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ABSTRACT

In present work, the free vibration dynamics of rotating single walled carbon nanotubes is investigated by using
Eringen’s nonlocal theory of elastic structures. Transverse flexural vibration of SWCNT embedded in an elastic
medium, a rotating cantilever SWCNT and a nanorotor based SWCNTSs is elaborated by using the Hamilton
principle to obtain governing equations. Generalized differential quadrature method (GDQM) is employed to
discretize and resolve the Eigen problem.

The effect of small scale, boundary conditions and angular velocity on the dynamic parameters is studied.
Obtained results showed that SWCNTSs provide exceptional structural properties. Findings of this study can be
involved in the design of next generation nanomachines and nano-devices.

1. INTRODUCTION atoms 10° and it required a high cost computation.
In recent years, elastic continuum models are

Carbon nanotubes (CNT's) are the main subject of employed as effective and successful theories to
research in nanotechnology; developed by Lijima study mechanical and physical properties of CNT’s
[1] using transmission electron microscopy, the [3, 4]. Nonlocal elasticity theory [5] models has
research interest in CNT’s has been enhanced by been extensively used to model CNTS to study the
introducing ~ them  in  nanoelectromechanical nanoscale effects. In this theory, the small scale
systems (NEMS) [2], this interest in CNTs is due effects are captured by assuming that the stress at
the exceptional mechanical, chemical, electrical, a point is a function not only of the strain at that
thermal and optical properties that they offer. point but also a function of the strains at all other
CNT's are increasingly being used as building parts points of the domain. Various works related to
of nano-machines such as nano-robots, nano- nonlocal elasticity theory are found in several
devices, nano-sonsors and nano-actuators for references. Soltani et al. [6] considered the
NEMS, as strong reinforcement nanomaterials for nonlocal Euler-Bernoulli elastic beam theory to
nano-composite materials, as biological nanobots investigate the vibrational behavior of a single-
for drug delivery and therapy. walled carbon nanotubes (SWCNTs) embedded in
Researches on  structural dynamics  of an elastic medium. Both Winkler-type and
nanoscale materials used to involve molecular Pasternak-type models are employed to simulate
dynamic (MD) simulation to investigate the nano- the interaction of the SWNTs with a surrounding
effect with accurate solutions for CNT’s with small elastic medium more accurately, they showed that
deflection. However, MD is limited to a number of the stiffness of the medium due to both Pasternak-
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type and Winkler-type increases, the bending
stiffness, and the associated resonant frequency
increases, consequently. Jena and Chakraverty [7]
investigated the free vibration of SWCNT resting on
exponentially varying Winkler elastic foundation by
using DQM, they showed the effect of non-uniform
parameter, nonlocal parameter, aspect ratio,
Winkler modulus parameter and boundary
condition on the frequency parameter.

The vibration behavior study of SWCNT’s in
rotation as cantilever beams has known a great
interest by researchers, Narendar [8] studied the
flapwise bending free vibration of a rotating
cantilever SWCNT. He showed that angular
velocity parameter has increased the frequency
parameter, and that the nonlocal parameter effects
the first mode frequency parameter increasingly
and the second mode frequency parameter
decreasingly.

Belhadj et al. [9] studied the SWOCNT
nanostructure as a rotating nanoshaft, they
investigated the effect of nonlocal parameter,
boundary conditions and angular velocity on the
frequency by showing the Campbell diagram to
evaluate critical angular velocities.

The objective of this study is to investigate the
transverse vibratory behavior of SWCNT under
different dynamic conditions. A nonlocal elastic
Euler-Bernoulli beam model was used to study the
SWCNT first in surrounding Winkler type elastic
foundation, then this nanostructure was studied as
a rotating cantilever beam and finally under axial
rotating inertia as a nanoshaft to examine their
behavior as nano-rotors for next generation
rotating nano-machinery applications [10].

2. ERINGEN’'S THEORY OF NONLOCAL
ELASTICITY

Eringen [11] has introduced the theory of non-local
elasticity to account for the small-scale effect.
Unlike the classical theory of elasticity, the non-
local theory consider long-range inter-atomic
interaction and yields results dependent on the size
of a body. In the following, the simplified form of the
Eringen’s nonlocal constitutive equation is
employed:
(1 - (epa)?V?)o™ = gt

where V? is the Laplacian operator, (e,a)? is
nonlocal parameter,

Nanomaterials Science & Engineering

a - internal characteristic length,
€0 - constant,

nl - non local,

| -local.

3. TRANSVERSE VIBRATION OF SWCNT

In the present paper, a single walled carbon
nanotube designed using Nanotube Modeller
(Figures 1, 2 and 3) is modelled mathematically
based on Euler-Bernoulli beam model. The
displacement field of at a point of the beam can be

expressed as:
ow(x,t)

U, (x,t) = ulx,t) —z o Q)
u,(x,t) =0 (2)
u,(x, t) = w(x, t) 3)

u,(x, t), uy(x,t) and u,(x,t) are the axial and the
transverse displacement component at the mid-
plane respectively. The linear strain-displacement
relations for the curved Euler-Bernoulli beam are
expressed as:

ou %w
Exx = 5. " 25> (4)

€2 =&z =0

According to the nonlocal elasticity theory it is
assumed that the stress at a point is a function of
strains at all points in the continuum. the nonlocal
constitutive behaviour of a Hooken solid is
represented by the following differential
constitutive relation:

[1— (e.a)?V?]o™ = ¢! )

where V2 is the Laplacian operator, (e.a)?is the
nonlocal parameter.

a - internal characteristic length,

€o - constant,

nl - non local,

| - local.

The equation of motion of free vibration of a
single walled carbon nanotube (SWCNT) is
obtained after deriving the governing equations
using Hamilton’s principle as:

%w *w

pAﬁ‘FEIW:O (6)

https://proa.ua.pt/index.php/nmse/
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Figure 1. SWCNT embedded in an elastic medium.

w (x,t) is the transverse deflection of the SWCNT,
E, | and A are the elastic modulus, the moment of
inertia, and the cross section respectively.
Assumption the nanotube has a constant cross
section, the equation (6) can be written as:

¢W () — () =0 (7

Where ¢(x) is the mode shape (Eigen-shape)

4 _ PAw?
B = El
The analytical solution of the equation (7) is

8

d(x) = C; sin(Bx) + C, cos(Bx) + Cssinh(Bx) +
Cycos(Bx) )
C:,C,,C5and C, are the constants depending on
boundary conditions.

3.1. SWCNTs embedded in an elastic medium

In this section, the SWCNT is considered to be
embedded in an elastic medium of Winkler- type
elastic foundation (Figure 1).

By introducing the elastic medium, the equation (6)
become:

a%w

at2

4
pALY L El 27“: = P(x) (10)
P(x) is the pressure acting on the CNT due to the
surrounding elastic medium which is opposite to
the deflections of CNT,

P(x) = —kw (12)
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k: is the spring constant relative to the elastic
medium described as a Winkler-type elastic
foundation.

