists of
several layers including a membrane, two catalyst layers
(CLs), and two gas diffusion layers (GDL) [1,2]. During
manufacturing and operation of a PEM fuel cell, the MEA goes
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properties as well as cracks and delamination [3]. The hygro-
thermal stresses result in changes in membrane electrode
assembly (MEA) properties which in turn impact the effi-
ciency, life-time, and performance of the fuel cell [4—6]. As

E-mail addresses: amalekia@sfu.ca (A. Malekian), mbahrami@sfu.ca (M. Bahrami).

https://doi.org/10.1016/j.ijhydene.2019.04.134

0360-3199/© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:amalekia@sfu.ca
mailto:mbahrami@sfu.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2019.04.134&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2019.04.134
https://doi.org/10.1016/j.ijhydene.2019.04.134
https://doi.org/10.1016/j.ijhydene.2019.04.134

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 18450—18460

18451

Nomenclature

v Volume (mm?)

W Weight (N)

p Density (kg/m?)

to Initial thickness (um)
Caam New thickness (um)
At Thickness change (um)
- New porosity

£ Initial porosity
Subscripts

b Bulk

0 Octane

S Solid

w Water

such, the effects of varying mechanical loads (typically around
2 MPa in PEM fuel cell) on various porous layers of the MEA
should be carefully studied to optimize efficiency, working
conditions, and durability of fuel cells. In order to understand
and optimize the performance of PEM fuel cell, material
characterization, experimental studies, and modeling are
needed to predict the behaviour of each layer. This research
focuses on material characterization of CLs under compres-
sion to determine how CLs deform under compressive loads
from bipolar plates combined with hygrothermal stresses.
The first part of this work presented here focuses on the
experimental study; model development and validation are
presented in the accompanying paper [41].

Literature review

Many of the studies on CL and its microstructure are moti-
vated by the need to decrease the cost of production, since CL
is the most expensive layer of PEM fuel cells. Different
methods were proposed, including: i) improvement by adding
graphene [7,8], ii) platinum group metal-free (PGM-free)
[9-11], and iii) low platinum loading (various methods)
[2,12—17].

Most of studies that focused on mechanical properties of
CLs have been done experimentally with a focus on crack
formation. Changes in humidity, temperature, and pressure
inside a PEM fuel cell stack also cause deformation and
swelling of CL, and affect the porous structure and transport
parameters [18,19]. Consequently, the performance and plat-
inum utilization of a PEM fuel cell changes which is caused by
deformation. A notable and comprehensive study on the
mechanical properties of CL has been conducted by the Fuel
Cell System Development Division of Toyota in Japan
[5,20—24]. Kai et al. [5] studied crack formation of CL in tensile
mode at various temperatures. They measured Young's
modulus of the CL samples and membrane together and
found that as temperature was increased, Young's modulus of
the sample decreased. In another study by this group,
Uchiyama et al. [22] studied the buckling and wrinkle forma-
tion of CL under humidity cycling. They calculated MEA stress
under swelling using swelling ratio and Young's modulus and

estimated critical stress for the buckling of the MEA. They
used a flat surface made from polyimide film (PI) on GDL to
prevent buckling and showed that by having a hole with
bigger diameter on the polyimide film, the size of bulge and
buckling increased which made part of the CL inactive. The
effect of clearance height of the hole, which is the same as
thickness of PI film, on top of CL was also investigated by the
same group in a follow up study [21]. The results showed that
for less than 25 pm clearance height, which correspond to
local gap between layers, there was no crack on the CL even
after 8500 humidity cycles.

Sassin et al. [25] recently reported on the influence of
compressive stress on MEAs and found that the pore structure
of the micro porous layer (MPL) is significantly altered at
compressive stresses greater than about 0.9 MPa. However,
the CL structure remained unaltered up to 1.4 MPa, the
maximum compressive stress investigated.

Table 1 summarizes pertinent studies on mechanical
properties of CL and their effect on PEM fuel cell performance.
To the best of the authors' knowledge, there is no study on
deformation of CLs under cyclic compression and no research
has reported plastic deformation or work hardening of CLs
under uniform compression. In this study, the behaviour of
CLs under compression is investigated experimentally up to
5 MPa, which is complemented by development of a new
effective medium model. The model is based on a geometrical
“unit cell” that is presented in the Part II of this study [41].

Experimental study
Compression test setups

Two machines were used to perform compression tests on
different CL samples; i) Thermomechanical Analyzer (TMA
Q400EM, TA Instruments), and ii) a custom-made machine
called Tuc-Ruc (Thickness Under Compression - Resistivity
Under Compression).

The TMA compression tests were performed for pressures
up to 2 MPa, the maximum allowed by this apparatus. The
temperature of the TMA chamber can be controlled within
+1°Cin the range of —150 °C to 1000 °C. The maximum sample
size is 26 mm in height (thickness) and 10 mm in width and
length. A force ranging from 0.001 to 2 N can be applied on the
samples using five different probes: expansion, macro-
expansion, penetration, tension, and 3-point bending [26].
TMA measures displacement of the probe at various temper-
atures and can apply different types of loadings on the sample
using a linear variable differential transformer (LVDT).

The thickness change of the sample was measured while
the sample was subjected to linear force ramp with the rate of
0.1 N/min at 25 °C under compression probe. TMA resolution
for displacement is less than 0.5 nm, which is small enough
for measuring thickness change of CL samples. For all the
performed tests, in order to ensure proper contact of the probe
with the sample before compression, a preload force of 0.05 N
was applied to the sample. A schematic of the sample holder
and configuration of the probe in TMA Q400EM is shown in
Fig. 1a.
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Table 1 — Summary of available literature on mechanical properties of CLs.

Reference Method Contribution & findings
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Sassin et al. [25] Experimental The CL structure is unaltered up to 1.4 MPa (confirmed by postmortem
scanning electron microscopy and electrochemical evaluation)
Investigated crack formation (in tensile) on CL that is coated on both sides of
a membrane

Measured Young's modulus of the sandwich samples

Young's modulus of the sample decreases as temperature increases
Crack initiation strain decreases as temperature increases

Buckling and wrinkle formation under humidity cycling

Reported critical stress for buckling of CL

Larger hole in the layer next to CL results in increase in the size of bulge,
buckling, and crack formation

Larger clamping force prevents the CL from wrinkling (no wrinkle at 200 N)
Effect of clearance height of the hole on top of CL is investigated

No crack if clearance height is small (less than 25 pm)

Plastic deformation of CL generates a bulge

For large clearance height, swelling happens in in-plane direction so CL
moves toward the clearance

For small clearance height, swelling happens in through-plane direction
and induces pressure on other layers

Studied effect of carbon fibers on CL crack formation

More space between carbon fibers results in earlier bulging

Critical distance between fibers becomes narrower as temperature
increases

Determined friction force between MPL and CL as a function of contact
pressure

At lower contact pressures, MEA deforms and wrinkles

At higher contact pressures, bulging happens

Static friction coefficient increases as the contact pressure increases

Kai et al. [5] Experimental

Uchiyama et al. [22] Experimental

Uchiyama et al. [21] Experimental

Kai et al. [24] Experimental

Uchiyama et al. [23] Experimental

The Tuc-Ruc machine shown in Fig. 1b was designed by the
Automotive Fuel Cell Cooperation (AFCC) to measure elec-
trical resistivity and thickness under different pressures. This
machine can apply up to 5 MPa pressure on a sample with
maximum area of 2 cm? An initial pressure of 100 kPa was
applied on the sample before performing the test to ensure the
appropriate contact between sample and probe. The sample
thickness was measured (using a Sony LT20A digital gauge)
while it was subjected to loading and unloading cycles. Unlike
the TMA which measures the thickness continuously, Tuc-
Ruc only measures the thickness at the given pressures set
by the user with accuracy of 1 pm. Dwelling time of 3 s was

(a)

chosen for each pressure since shorter time was not possible.
More dwelling times were not studied because it was sus-
pected that longer dwelling times may introduce creep in the
results.