By introducing the non-local elasticity theory, we
obtain the following governing equation:

w 22 0w
'DA[atZ (eo@)°V at2

(epa)?7?w] =0

o*w
] + EI m‘l‘ K[W —
(12)

Where:
w(x, t) = W.elwt

In order to investigate the dynamic parameters we
rewrite the governing equation in a dimensionless
form by introducing the following no dimensionless
guantities:

pAw?L*  _  kI*
= B K = —_, u:—’fz

EI EIl

QZ

3.2. SWCNTs as a rotating cantilever beam

In this section, a rotating cantilever nanobeam
based SWCNT is studied (Figure 2). Flexural
vibration equation based on the bending moment
M and the shear force Q are expressed as:

(13)
(14)

2+ (T(x) Z—:) = pAw

With Q = [, o, dA

https://proa.ua.pt/index.php/nmse/
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Figure 2. SWCNT as a rotating cantilever beam

M = [,z0y,dA (15)

T(x) the axial force due to centrifugal stiffening:

T(x) = fXL pAQ?(x + R)dx (16)
By applying nonlocal elastic theory, we obtain:
2
Q- (e0a)? =2 =EAZ: (17)
M — (ega)2 &M = pr&v (18)
€o dx? dx?

The following nondimensional parameters are
employed to execute the investigation:

2 _ pAa)zL4
'Q - ’ - ’
EI L

=% g%
T L

. AN% LA
The angular velocity parameter y2 = 2=~

hubradius § = %

the

3.3. SWCNTs as a rotating shaft

A SWCNT structure (Figure.3) is modelled via
Euler-Bernoulli beam theory under rotating inertia,
its governing equations are derived based on
Hamilton’s principle that considers the motion of an
elastic structure during time is reduced to zero by

Figure 3. Geometry of a spinning SWCNT shatft.
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combining the virtual displacements and virtual
forces.

J1(6U + 8V — 8K)dt = 0 (19)
Where:

6'u a%8v 925w
8U = [ (Nu 2 = My 23 =M, ) dx  (20)

is the variation of the strain energy. Whereas the
variation of kinetic energy is:

adu aév . 96w
pA [u yal el sl Uhrve s

dx

K=3J (21)

{621; 6281;
dtdx dtox

asv 6w
20 (5
k dx 6x

6251;}

dtdx dtox

a8w dv 2
dx 6x) +20 J

p is the mass density, A is the cross section, | is the
moment of inertia about cross section, and Q is the
angular velocity of the rotating hanostructure.

By applying the theory of nonlocal elasticity, we
obtained:

d%u

pA [u — (e. a)zd—“ =EAZS (22)
pA [v — (e.a)? ﬁ] + pl [1’7 — (e.a)? dxz]

20 ( — (e.a)?2 W) = % (23)
pA [W (e. a)2 ] + pl [W (e.a)? 2 W] +

20 (v - (e.a)Z%) =1Ly (24)

Where, the three-directional deflection is defined
as:

u(x, t) = ue  v(x,t) = ve't , w(x,t) = we'®t

4. APPLICATION OF GENERALIZED
DIFFERENTIAL QUADRATURE METHOD
(GDQM)

Bellman et al. [12] have firstly introduced
differential quadrature method, a new partial
technique called generalized differential
guadrature method (GDQM) was proposed by Shu
and Richard [13] to solve applied mechanics
problems. In this paper, GDQM is used to
discretize the differential equations.
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The philosophy of DQM is based on computing
the derivatives of the functions constituting the
governing equation. Each derivative is formulated
by a sum of values at its neighboring points.

anf _ ) c o —
e, =IO S () i=12 M=
1,2,..N—-1 (25)

Where CU(") is the weighting coefficient of the nth
order derivative, and N the number of grid points of
the whole domain, (a = x4, x5, ... X, ... Xy = b).

According to Shu and Richard rule [13], the
weighting coefficients of the first-order derivatives
in direction ¢, (¢ =7) are determined as:

€V =—L8 12 N,i%j
Ggprey t#J
(26)
Ci,j(l) - _ N=1 Ci,j(l)
i

Where: P(§) = [1}-1(§:-§;) i #)
The second and the higher order derivatives can
be computed as:

Ci,j 2 —

k=1 Ci,k(l)-ck,j(l) i=j=12.N.

(27)

N
Ci,j(r) = Z Ci,k(l)-Ck,j(r_l) i=j=12..N.
k=1
r=23.m(m<N)

Throughout the paper, the grid pints are assumed
based on the well-established Chebyshev-Gauss-
Lobatto points

(i-1m

g = ;(1 — cos ) i=12..N (28)

the boundary conditions used for the free vibration
of rotating nonlocal shaft are:

Simply supported beam

W(E=0)—6V;iio)—0 and w(é=1)=

2%2w(§=1)

ag2 =0

(29)

https://proa.ua.pt/index.php/nmse/
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Clamped-Clamped beam

w( =0)= aWEf;O) =0 and w(¢=1)=
dw(E=1) _
T 0 (30)

Simply supported-Clamped beam

w(é =0)= 32,,;(;:0) =0 andw(é=1)=
ow(E=1) _
ot = 0 (31)

5. RESULTS AND DISCUSSIONS

In this section, results of our study are reported
here after solving a complex Eigen problem by
developing a Matlab code using GDQM technique.
The nonlocal governing differential equation is

solved using sufficient numbers of grid points which
is taken as 15 as prove our previous studies. The
effects of elastic medium, of small-scale parameter
or nonlocal parameter, lower and higher angular
velocities are investigated and the related graphs
are plotted. For the present study, the properties of
the nonlocal nanobeams are considered that of a
SWCNT. An armchair SWCNT with chirality (5,5) is
considered. With a Young’s modulus E=2.1 TPa,
the length- radius ration is taken as L=80d, d=1nm,
a density p=7800kg/m3,and a moment of inertia
I=Trd*/64.

The validation of our results have been insured
by comparing the flexural frequency parameters
with Chakraverty [14] results for simply supported
beam simply supported beam. Table 1 shows that
the first four frequency parameters computed by as

Table 1. Comparison of First four frequency parameters of Euler-Bernoulli nanobeam for different
boundary conditions and scaling effect parameters.

w2 =0 n? =0.3 2 =0.5
Present Chakraverty[14] | Present Chakraverty | Present Chakraverty
3.1416 3.1416 2.6800 2.6800 2.3022 2.3022
ss 6.2832 6.2832 4.3013 4.3013 3.4404 3.4604
9.4243 9.4248 5.4413 5.4422 4.2885 4.2941
15.5035 15.5665 6.3646 6.3633 49731 4.9820
—m— 1st
5 —e— 2nd
3rd
T —w— 4th
— 4
&
=
§ 39
<] n
E 5] ‘
I
271 N\
% 1 \ \
o
c o -
Lf \“\
od—V v— v ey v v
1 2 3 4 6 7 8 9

Length (nm) x10

Figure 4. First four natural frequencies versus the length.
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u n | | [ ] [ ] [ ] | | [ | 1
21 S S S S —
20 —a— C-CK=0
19 —e— C-C K=100
- C-C K=200
O 18 —v— S-CK=0
S S-C K=100
S 17 —4— S-CK=200
o S-SK=0
O 16 — & 5-5K=100
ha 15 v —*— S-S K=200
c T v v v v v v v
S 14 44— 44—
c
S 13
E
a)
11
10
° *— ¢ o o o 6 — o
9 — % * * * * * * 4
T T T T T T 1
2 4 6 8 10

Nonlocal parameter (i) x10™

Figure 5. Variation of frequency parameters with nonlocal parameter for different elastic foundations.

present good agreement with those cited in
literature.

5.1. SWCNT embedded in an elastic foundation

For the SWCNT resting on Winkler elastic
foundation, natural frequencies are computed and
valuated to be considerably higher (Tera-hertz) due
to exceptional mechanical properties that offer
CNTs. The figure 4 shows the first four natural
frequencies along the SWCNT for a simply
supported-clamped beam boundary condition, it is
remarkable that the four frequencies are
distinguished in the beginning of the nanobeam,
and they are converged in the end of the SWCNT.
Whereas the first fundamental frequency is
approximatively, uniform.

The figure.5 illustrates the effect of non-local
parameter on the vibrational dimensionless
frequency response for different boundary
conditions, it shows that the frequency response for
Clamped-Clamped beam is higher than that of
simply supported-clamped and simply supported
beam. The frequency response for a spring
constant K null is higher than that with a higher X,
which improves the inverse relationship between
the dimensionless frequency 2 and K.
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5.2. SWCNT as a rotating cantilever nanobeam

For rotating cantilever nanobeam, as the angular
velocity parameter increases the fundamental
frequency parameter also increases. This
observation is found to be similar for both the local
and nonlocal elastic models. The increase in
frequency with angular velocity is attributed to the
stiffening effect of the centrifugal force, which is
directly proportional to the square of the angular
velocity. These remarks are valid only for the
fundamental frequency parameter (Figure 6) where
the frequency parameter increases with the
increase of both angular velocities parameters and
nonlocal parameters. For the higher mode
frequency parameter, these remarks are invalid.

Figure 7 shows that the second mode frequency
parameters are increasing when the angular
velocity parameters increase but they decrease
when the nonlocal elastic parameter increases.
The small scale effect on the vibration response is
amplified at high angular velocity of SWCNT. The
higher frequency at amplified zone is due to the
coupling effect of both rotational speed and
nonlocal parameter.

https://proa.ua.pt/index.php/nmse/
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Figure 7. First frequency parameter versus angular velocity.

5.3. SWCNT as a rotating nanoshaft done by solving the global Eigen problem
expressed as:
In this section, the rotation of the SWCNT
nanobeam is considered. The investigation of the (—22[M] +jA[G] + K). (U, V,W)T =0 (25)
vibration behaviour of the nanorotor [15] will be
G is the gyroscopic matrix, j?=-1.

110
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Figure 8. First frequency parameter versus angular velocity.

The Campbell diagram is employed to determine
the critical speed Acr where the nanorotor vibrates
violently, it is the rotating speed correspondent to
the intersection of the frequency curves and the
angular velocities curves(A=y).

Figure 8 shows the Campbell diagram for
different boundary conditions for a nonlocal
nanobeam 2=0.3. It is showed that the
fundamental frequency have a linear relationship
with angular velocities, the angular velocity
parameters have increased the fundamental
frequencies; the increasing frequency is the
forward frequency, whereas the decreasing one is
the backward frequency. It is also remarked that
the C-C frequencies are higher than those of SS-C
and SS boundary conditions, this difference in
results is due to the effect of boundary conditions
on the stiffness matrix that changes the eigenvalue
decomposition of the system matrix.

5. CONCLUSION
In this paper, a computational structural dynamic

analysis based on Eringen’s elastic constitutive
model is done to investigate the free vibration of

Nanomaterials Science & Engineering
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SWCNT nanostructure under three structural
dynamic situations: first this nanostructure is
studied resting on an elastic foundation of Winkler
type, second the nanostructure is examined
rotating around its transverse axis as a cantilever
beam, then rotating as a nanoshaft around its axial
axis.

The discretisation and the resolution of
governing equations of motion that are derived
based on Hamilton principles, is worked out by
using the semi-analytical technique, generalized
differential quadrature method (GDQM) that is
highly recommended for structural
nanomechanical problems.

Results obtained from this study are summarized
as following:

e At nanoscale, nonlocal elasticity with other
non-classical elastic theories are employed
to model the problem.

e CNT's offer exceptional mechanical
properties that are highly required in
nanotechnology applications, in particularly
next generation rotating nano-machinery.

https://proa.ua.pt/index.php/nmse/



RESEARCH ARTICLE

Abdelkadir Belhadj et al.

e For SWCNT resting in elastic foundations,
the elastic medium decreases their
frequency parameters.

e For rotating cantilever nanobeam, angular
velocity parameter increases the
fundamental frequency parameter, so the
nonlocal parameter does for fundamental
frequency. A high order mode of vibration
inversed the effect of nonlocal parameter.

e For the SWCNT nanorotor, Rotary inertia of
the SWCNT nanostructure have split the
frequency parameter to forward and
backward frequencies (Campbell diagram).

e The increased critical speed parameter
influences the forward frequency parameter
increasingly and the backward frequency
parameter decreasingly. The small scale
parameter has a significant effect on the
dynamic parameters, it decreases the
frequency parameters as it increases.
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ABSTRACT

In this study, spherical and between 1400 to 1800 um carbamide particles coated with Ni-90 superalloys
powder were used to produce foam by space-holder technique. Foams with porosity between 60%, 70% and
80 vol.% after mixing and compaction the space-holder particles were extracted using hot water leaching over
a range of temperatures. The porous green parts were thermally debound to remove the paraffin wax under a
pure argon atmosphere then sintered at high vacuum and subsequently heat treatment were performed. The
effects of the volume fraction of space-holder particles on density and porosity were investigated.
Microstructures were captured using optical and scanning electron microscopy. Also, compression tests were
conducted on the sintered, heat treated samples.

1. INTRODUCTION these phases is Niz(Al, Ti). (y!) phase is aluminium

rich in most Ni-based superalloys and Ti rich in
Traditionally, production of superalloy components most Ni-Fe based superalloys [3, 4]. Ni-90 is
begins with the fabrication of large ingots, and designed to initially gain high-temperature strength
these ingots are used in three major production by solid solution hardening brought about by Ni-Cr-
methods to obtain final products. One of these Co base alloy strengthened by additions of Ti and
methods are remelting and producing superalloy Al [2, 3]. However, Ni-90 was designed to gain
powders [1]. Rapid solidification associated with strength using solid solution initially. It has been
powder metallurgy products provides developed as an ageing-hardenable creep
homogeneous microstructures, fine grain structure resisting alloy for service at temperatures up to 920
and enhanced properties. Ni-based superalloys °C. Given such superior characteristics, they are
are an unusual group of metallic materials, showing very important materials for high-temperature
an extraordinary combination of high temperature applications such as aerospace and power
strength, toughness, and surface stability in generation industries [5]. Ni-90 superalloy has
corrosive or oxidative environments [1]. Nimonic been developed as an alloy that can harden by
alloys are one class of Ni-based superalloys precipitation and resist creep under high
developed to give superior creep resistance and temperature service conditions. Heat treatment is
are commonly used in wrought form. Nimonic type applied to Ni-90 superalloy to improve its properties
alloys gain their superior high temperature or to allow a chemical process to be completed
properties basically from the precipitation of Ni-Al- [30]. In particular, the microstructure of Ni-90
Ti compounds within a Ni-Cr matrix [2]. These superalloys is highly dependent on heat treatment.
intermetallic precipitates (y') have an ordered cubic The selection of the heat treatment to be applied is
L12 structure, and the chemical formulation of made according to the desired properties such as
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hardness, resistance to breakage and corrosion.
[31]. One of the Ni-based superalloys, which has
been most successfully applied in the engineering
applications, is Ni-90 alloy [6]. Ni-90 superalloy with
proper development of the strength to weight ratio
could be an alternative to other superalloys and
foam materials [7, 8].

Metallic foam materials with controlled porosity
are widely used in filtration, wicks, heat pipes,
sound attenuation abradable seals, and flow
control devices. Even lower densities are being
promoted for energy absorption and applications
requiring tailored mechanical, thermal, acoustic,
and conduction properties [9, 10]. Metallic or
ceramic foam materials (open-cell and close-cell)
with a volume fraction of pores in the range of 5—
80 % can be produced by different techniques
(casting, sputter deposition, liquid-state processes
— GASAR, and powder metallurgy) [9, 10].