CL compression

Substrate selection

Since the catalyst layer is not a stand-alone layer, it needs a
substrate to be coated on for ex-situ measurements. These
include measurements of thermal and electrical properties,
diffusivity measurements as well as compression tests carried

Sample
holder (stage)

(b)

Fig. 1 — (a) TMA Q400EM schematic, (b) Tuc-Ruc (Thickness under compression - Resistivity under compression) apparatus

used in this study.
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out for this study. There were several candidates for CL sub-
strate: ETFE (Ethylene tetrafluoroethylene) sheets, PTFE (Pol-
ytetrafluoroethylene) sheets, filter PTFE, aluminum foil, and
silicon wafer. The most important criteria for selecting a
substrate in compression tests are: i) the substrate should be
sufficiently stiff to avoid significant deformation under
compression; and ii) the substrate should be soft enough to
allow easy sample cutting.

Aluminum foil was not a suitable candidate because it
deforms and bends easily (resulting in a wavy surface). Silicon
wafer is very stiff and hard to cut which means that the CL
should be coated on silicon wafer after making silicon wafer
small enough to fit in TMA machine. These limitations made
silicon wafer and aluminum unsuitable candidates for
compression tests.

Two other candidates, ETFE sheets and PTFE sheets, are
similar. ETFE sheets are however more convenient for sample
preparation and also their properties are known. Moreover,
CLs coated on ETFE sheets yield a uniform thickness [27]
which makes tests more reliable. Tests showed ETFE has
adequate stiffness under compression. These characteristics
made ETFE a suitable candidate for our compression tests.

Filter PTFE was used as substrate for CL diffusivity mea-
surements in our previous study, where it was shown that the
thickness of coated CL was uniform [28—30]. In this study,
filter PTFE was also used as substrate of CL for compression
tests up to 5 MPa using Tuc-Ruc machine. Although filter PTFE
is a porous substrate, it worked well for these experiments
because at higher pressures, all the void volumes within the
substrate and between substrate and CL were compressed and
crushed.

CL samples were compressed up to 5 MPa using both TMA
and Tuc-Ruc. TMA was used to find compressive behaviour up
to 2 MPa and Tuc-Ruc was used to obtain compression of CL
for more than 2 MPa. Compressive behaviour of CLs from 0 to
5 MPa was then found by combining the results of both
measurements from TMA and Tuc-Ruc.

CL porosity measurement

Porosity of each sample was measured using a densitometer
at AFCC, which works similar to GDL porosity measurement
that is done by Rashapov et al. [31]. This machine measures
porosity using the Archimedes' principle. The difference be-
tween weight of an object in air (almost zero buoyancy force)
and the weight in the liquid shows the volume of the displaced
liquid. Since CL is hydrophobic on the surface and water
cannot penetrate easily into the layer, it can be assumed that
the volume of the layer is the same as the displaced volume of
water. Hence, the bulk volume of the sample can be calculated
using:

Wair - Ww

Vb = thuld = gpw (1)
where W,;; and W,, are the measured weight in air and water,
respectively, V, is the bulk volume of the sample, g is the
gravitational field, and p,, is density of water. To measure the
porosity of the sample, the solid part of the volume needs to be
determined. Since octane has low surface tension, it pene-
trates in almost all open pores of a porous sample. One can
therefore measure weight of the sample in octane and find the

porosity using Egs. (2) and (3), in which W, is the measured
weight in octane, p, is density of octane, and V; is the solid
volume of the porous layer.

Wair - Wo
v, = ar — Wo 2
’ 9ro @
Vs
e=1 -, (3)

Sample preparation

To coat CL on the substrate, various coating methods were
evaluated including spraying, printing with Microfab and Fuji
printers, Mayer bar (metering rod) coating, and decal trans-
ferring. As spraying and printing need a dilute ink to prevent
nozzle clogging, high penetration of catalyst ink into the
porous substrate was observed with these two methods.
While having no penetration, decal transfer methods damage
the substrate, as the transfer of the catalyst layer requires
high compression and temperature (i.e. 15 bar and 150 °C).
Mayer bar coating was chosen for this study as it can work
with viscous ink (less penetration) and can be applied to
delicate substrates. Mayer bar coats catalyst ink onto the
substrate by spreading the ink with a rolling bar maintained at
a specific distance above the surface, which determines the
coating thickness. Moreover, the coated CL is uniform
compared with printing based on our observations.