Pore former and powder metallurgy (PM) with
space-holder techniques have previously been
demonstrated in the fabrication of other metallic
and ceramic parts as well as stainless steel and low
strength steels [13, 22]. With proper selection of the
sintering cycle, the small particles will bond but the
large intentional pores will remain. Thus, the
process is composed of five sequential steps; (1)
mixing of the powder, polymeric molding binder
and space-holder particles, (2) compacting or
shaping the mixture, for example by axial
compression, (3) removing the binder phase and
dissolving the space-holder particles without
damaging the particle structure usually by a
thermal step, (4) sintering the structure to induce
strong particle bonding without densification of the
pores remaining from the space-holder particles [8]
and (5) heat treatment and aging process in
sintered parts under suitable thermal cycle
conditions. In the speace-holder technique, the
initial size and content of the space-holder particles
provide the key control over the porosity, pore size,
and pore connectivity [11, 12]. Several pore
forming agents have been used in the past,
including ice, salt, polymers, and volatile
compounds such as camphor and ammonium
bicarbonate ((NH4)HCOs) [13, 14]. These have
been combined with several metallic powders
including aluminum, titanium, stainless steel, and
Ni-based superalloys. Both carbamide ((NH2)2CO
also known as urea) and ammonium bicarbonate
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have been used with thermal extraction by heating
below 180 °C; however, there are negative factors
from the vapor release from these pore-forming
parts [8, 11, 13].

In this work, porous Ni-90 superalloy was
produced by the use of a water-soluble space-
holder material to sintering. Spherical and specified
dimensions carbamide particles were used as the
space-holder material. Foams with porosity
between 60, 70 and 80 % after mixing and
compaction the space holder particles were
extracted using hot water leaching over a range of
temperatures. The porous green parts were
thermally debound to remove the paraffin wax
under a pure argon atmosphere then sintered at
high vacuum and subsequently heat treatment and
aging were performed. The effect of the volume
fraction of space-holder particles on density and
porosity of the sintered samples was investigated.
Microstructures were captured using optical
microscopy (OM) and scanning electron
microscopy (SEM). Pore size was quantified using
image analysis software integral to the SEM. Also,
compression tests were conducted on the sintered,
heat treatment and aging samples.

2. EXPERIMENTAL PROCEDURE

A schematic illustration of the production processis
given in Fig. 1. The binder ingredient for green
strength was paraffin wax with a melting range from
123 to 125 °C. It was used at 2 wt.% based on the
Ni-90 superalloy mass. While preparing the
mixture, Ni-90 superalloy powders and binder
components in defined proportions calculated in
the recipe were adjusted with a precise balance in
determined amounts. Initially, the Ni-90 superalloy
powders and paraffin wax were mixed using a
double-cone mixer heated to 100 °C to melt the
wax. Then carbamide particles is added to the
mixture and mixing is done for 30 min was
continued. The Ni-90 and carbamide particle ratios
were adjusted to give 60, 70 and 80 vol %
carbamide particles and paraffin wax in the
samples.

Ni-90 superalloy powder used in this study was
supplied by Sandvik Osprey Co. and it was
produced by high pressure inert gas atomisation.
The powder chemical properties were in Table 1.
Particle size distributions were determined on
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Figure 1. Processing steps of production of porous Ni-90 superalloy samples

Table 1. Chemical composition of Ni-90 superalloy powder

wt. %
Material Ni Cr Co Fe Al Ti C Si Mn
Ni-90 57.38 1950 173 068 102 240 0.082 094 0.69

Table 2. Physical characteristics of Ni-90 superalloy powder

Item Ni-90
Vendor Sandvik Osprey Co.
Shape Spherical
Tap Density, g/cm?® 5.0
Theoretical density, g/cm®  8.26
Particle size
D1o 4.1
Dso 11.0
Dao 24.7

Malvern Master sizer equipment and are shown in
Table 2. These indicate that the distribution of
particle sizes is suitable for superalloy foam metal
with powder metalurgy. The cumulative size
distribution at the Do, Dso, and Dgo percent points
corresponds to particle sizes of Dio : 4.1 ym, Dso :
11.0 uym, and Dgo : 24.7 ym. Carbamide particles
were used as space-holder. Carbamide density of
1.34 g/cm3, melting temperature of 133 °C, and
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solubility in water at 20 °C of more than 1000 g/L. It
was prepared as an irregular particle in a size
range from 1400 to 1800 uym. The morphology of
the powder and carbamide particle observed using
SEM, is given in Fig. 2. The gas atomised Ni-90
superalloy powder and carbamide particle are
spherical in shape. The SEM image of the coated
carbamide particles with Ni-90 powder is given in
Fig. 2.
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Figure 2. SEM of (a) Ni-90 superalloy powder, (b) carbamide particles and (c) coated carbamide
particles with Ni-90 superalloy powder
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powders was performed in a Turbula mixer for 1 h.
The mixtures were compacted at 100 MPa into
cylinders with a diameter of 19 mm and height of
20 mm. The green samples which foams with
porosity between 60, 70 and 80 % were held at 30
and 40 °C for times ranging from 1 to 6 h in distilled
water for extracted using hot water leaching of
carbamide particles. The paraffin wax was
thermally removed as a part of the sintering cycle,
which consisted of heating step-by-step at 1 °C/min
to 600 °C with a 6 h hold, followed by heating at 5
°C/min to 900 °C for 1 h in high purity argon to pre-
sinter samples. This was performed subsequent
final sintering relied on a heating rate of 10 °C min~1
to 1300 °C for 1 h under vacuum (1072 Pa). In this
study, standards and Precision Castparts Corp.
(Special Metals), the most suitable temperature
and time for the aging and heat treatment of Ni-90
materials have been determined. The sintered
samples were solution treated at 1080 °C for an
hour as specified in the literature for alloy Ni-90 [15]
and then cooled down in the water. The solution
treated samples were aged at 705 °C for 16 h.
The density was calculated by dividing the mass
of the compact by its volume, which was calculated
from physical dimensions. Samples were mounted
in epoxy and polished as standard metallographic
procedures. Microstructures were obtained via OM
(Olympus BX50) and SEM (FEI-Srion) after
etching. Compression tests were performed at a
crosshead speed of 1 mm/min. (Instron-8802

(a) 60%

(b) 70%

Pore Corner

universal materials testing system). At least three
specimens were tested under the same conditions
to assess repeatability, and average values were
used. After, the effect of the aging treatment was
followed by hardness and X-ray diffraction (XRD)
measurements. XRD analyses of the starting
powder and the sintered and aged parts were
performed out on a LabX- XRD 6100 device using
Cu X-ray tube (A=1.5405) and with a 0.02/0.4 s.
scanning step. Microhardness measurements of
the sintered materials were performed on the HVo2
scale (Shimadzu).

3. RESULTS AND DiSCUSSION

Ni-90 superalloy samples with porosity ranging
between 60, 70, and 80 % were successfully
produced temperature (slightly low for this material
and particle size), the sintered density was 8.26
g/cm? (97% relative density). Sintered densities of
3.3 and 2.5 g/cm® (39,9% and 30,2% relative
density) were obtained with 60 and 80 %
carbamide particles additions, respectively. Fig. 3.
shows the sintered and heat treated samples
having 60, 70, and 80 % porosity. OM micrographs
of the cell wall of foam are also shown. In all
samples, the morphology of the pores was similar
to that of the carbamide powder particles. The
foams were observed to contain mainly two types
of pores: macropores obtained as a result of
carbamide space-holder and micropores on cell-

5mm

Pore Corner

>R h&\;
Pore Wall me———p-

Figure 3. Macroscopic morphology of sintered Ni-90 superalloy samples from surface (a) sintered and
aged for 60 vol. % (b) sintered and aged for 70 vol. % (c) sintered and aged for 80 vol. %
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Figure 4. SEM micrographs of Ni-90 superalloy foam for 80 %, (a) heat treatment macro-pore, (b) aged
micro-pore and (c) aged microstructure samples
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Ni-90 superalloy foam. By adjusting some space-
holder particles, the porosity of the resulting Ni-90
foam can be altered. Macropores become directly
connected above a porosity of 60 %, which may
vary with the size of the space-holder particles and
the powders constituting the cell walls [12, 16].

Fig. 4a shows the structure of a typical cell and
the cell walls of Ni-90 superalloy foam produced by
space-holder technique, which has a carbamide of
80 vol.%. The interconnecting cell channels are
also clearly shown. Fig. 4b shows the bonding
region between Ni-90 particles in the sample,
indicating that strong bonds have formed between
the particles. As can be seen in Fig. 4b, the
microporosities existed in the sample. The
microporosity in the sintered sample should be kept
as low as possible if a high-strength porous metal
solid were desired. SEM analysis was performed
on heat-treated Ni-90 foams, as shown in Figure
4c. The basic phase that provides an increase in
strength in most Ni-based superalloy which can be
hardened by precipitation is y' phase. Precipitation
of the y' phase in the matrix containing high Ni
results in a significant increase in hardness and
strength. The reason for this increase is thought to
be the formation of y ' [Ni3 (Al, Ti)] intermetallic
precipitate and the smaller volume of y ' phase
formed and homogeneous distribution for the
whole structure during the aging time by heat
treatment. This unique intermetallic phase is FCC-
like, similar to the gamma matrix, and the lattice
constant exhibits 1% or less incompatibility with the
gamma matrix [17]. The y' phase precipitation in
the supersaturated matrix provides a significant
increase in strength. Since the strength of the
material will increase with the amount of y' phase it
contains, the volume ratio of the collapsed y’ phase
is also important. The amount of y’ phase formed
depends on the content of the hardening alloy
element. These elements are strong y' forming Al,
Ti, Nb and Ta elements [17].

In order to understand whether there is phase
change in microstructure due to sintering, cavity
forming, heat treatment and aging processes the
XRD analysis was performed. XRD analysis was
performed on the following samples; prealloyed Ni-
90 starting powder, sintered Ni-90 foam metal
samples with 60-70-80 % porosity, Ni-90 sample
sintered without porosity, heat treated Ni-90 foam
metal samples with 60-70-80 % porosity and aged
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Ni-90 foam metal samples with 60-70-80 %
porosity. As a result of the XRD analysis, it was
observed that the patterns obtained from all
samples were almost the same. Some of their
diffraction patterns are shown in Fig. 5. Carbide
and y' phase precipitates should be formed in the
microstructure since the samples are left for
cooling at 1000 °C/min without removing the tube
from the furnace after sintering is performed for 1
hour at 1300 °C. However, the carbides (which are
thought to be formed) and the intermetallic
precipitates (which bring out the strengthening
properties) are too small to be captured by XRD
analysis. Carbides and especially intermetallic
precipitates, which are the purpose of the aging
treatment, cannot be detected by XRD analysis
due to their low concentrations. However, it was
indicated that the changes observed in the XRD
patterns of the gamma matrix could be used to
determine indirectly the presence of precipitates
[18].

Fig. 6a. shows the compressive stress-strain
curves of baseline and porous Ni-90 sintered
samples with different fractions of carbamide.
When the non-porous sample reaches 905 MPa
stress (strain 25 %), the corresponding stress for
carbamide-added samples at 60, 70, and 80 % are
52, 100.8, and 125.6 MPa, respectively. Fig. 6b.
shows the compressive stress-strain curves of
baseline and porous Ni-90 sintered and aged
samples with different fractions of carbamide.
When the non-porous sample reaches 905 MPa
stress (strain 25%), the corresponding stress
values for carbamide added samples at 60, 70, and
80 % are 24, 89.2, and 122.5 MPa, respectively.
Fig. 6. shows a common stress—strain behavior
characterized by three distinct regions (i.e., stress
rising linearly with strain at low stresses (elastic
deformation), followed by a strong plastic yielding
for strains, and then a progressive densification
regime where the cell walls come in contact one
with another, causing an abrupt rise in the flow
stress [7, 9, 10, 16, 19-22]. Once the cell edges
collapse at the yield point, the collapsed edges
have little ability to bear the load and bend easily.
The deformation mode, resulting from the
repeatable failure of the pore layers, gives rise to
the uneven character of the stress—strain curve.
The plateau region of the foam material subjected
to the compression force is associated with the
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Figure 6. Compressive stress- strain curves of porous Ni-90 superalloy foam samples with 60 — 80 %

carbamide, (a) sintered samples (b) sintered and aged samples (c) sintered and aged for 80 vol. %
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where the stress is constant, metallic porous
materials have the ability to absorb energy without
exceeding a certain stress limit [32, 33]. At the end
of the plateau region, stress starts to increase since
the pores have flattened and the material attains
bulk-like properties. The plateau region has vital
importance for the applications requiring energy
absorption capability. Compression tests of the
porous samples showed that the compressive
strength values decreased and length of the
plateau region increased with increasing porosity
[9, 19, 23-27]. Fig. 6c. shows a comparison of
sintered and aged samples for 80 % porosity.
When compared the sintered and aged samples,
strain values of the aged samples are higher than
those of sintered samples. Depending on the aging
process, elongation of the samples was developed.
Since the carbamide particles are contained in the
structure between 60,70 and 80% by volume and
emerge as a void at the end of the process, the
sintered density decreased. This increased the
tension of porous samples. The strength of the
samples increased as the porosity decreased.

5. CONCLUSION

In this study, defined sizes of spherical carbamide
particles coated with Ni-90 superalloys powder
were used to produce foam in powder metallurgy
using the space-holder technique. Then sintered
at high vacuum and subsequently heat treatment
and aging were performed. Experimental results
show that a carbamide pore former, nearly 100-fold
larger than the Ni-90 superalloy particles, provides
a means to retain large pores in the sintered part.
By extraction of the carbamide by water leaching
after compaction, medium density Ni-90 superalloy
foams are realized by a traditional powder
metallurgy route. The green compact had sufficient
strength for handling after water leaching at
sintering stages. Metallographic studies revealed a
relatively uniform distribution in the sintered
structure when the two-dimensional visual
structures of the top, bottom and cut samples of
samples with 60, 70 and 80% porosity were
examined. Large numbers of micropores formed in
the cell-walls due to insufficient solid-state
sintering. No distortion or other visible reduction in
part quality or surface finish was observed at 1300
°C for 1h under vacuum and for aged 705 °C. When
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the morphology images are examined, it is seen
that the pores are mostly between the grains and
there are almost no pores trapped in the grain. It
has been observed that the grain size of the
material has slightly increased with the sintering
process. By comparing the physical and
mechanical properties of the samples with the
homogeneous porous structure, sintered density
decreased, porosity increase with a fraction of
space-holder particles increment was observed.
Compression tests have shown that heat treatment
increases the strength values of the Ni- 90 alloy. As
a result of XRD analysis, no pike other than gamma
matrix peaks was found in the patterns of both the
starting powder, the pore-free sintered and the
aged sample. It is thought that after sintering and
aging, carbide and y 'phase precipitates should be
formed in the microstructure. However, it is thought
that the carbides thought to be formed and
especially the intermetallic precipitates, which are
the purpose of the aging process, are in such small
guantities that cannot be detected by XRD
analysis. Comparing the XRD patterns, the
decrease in the intensity of the gamma matrix
peaks in the sintered sample compared to the
starting powder indicates that after the sintering
process, a large amount of precipitate phase was
formed in the material.
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ABSTRACT