Five different CL samples were fabricated and tested in
compression mode. These five designs had different ionomer
to carbon weight ratios (I/C), porosities, and catalyst powder
dry milling times. Standard ISO 13314:2011 [32] was followed
to perform compression tests on CL samples. Since ETFE and
filter PTFE were used as substrate, each sample was readily cut
in sizes to fit in the machines and under the compression
probe. Each CL design was tested three times to ensure the
results were consistent; the average results are presented in
this paper. The properties of the five samples are shown in
Table 2. The porosity decreases by increase in dry milling time
which is expected since dry milling crushes the agglomerates.
All the designs were coated on both ETFE and filter PTFE. CLs
coated on ETFE (substrate) were tested up to 2 MPa using TMA
and CLs coated on filter PTFE (substrate) were tested up to
5 MPa using Tuc-Ruc to obtain the compressive behaviour of
CL.

Cyclic compression tests

Compression tests using TMA (0—2 MPa). The thickness of
each sample was measured by TMA right before exerting force
on it to ensure accurate measurement and ensure that the
sample handling had no considerable effect on the results

Table 2 — Properties of different CLs used in this study.

CL design I/C Dry Milling Densitometer
number ratio time (h) porosity (%)
Design 1 1.1 None 582+ 2.0
Design 2 0.9 6 520+ 16
Design 3 0.7 24 524 +21
Design 4 0.7 48 50.5+1.9
Design 5 0.9 48 334+13
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(shown in Fig. 3b). To ensure the temperature of the sample
was 25 °C, the machine was equilibrated at this temperature
and 0.05 N force for 15 min. The deformation of ETFE was
deducted from the results as well by finding the compression
of ETFE at any given load. Compression tests were performed
on all designs for 4 cycles to study the hysteresis effect and
plastic deformation as well as the compressive behaviour of
CLs up to 2 MPa. Only one of the designs was subjected to 12
cycles of compression tests in order to investigate the effect of
the higher number of cycles.

Fig. 2a shows the pressure-strain behaviour of CL Design 1.
This figure only shows the loading of the sample (and not the
unloading part) to prevent the graph from appearing too
complex. The unloading and loading curves were similar
which suggested linear behaviour of the material in this re-
gion. The results revealed that the behaviour of CL did not
change significantly over different cycles. The difference be-
tween cycles fell in the uncertainty range of the data which
indicated that compressive behaviour in this design remained
almost the same for each cycle. Moreover, no hysteresis effect
and no plastic deformation were observed for the sample
since the thickness of the sample did not change even after 12
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Fig. 2 — (a) Cyclic pressure vs strain of CL sample up to
2 MPa (Design 1), (b) Young's modulus of different CL
Designs vs. porosity (up to 2 MPa).

cycles. Hence, the sample showed an elastic behaviour for this
pressure range and one could calculate a Young's modulus
from the experimental data. The measured Young's modulus
for CL Design 1 is E¢i1 = 30.0+2.9 MPa. The relatively large
uncertainty of Young's modulus is because of the difference
between 12 cycles and the small thickness of the CL.

Overall compressive behaviour and compression trend of
all the samples are similar (CL Design 2 to 5 are shown in
Fig. 6). All CL Designs were tested for 4 cycles and each test
was repeated three times to ensure repeatability of the results.
As mentioned, cyclic compression was continued up to 12
cycles for CL Design 1 and the behaviour did not change after
the 4 cycle. All CL designs showed neither hysteresis nor
plastic deformation during the compressive cycles. The re-
sults showed that the maximum strain for different designs at
2 MPa was between 5% and 7% which indicated that the
samples were not rigid and that they deformed rather easily.
However, CLs are generally more rigid than GDL since GDL's
strain is about 15% at 2 MPa [33]. The results also revealed that
Design 5 had the least deformation and the largest Young's
modulus because of its lowest porosity.

The measured Young's modulus for each sample was in the
range of 29—45 MPa. Fig. 2b shows the Young's modulus of all
the CL samples as a function of porosity. As expected, the
Young's modulus decreases as the porosity increases. This
trend can be explained by noting that having more pores re-
sults in CL being a “softer” material. As it can be seen from
Fig. 2b, CL Young's modulus decreased by 33% as the porosity
was increased by 74% (CL Design 5 to CL Design 1). These re-
sults show that the CL porosity plays a key role in Young's
modulus. Note that porosity in the samples is directly linked
with the dry milling time in which the agglomerates are
crushed; hence the porosity is decreased as dry milling time is
increased. Hence, more dry milling time results in higher
Young's modulus or stiffer CL.

Compression tests using Tuc-Ruc (0—5 MPay). In this study, the
thickness of samples was measured at steps of 0.5 MPa
starting from 0.5 MPa to 5 MPa. Because the resolution of
thickness measurement of Tuc-Ruc machineis 1 um, 10 stacks
of CL coated on filter PTFE were prepared and tested, which
also caused the uncertainty to decrease. Each CL sample was
tested under compression for 8 cycles to investigate potential
hysteresis effects and plastic deformation at higher pressures.

In the experiments using Tuc-Ruc machine, the first cycle
was not considered in the data processing since the first cycle
only closed the “gaps” between the layers in the stacks and
compressed the filter PTFE (the porous substrate). Moreover,
the results of the compression tests for less than 2 MPa was
not accurate because at low pressures, the applied force was
just enough to merely close the gaps. Therefore, the results for
2nd to 8th cycle are considered in this study. Deformation of a
stack of 10 filter PTFE (without CL) was found at the same
pressure steps; and the results were deducted from CL coated
stack. Hence, the deformation of CL was obtained from these
two sets of experiments.

Fig. 3a shows the thickness vs pressure for a stack of 10 CL
Design 1 obtained from Tuc-Ruc machine for pressures more
than 2 MPa. The results show that as the pressure increases,
the thickness decreases, and the trend is linear for the
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Fig. 3 — (a) Thickness vs pressure for a stack of CL Design1 from Tuc-Ruc (2—5 MPa), (b) Thickness of CL Designs measured

using different methods (SEM [27,30], densitometer [27,30]).

thickness reduction. The figure also indicates that the thick-
ness change for each cycle is different and the slope of
thickness change is decreasing from cycle 2 to cycle 8. This
increase in rigidity is observed because the sample pores are
crushed, i.e. a decrease in porosity, hence the sample is harder
to compress. Moreover, the CL shows permanent deformation
as itis compressed up to 5 MPa. However, the material “settles
down” after 6 cycles showing no further significant hysteresis
effect and plastic deformation. Hence, CL is showing elastic
shakedown in which the material goes through work hard-
ening and after certain number of cycles, growth of residual
strain diminishes, and the material behaves elastically for the
following cycles.

The initial thickness of stack of 10 CL was estimated by
extrapolating the line that goes through the 2nd cycle as
shown in Fig. 3a. The measured thicknesses for all the designs
using SEM [27,34], densitometer [27,34], TMA, and Tuc-Ruc are
shown in Fig. 3b. This figure shows that thickness measured
using different methods were within the uncertainty of re-
sults which indicates that the validity of Tuc-Ruc compression
results.

To calculate the Young's modulus of CL for pressures more
than 2 MPa, the applied pressure vs. strain data were used, see
Fig. 4a for CL Design 1. As shown in Fig. 4a, the CL showed a
plastic deformation from cycle 2 to cycle 8. Young's modulus
of this region was calculated using the best-fit line to the
experiment for each cycle as shown in Fig. 4. The slope of
pressure-strain, or Young's modulus, was increased from the
2nd to 8th cycle which meant that the material became
“stiffer” as it went through cycles. As the sample was com-
pressed, more pores were closed, and more contact points
were created in the CL, which resulted in a more rigid material
and higher Young's modulus.