Impact dampers are mainly used in the metal-mechanical industry in operations that generate too much
vibration in the machining system. Internal turning processes become unstable during the machining of deep
holes, in which the tool holder is used with long overhangs (high length-to-diameter ratios). The devices
coupled with active dampers, are expensive and require the use of advanced electronics. On the other hand,
passive impact dampers (PID — Particle Impact Dampers) are cheaper alternatives that are easier to adapt to
the machine’s fixation system, once that in this last case, a cavity filled with particles is simply added to the
structure of the tool holder. The cavity dimensions and the diameter of the spheres are pre-determined. Thus,
when passive dampers are employed during the machining process, the vibration is transferred from the tip of
the tool to the structure of the boring bar, where it is absorbed by the fixation system. This work proposes to
compare the behaviours of a conventional solid boring bar and of a boring bar with a passive impact damper
in turning while using the highest possible L/D (length-to-diameter ratio) of the tool and an Easy Fix fixation
system (also called: Split Bushing Holding System). It is also intended to optimize the impact absorption
parameters, as the filling percentage of the cavity and the diameter of the spheres. The test specimens were
made of hardened material and machined in a Computer Numerical Control (CNC) lathe. The laboratory tests
showed that when the cavity of the boring bar is totally filled with minimally spaced spheres of the largest
diameter, the gain in absorption allowed of obtaining, with an L/D equal to 6, the same surface roughness
obtained when using the solid boring bar with an L/D equal to 3.4. The use of the passive particle impact
damper resulted in, therefore, increased static stiffness and reduced deflexion of the tool.

1. INTRODUCTION energy generated by the vibratory movement, thus
decreasing the vibration amplitude. The particle

One way to attenuate internal turning vibration is to impact damper is a device that increases the
reduce the cutting forces by changing the dampening capacity of the structure by inserting
machining parameters (decreasing depth of cut, particles within a cavity in a vibrating structure [2].
cutting speed, and feed rate). These changes Picture a structure that vibrates over a certain
reduce productivity dramatically. Another way is to time period. In a given instant, this structure
use active or passive dampers attached to the contains a certain amount of kinetic energy and a
boring bar to avoid or minimize vibrations [1]. certain amount of deformation or potential energy;
That vibrations might be quite undesirable, as the kinetic energy is associated with its mass and
they not only compromise the performance of the deformation energy is associated with its
components but may also cause damage beyond stiffness. Besides that, a real structure, when
repair. Therefore, vibration control techniques are deformed, dissipates part of the energy. This

important in the study of vibrations. The function of
dampers in vibratory systems is to dissipate the
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energy dissipation, called damping, is a conversion
of mechanical energy into heat energy [3].

The principle of operation of a particle damper
is based on the energy dissipation through multiple
inelastic collisions and the friction among particles
and between the particles and the cavity wall. The
resulting system is non-linear, as its vibratory
response is mostly dependent on the excitation
amplitude. The damping capacity depends on the
level of acceleration undergone by the cauvity.
There are many parameters that affect the
performance of a particle damper [4]. The
predominance of one dampening mechanism or
another is related to the dynamic characteristics of
the machining process, as, unfortunately, the
transference of linear moment that happens during
the collisions is insufficient to dissipate most of the
vibration energy, while the friction is efficient to
dissipate energy only at high vibration frequencies
and might even hinder the system performance at
low frequencies [5].

With the modern technology in viscoelastic
materials, vibration neutralizers became easy to
both produce and apply to almost any structure, no
matter how complex it is [6]. An example of this are
Sandvik’s anti-vibration boring bar (Silent Tools),
that have pre-tuning system for the frequency,
related to the tool overhang required by the fixation
system. Its efficiency may achieve an L/D (length-
to-diameter ratio) of 10 for steel tools and of 14 for
cemented carbide tools. Boring bar made of
materials with a high elastic modulus, as cemented
carbides, are frequently used as absorbing
elements, have greater dynamic stiffness and allow
of performing stable cuts with L/D up to 7 [7].

The dampening effect generated by an impact
damper happens as part of the energy of the
vibrating structure is transferred to the patrticles, or
spheres, that collide against each other. Traditional
absorbers, such as the ones made of viscoelastic
materials (Silent Tool), convert elastic deformation
energy into heat and noise. One should add that,
similarly to impact dampers, traditional absorbers
have a series of applications, but are efficient only
in certain conditions, as they lose much of their
efficiency in environments where the temperatures
are too high or too low, degrading more rapidly than
impact dampers [8,9]. The latter, on the other hand,
may be used in cutting tools, television towers,
turbine blades, axes, panels, and others [10]; as
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they low cost and simple to build, of easy
maintenance and may work for large frequency
spectrums [11]. Besides that, an important
advantage is that their efficiency (damping
capacity) is not affected by temperature.
Additionally, their implementation is simple and
does not damage the surface of the machined part.
Finally, they’re tools to control the noise and the
vibration that result from the interaction between
the tool and the machined part. One of the
disadvantages of impact dampers is their
remarkable non-linearity, which implies difficulties
in adjusting the absorption parameters — such as
the stiffness and the restitution coefficient of the
boring bar, and the space between the spheres and
the cavity — at each time the mass of the system
changes [12]. Also, it should be kept in mind that
the particle impact damper is efficient at only a
specific frequency range. The challenge, therefore,
is to find that frequency range of greater efficiency.
Hence, it is important to notice that, because of that
limitation, this type of damper is rarely used in
applications where the operating conditions
change [13].

2. LITERATURE REVIEW

The efficient use of the particle impact damper
requires a careful configuration of its parameters —
such as the diameter, density and dimensions of
the particles, the shape of the cavity and the type
of excitation (vibration) from the primary system.
Other important factors to configure the damping
system are the force and frequency of vibration, the
masses of the particles and of the structure, the
stiffness and the damping capacity of the structure,
the space between the particles and the main
system, the natural frequency of the main system,
the initial displacement and the restitution
coefficient [10]. Hence, the study of the damping
mechanism is quite complex [12,13].

In dampers with micro particles whose cavity in
the boring bar is small, the damping action takes
place as the particles get stacked in layers — this
happens in such a way that the movement of the
inferior layers is minimized and a more intense
movement is created in the upper layers. This
results in reduced kinetic energy transference and
an effective decrease in the damping capacity. As
for the cavities in average size boring bar, the
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damping system is more sensitive to the particle
size — if the particle size is decreased, the vibration
is not decreased, as it depends on the gap between
the particles and the cavity. As for large cavities,
any type of particle may be used, as the energy
dissipation by the collisions among the particles in
the cavity is inefficient. When large spheres are
used, the directions of the impact against the cavity
wall and the direction of excitation are practically
parallel, being that this impact energy is low
compared to the mass of the whole system. It is
possible to say that, if the diameter of the spheres
is smaller than 2 times the diameter of the cavity,
no collision between the spheres and the cavity
walls might happen. This may be the case when
the direction of the excitation is perpendicular to the
wall, in such a way that the spheres collide
sporadically against the upper and lower walls of
the cavity [15, 16].