All the fabricated CL Designs showed similar behaviour at
high pressures (up to 5 MPa). They showed permanent
deformation on thickness and also work hardening which is
caused by a decrease in porosity. As shown in Fig. 4a, the
Young's modulus for the 2nd cycle was 37.6 MPa which
increased to 80.2 MPa for 8th cycle (113% increase). However,

the Young's modulus did not change significantly after the 6th
cycle.

Fig. 4b shows the Young's modulus for different CL Designs
from cycle 2 to 8. The results clearly indicate that Young's
modulus of all the CL Designs increased as the samples were
subjected to cyclic compression. As previously mentioned,
this trend can be explained by the closure of pores (porosity
decrease) and the creation of more contact points as the
sample is compressed. Also, the Young's modulus of CL (at
pressures more than 2 MPa) does not change appreciably
beyond the 6th cycle, which indicates the material has
equilibrated.

Table 3 shows the percentage change in Young's modulus
from cycle 2 to cycle 8 for different Designs obtained from
Fig. 4b. As it can be seen from Table 3, Young's modulus is
increased by 113% for Design 1 and around 50% for Designs 2
to 5. Such trend is observed most likely because Design 1 had
no dry milling, so it still had relatively larger pores and larger
agglomerates and once it is compressed, more changes in its
Young's modulus is observed. Also, the results suggest that for
Design 2 (dry milling of 6 h), the change in Young's modulus is
more than other Designs with more dry milling time. How-
ever, dry milling time more than 24 h did not have a significant
effect on the change in Young's modulus.

Overall compression results (0—5 MPa). The experimental
setups used in this study were chosen to complement each
other. TMA covered the pressure range between 0 and 2 MPa
and Tuc-Ruc covered the pressure range between 2 and 5 MPa.
By combining the results of the two setups, one can obtain the
compressive behaviour of CLs from 0 to 5 MPa.

Fig. 5 shows the pressure vs strain of CL Design 1 obtained
from both TMA and Tuc-Ruc machine. The pressure vs strain
slope changes slightly after 2 MPa for the first cycle (from
E = 30 MPa to E = 37 MPa) and CL becomes stiffer at higher
pressures. However, the behaviour for the following cycles (for
higher pressures) is different; work hardening, and plastic
deformation can be seen from the results. Since the
compression results showed no plastic deformation from 0 to
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Fig. 4 — (a) Cyclic pressure-strain behaviour of CL sample up to 5 MPa (Design 1), (b) Young's modulus of CL samples for
pressure up to 5 MPa under cyclic compression, DM: dry milling time in hours.

Table 3 — Percentage change of Young's modulus from

cycle 2 to cycle 8 (2—5 MPa region) which is inversely
proportional to dry milling time.

CL design Dry Milling  Percentage change of Young's

number time (h) modulus from cycle 2 to cycle 8
Design 1 None 113.2% + 5.3%
Design 2 6 64.3% + 4.3%
Design 3 24 52.1% + 4.7%
Design 4 48 47.2% + 3.9%
Design 5 48 53.9% +4.2%
6
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Fig. 5 — Pressure vs strain of CL Design 1 (0—5 MPa).

2 MPa and also showed work hardening effect from 0 to 5 MPa,
the compressive behaviour of CL changed after 2 MPa. Other
CL Designs also showed similar behaviour and showed plastic
deformation after first cycle up to 5 MPa. Therefore, the
compressive behaviour of CLs can be categorized into two
pressure regions: i) pressures up to 2 MPa, ii) pressures up to 5
MPa. In the first region, the CL thickness decreases because of

the elastic deformations occurring inside the CL. Also, it can
be hypothesized that the CL microstructure remains intact as
no plastic deformation is observed even after 12 cycles of
loading (Fig. 2). Similar result was observed and published by
Sassin et al. [25] as well. However, in the second region
(pressures up to 5 MPa) the CL microstructure, and conse-
quently the effective Young's modulus, is changed under cy-
clic compression as permanent deformation and work
hardening are detected. Also, the CL showed more rigidity in
second region (after the first cycle) as its porosity decreased
and its microstructure changed. But the behaviour became
consistent after 6 cycles.