Olson and Drake (1999) performed experiments
using a PID (Particle Impact Damping) system
which had a medium sized cavity, in a boring bar
fixed to a laboratory device and excited in different
frequencies by an electrodynamic shaker. It was
concluded that the spheres move in only one
direction and do not collide in other directions. As
the spacing between the spheres and the cavity is
small, or pre-determined, the spheres collide in a
relatively orderly manner and in only one direction,
which improves their dampening capacity, as the
impact of the collision is concentrated in a small
region. This avoids the energy waste that would
happen if the spheres collided against various
regions, with linear moments of multiple directions.
Such concentration of the collision force enhances
the system efficiency in dissipating energy [8].

If some variables are held constant — such as
the frequency of excitation, the diameter of the
spheres and the amount of spheres in the cavity,
among other factors — and only the spacing
between the spheres (gap) is modified, the
absorption efficiency of the system, as well as the
damping factor, increase dramatically. The work of
Friend and Kinra (2000) shows the possibility of
estimating theoretically this gab by using some
equations, as well as through FEA (Finite Element
Analysis) [17]. These authors also relate the gap
and the decay rate of the vibration amplitude of the
structure. Greater gaps imply greater rates,
whereas smaller gaps imply reduced rates, albeit a
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greater number of impacts occur in the last case —
this shows that the number of impacts is not the
main factor that affects the energy dissipation.

The friction, among other factor, reduces the
speed of the moving particles. The material of the
sphere, the friction coefficient between the
spheres, the amount of particles, the number of
particles and the volume fraction of the cavity
occupied by the particles affect the friction
phenomena within the cavity [12]. Zhiwei and
Wang (2003) estimated that the maximum volume
fraction that may be occupied by spheres in a
cavity is would correspond to values between 52
and 74 %. Those values are, respectively,
equivalent to the maximum and minimum atomic
packing factors found in cubic crystalline
structures. The minimum and maximum spacing
between the spheres may be determined, which
allows of previewing some parameters, such as the
number of sphere layers, the size of the spheres,
the cavity dimensions and the volume occupied by
the spheres [18].

3. MATERIALS AND METHODS

The main concern of this work consists in the
comparative analysis of the tool vibration in the
internal turning of hardened materials while using a
conventional boring bar and a boring bar containing
a passive impact damper.

Two 20 mm diameter boring bars (ISO code
A20S-SCLCR 09-R 1M 0866943) were chosen —
they were kindly supplied by Sandvik Coromant.
The boring bar with a passive impact damper has
cavity (hole in the axial direction) to accommodate
the steel spheres, and a pre-adjustment system, as
illustrated in figures 1 (a) and (b).

One of the steel boring bars was modified to
accommodate the particle impact damper. The tool
was drilled in its longitudinal direction and a thread
was made in one of its extremities, in such a way
as to create a closed compartment. The hole had a
10.5 mm diameter and a 160 mm length, as
depicted in figure 1 (b). This cavity was then filled
with steel spheres. The spheres used in the
experiments were of AISI 52100 chrome steel and
had diameters of 9, 10 and 10.32 mm. They were
grinded, polished, free of surface defects and had
a hardness of 60 - 66 HRC.
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Figure 1. Conventional boring bar (a) and boring bar with cavity (b).

As for the tool insert, an adequate insert for
finishing operations on smooth surfaces of
hardened steels was chosen. It was composed of
CBN it's ISO code is CCGWO09T308S01020F 7015
(grade ISO H10). The advantage of the chosen tool
insert, when compared to others with a greater
CBN content, is its chemical stability in relation to
iron. Besides, its toughness is enough to preserve
its cutting edge, even tough it is reduced when
compared to other inserts with a greater CBN
content.

The FRFs (Frequency Response Function) of
the tool holders were obtained for different
overhangs (length of the tool holder that protrudes
from the turret) through impact tests (hammer
impact test). In each test, the boring bar was fixed
to the turret of the machine tool used in the turning
tests, as it is further described, with the desired
L/D. An accelerometer was installed on the boring
bar, which was then hit with an instrumented
impact hammer. Each impact was considered a
measurement — 5 measurements were done for
each L/D and each one of the boring bars used. In
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the data acquisition, a frequency range of 0 to
10000 Hz was used, with a resolution of 1 Hz, the
smallest possible in data acquisition software used.
For each test, the software calculated an average
of the 5 measurements that were executed and
made the results available. Boring bar overhangs
corresponding to length-over-diameter ratios (L/D)
greater than 3 were experimentally evaluated, as
smaller ratios do not yield interesting results for this
research, as it has also been evaluated by Hoshi
(1990) [19, 20].

The 4340 steel used in the fabrication of the test
specimens is a widely employed material in the
metal mechanical industry. It presents high
hardenability, bad weldability and reasonable
machinability, as well as a good resistance to
torsion and fatigue —its hardness after quenching
varies from 54 to 59 HRC. Its chemical composition
is presented in Table 1.

The dimensions of the test specimens are
shown in figure 2, where the 30 mm hole that was
machined during the tests is shown. The tool swept
its surface several times as it was machined, in
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Table 1. Chemical composition of the material of the test specimens (% wt).

C Si Mn Cr Ni Mo V
0,4 0,25 |0,65| 0,76 | 1,68 | 0,23 | 0,003
Ti Al Cu P S Ceq
0,002 | 0,015 | 0,11 | 0,018 | 0,02 0,83
%
A o
e&o /
| /|r
T
]
) LY
|
&1 /|
_A g

Figure 2. Dimensions of the test specimen, in millimetres [mm].

such a way that the hole’s diameter grew during the
test. When the diameter reached a limit dimension
of 50 mm, the test specimen was discarded, in
order to make sure that there would be no
substantial hardness variation on the machined
surface.

After testing the conventional boring bar, tests
with the boring bar containing a cavity were done.
By using the conditions described in table 2, it was
searched to obtain the best performance of this last
tool, that is, a machining process with no chatter
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and an average roughness of the machine surface
lower than to 0.8 um. The spheres were employed
with the aim of increasing the system’s stiffness
and damping the machining vibrations. Hence, the
following procedure was adopted: the boring bar
was fixed to the turret with one of the L/D in table
2, and its cavity was filled with spheres
correspondingly. The boring bar was also tested
with an empty cavity.

After each test, the FRF of the bar configuration
was obtained as previously described. Then, to

(b)

Figure 3. Surface generated by a (a) stable cut and (b) unstable cut [5].
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Table 2. Set up conditions of the tool with a cavity.

TOOL OVERHANG (L) LD @ SPHERE | VOLUME FRACTION

[mm] [mm] (VF) [%]
10.32 70%
120 6 10 60%
9 50%
10.32 70%
110 55 10 60%
9 50%
10.32 70%
100 5 10 60%
9 50%
10.32 70%
90 4.5 10 60%
9 50%
10.32 70%
80 4 10 60%
9 50%
10.32 70%
70 35 10 60%
9 50%
10.32 70%
68 3.4 10 60%
9 50%

measure its radial acceleration, an accelerometer . Conventional boring bar: boring bar with no

was fixed on the boring bar and a 15 mm length
was machined in the 30 mm hole in the test
specimen. Next, the roughness of the machined
surface was measured as the test specimen was
still fixed in the lathe. The roughnesses of the
machined surfaces were measured with a portable
Mitutoyo roughness tester (SJ-201P model)
connected to a computer. The software SurfTest,
which was installed in this computer, was used to
obtain the data and the surface roughness profiles.
It is important to define some expressions
employed in this work, which are:
. Stable cut: internal turning operation where
the vibrations present acceleration signals inferior
to 100 m/s2; and which yields a surface whose
roughness is less than 0.8 um and that is free from
chatter marks, as shown in figure 3 (a);
. Unstable cut: the surface roughness of the
machined surface and the acceleration in turning
exceed the values cited above as acceptable for a
stable cut. A surface as the one shown in figure
3(b) may be generated;
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cavity, spheres, or threaded bar (stopper), as
illustrated in figure 3 (a);

. Boring bar with cavity: boring bar with a
longitudinal inner hole, filled or not with spheres to
damp vibration, as illustrated in figure 3 (b). One
may notice that the cavity should be made as close
as possible to the tip of the tool, where the greatest
deflexions occur.