Note that similar trends have been reported for other
porous materials as well [33,35]. In a separate study, Shen [36]
found that as the indentation in CL increases, the Young's
modulus also increases. This is consistent with our results
since by applying more pressure, CL showed more rigid
behaviour. The hardening effect happens in random porous
materials because of decrease in porosity and creation of more
contact nodes as compression increases. Moreover, the
thickness vs pressure results for Tuc-Ruc apparatus as shown
in Fig. 3 shows the initial thickness of the CL stack which also
suggest the validity of the results.

Other CL Designs also showed a similar behaviour under
cyclic compression. The results of CL compression are shown
in Fig. 6 for CL Designs 2, 3, 4, and 5. They all showed a slight
change in Young's modulus and plastic deformation after
2 MPa pressure for the first cycle. A reason for this slight in-
crease in Young's modulus might be the decrease of void
volume inside CL (porosity decreases) which results in more
rigidity of this porous layer. Also, CL showed work hardening
and plastic deformation for the following cycles by applying 5
MPa cyclic compressionp. In other words, CL had “elastic-
plastic” behaviour under cyclic compression. The onset of the
plastic deformation was approximately 2 MPa; however, this
onset pressure can also be more than 2 MPa. This means that
the yield pressure for catalyst layer is around 2 MPa (some-
where between 2 and 5 MPa) beyond which it shows plastic
deformation and work hardening because of the change in
microstructure. As found by Sassin et al. [25], no plastic
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Fig. 6 — Pressure vs strain of different CL designs (0—5 MPa).

deformation occurs at pressures lower than 1.4 MPa which is
consistent with the results in this paper. Unlike conventional
materials which become softer after their yield pressure, CL
hardens due to its porous nature.

The pressure-strain curves of CL samples showed that by
applying 2 MPa pressure on CL, this layer behaved as a linear
elastic material. However, by increasing the pressure up to
5 MPa, CL showed elastic shakedown behaviour. This means
that CL went through work hardening and plastic deformation
during cyclic load but after certain number of cycles, the
growth of residual strain gradually decreased and diminished.
This behaviour also showed that the yield pressure (or the
boundary of elastic and shakedown behaviour) for CL is be-
tween 2 and 5 MPa. It is interesting that CL, which is a porous
thin layer made from carbon particle, ionomer, and Pt parti-
cles, is showing shakedown behaviour. This behaviour is seen
in many conventional engineering structures and materials
such as granular materials, steel, rail surfaces, etc. [37—40]. In
conclusion, a composite porous thin layer (CL) is behaving
similar to conventional engineering structures so Bree's
interaction diagram can be determined. However, unlike
typical structures, CL will have three axes: pressure, temper-
ature, and humidity because both temperature and humidity
have considerable effect on mechanical properties of CL. In

this work, only pressure is studied, and more research is
needed to complete Bree's interaction diagram for CL.

As shown in Figs. 5 and 6, the strains (at 5 MPa for the first
cycle) of different CL Designs are between 9% and 14%. CL
Design 1 that had the highest porosity has the highest
maximum strain at 5 MPa and the Design 5 with the lowest
porosity has the least maximum strain. These results show
that as porosity of CL increases, it becomes softer and easier to
compress. It also shows that compression has a more pro-
nounced effect on deformation of CL with higher porosity.

Porosity is a key factor to find other properties of CLs such
as thermal and electrical conductivity and gas diffusivity that
are also dependent on porosity and mechanical pressure.
Having the pressure vs strain data for each CL design and
knowing the initial porosity of the CLs, one can determine the
porosity of the samples as a function of applied pressure. The
porosity at any given strain can be found using Eq. (4), where
enew and g are the new and initial porosities, respectively,
tnew and to are new and initial thicknesses, respectively, At is
the change in thickness, and At /t; is strain.

t 1
0 (1—g) or enew =1 - 37— (1~ ¢0) (4)

to

Enew=1— i
new

Fig. 7 shows the strain vs pressure (first vertical axis) and
porosity vs pressure (second vertical axis) for CL Design 1. In
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Fig. 7 — Pressure vs porosity and strain of CL Design 1.

this figure, only one loading cycle of the results of TMA is
shown to not clutter the figure and also the first loading of
Tuc-Ruc results are shown. One can conclude the following: i)
as the compressive load is increased, the strain increases and

porosity decreases; ii) the trend for porosity decrease contains
two almost linear regions in the considered pressure range; iii)
the initial porosity of Design 1 was 58% which is decreased to
51% after compression of 14%. This change in porosity is
important to study some other properties of CL under
compression, such as diffusivity.

Figs.7 and 8 show the pressure vs porosity and strain for CL
Designs 1 to 5. The behaviour and trend of CL strain and
porosity vs pressure is similar for all the Designs. The
mentioned figures show that strain increases, and porosity
decreases as the compressive load is increased. The porosity
decreases in two almost linear regions which are from 0 to
2 MPa and from 2 MPa to 5 MPa. The porosity reduction of each
sample is dependent on the initial porosity and strain at any
given pressure. As shown in Figs. 7 and 8, the reduction in
porosity of different CL Designs are between 10 and 19%.

Porosity reduction of all CL samples is also shown in Fig. 9.
The results show the porosity before compression, at 2 MPa
pressure, and after the first load cycle of 5 MPa pressure. The
figure clearly shows the reduction in porosity after compres-
sion; the percentage change of porosity after 5 MPa pressure is
written next to each design. The following can be concluded: i)
porosity reduction for each Design is different; ii) porosity

12 53
%
4 52
10 [T -
Ih}{w ¢ ! -+ 51
gt +
< t 4 + L s0gE
:5; 6 iﬂ ; 119 | 49 %
& 4 48 8
4T g t t +
$ . 47
2L 4 ° Stralnh(%) +
e = Porosity (%) % ****** 46
0 ¢ 45
0 1 2 3 4 5
Pressure (MPa)
CL Design 2
12 51
1o%+%+§ %0
* é 49
8 ¢
< t 4+ ; ¢ . 48 g
= 10%
£6 - i* # + a7 g
o o
& ® 5
4 | + '+ + 46 a
% @ Strain (%) + + . 45
2 % = Porosity (%)
% 44
0 % 43
0 1 2

3
Pressure (MPa)
CL Design 4

12 53
ffffffffffffffffffffffffffffffffffffff -

o %, + .
g ++ % - 51
- | ¢ s
S I} ++ ¢ 1 50 9\;
% 6 - +i # 11% -‘g‘
H 49 2
Lz ¢ '} + e
i ++ 48

L é‘ @ Strain (%) +
2 4 : 47
= Porosity (%) +
‘}{*
0 ! 46
0 1 2 3 4 5
Pressure (MPa)
CL Design 3
10 34
9 '}l}u} 33
j | ++ 4 % 32
6 - + + + + 31y
£5 ++ # 19% 302
5 ¢4 8
a4 + $ 29 &
37 * t + 28
2 - $ ¢ e Strain (%) +
1 - + = Porosity (%) + 27
¢
0 26
0 1 2 3 4 5
Pressure (MPa)
CL Design 5

Fig. 8 — Pressure vs porosity and strain of different CL Designs.
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Fig. 9 — Porosity of CL designs before and after
compression.

reduction is the highest for CL Design 5, which has the lowest
initial porosity, and other CL Designs showed similar per-
centage change in porosity; iii) compression has a more pro-
nounced effect on percentage change in porosity of samples
with lower initial porosity (e.g. CL Design 5 with 33% initial
porosity shows a 19% change in porosity after compression).

showed plastic deformation and work hardening which are
indications for change in microstructure. CL also entered
elastic shakedown region since it showed plastic deformation
for several cycles and it diminished after that, which means
the boundary between elastic and shakedown behaviour is
2—5 MPa. Also, Young's modulus of CL (for the first cycle up to
5 MPa) increased slightly after 2 MPa since the porosity of the
layer decreased and more contact points were created within
CLs. Moreover, the effective Young's modulus (for pressures
up to 5 MPa) was found to increase by cycles because of the
decrease in porosity (i.e. sample pores got crushed at high
pressure). In addition, the material showed elastic shakedown
since no significant change was seen on CL compressive
behaviour after 6 cycles at high pressures.
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