4. RESULTS

At first, an optimal configuration of the boring bar
filled with spheres was searched, aiming a stable
cut, that is, with no chatter or noise. Thus, the
average roughnesses (Ra) of the surfaces
machined with different L/D, as well as the average
accelerations (RMS), were compared. Figure 4 (a)
presents the surface roughnesses values obtained
after the internal turning operations performed with
boring bar filled with 9, 10 and 10.32 mm diameter
spheres. For all L/D tested, the roughness values
are close when 9 and 10 mm spheres are used. It
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Figure 4. (a) Acceleration values and (b) average surface roughness (Ra) obtained with the too-holders
filled with @ 9, @ 10 and & 10.32 mm diameter steel spheres.

may be seen, too, that for boring bar filled with 9
and 10 mm diameter spheres, the surface
roughnesses of the test specimens increases
drastically from L/D values equal to 4, while that,
for boring bar filled with 10.32 mm spheres, the
roughness varies little. Figure 4 (b) presents the
average RMS acceleration values of the tool during
the turning operations. It is noticed that, as
expected, they behave similarly to the surface
roughness.

The tool holders filed with 9 and 10 mm spheres
got into an unstable mode for L/Ds equal to or
greater than 4, where it can be noted that the
acceleration signal, that is, the tool vibration, grows
exponentially as the tool overhang increases.
When the boring bar filled with 10.32 mm spheres,
both the surface roughness and the acceleration
presented reasonable values until an L/D equal to
6. This result indicates that the mass of the
particles in the cavity may have a greater effect on
the damping than the value of the clearance
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between the particles and the cavity wall, once that,
as the particle diameter increased, and thus its
mass, the spacing between the particles and the
cavity’s wall decreased.

Then, the boring bar with a cavity filled with
10.32 mm diameter spheres, which had the best
performance among the boring bar filled with
spheres, had its performance compared to the
ones of the conventional boring bar and of the
boring bar with an empty cavity. Figure 5 (b)
enables comparing the tool accelerations when
each configuration of the boring bar is employed. It
is seen that the acceleration of the boring bar filled
with @ 10.32 mm diameter spheres remained
practically constant for all tested overhangs and,
correspondingly, both the surface roughness and
the geometric profile of the machined surface did
not deteriorate within the test limits, as shown in
figure 5 (a). As for the conventional boring bar, it
vibrated significantly at L/D equal to and greater
than 3.4. Therefore, it is possible to use a boring
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Figure 5. (a) Acceleration values and (b) average surface roughness (Ra) obtained with the
conventional bar, the boring bar with a cavity and the boring bar filled with @ 10.32 mm steel spheres.

bar with a sphere filled cavity at L/D values up to 6,
whereas for the conventional boring bar it is not
advisable to exceed the L/D value of 3.4. This
indicates that it is possible to perform internal
turning operations using 20 mm diameter boring
bar filled with spheres with overhangs up to 120
mm — and not 68 mm, which is the stablished
conventional limit for this system.

The tests showed essentially that, as may be
seen in figures 5 (a) and (b), the steel boring bar
can exceed a L/D equal to 4 recommended by
some tool makers [8, 21-23] with a gain above 50
% when a particle impact damper is used. This
greater overhang equals the overhang limit for
cemented carbide boring bars, which is around a
L/D value of 6 — That allows of replacing cemented
carbide boring bar with steel boring bar filled with
spheres. By making a cavity inside the steel tool
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holder, that substitution is rendered possible,
reducing costs and increasing efficiency. It is
convenient to note that it was not possible to verify
whether a boring bar with a PID may attain the
performance of an anti-vibration one, which allows
for a L/D equal to 10 [8]. The length of the boring
bar employed did not render that test possible,
because of the constraint that, to guarantee a rigid
fixation, the length of the boring bar fixed inside the
machine turret should be at least four-times its
diameter.

The main points to be highlighted based on the
results shown are:
° Tool vibration remained almost constant
with the increase of the tool overhang up to the
point it suddenly increased in a certain value of tool
overhang (called limit value for stable cutting).
Small changes in the tool overhang close to the
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limit region generated this sudden variation,
indicating that the tool bar is very sensitive to the
rigidity change in this range of overhang;

° the use of internal turning tool bars with
impact damper caused an increase of the limit
value for stable cutting and, consequently, made
possible the turning of deep holes;

° As the diameter of the spheres increased,
the limit value for stable cutting also increased,
indicating that the damping effect is higher when
the mass of the spheres is higher and the gap
between the spheres and the cavity wall is lower,
which cause, the increase of the impact momentum
transfer.

° when the sphere diameter used in the
impact damper was 10.32 mm it was not possible
to determine the limit value for stable cutting in
terms of tool vibration, because it was possible to
cut up to a L/D value of 6 without sudden increase
in the acceleration signal. We could not go higher
with the L/D value in these experiments, since,
above this tool overhang, it was not possible
anymore to hold the bar in the lathe turret in a safe
way.

Based on these results it can be stated that the
vibration energy dissipation (damping effect)
caused by the impact of the spheres against the
cavity wall is higher when the spheres have higher
mass associated to the decrease of the gap
between spheres and the cavity wall. The impact of
these spheres against the wall transfers a high
amount of linear momentum from the tool bar
containing the cavity to the spheres. The damping
effect depends on the variation of the linear

3200
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: N
3 38
& o

5
o

1100

800
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momentum during the impact of the sphere, which,
in turn, depends on the sphere material, mass, the
speed of the sphere at the impact moments and the
restitution coefficient of the impact. Since this last
parameter was the same for all bar configurations
(the materials of the spheres and of the tool bar
were the same for all types of bars), the linear
momentum depends on the spheres mass (which
increased a lot with a little increase of the sphere
diameter), the sphere speed at the moment of
contact between the sphere and the wall and the
number of collisions between these elements
(collisions with wall speed in opposite sense to the
sphere speed). What the results of the experiments
showed is that the increase of sphere mass (or
sphere diameter) and the decrease of the gap
(which may have increased the number and
frequency of impacts between the elements)
caused a higher damping effect of the sphere
impacts against the cavity wall. Therefore, the
impact damper, which used the biggest spheres,
was the one, which caused the highest damping
effect and, consequently was able to cut with the
longest tool overhang.

Another important point to evaluate the
damping capacity of the impact damper is the mass
ratio between the spheres inside the cavity and the
mass of the vibrating body (the tool bar). As the
sphere masses increased, this ratio also increased
and, consequently, increased the amount of
material to cause the damping effect of the toolbar.

It can be observed in figure 6 that the peak
excitation frequencies of the tool during the
machining process, obtained by applying the Fast

L/D

—FRF —FFT

Figure 6. Comparison between the FRF and the FFT of the boring bar with the best performance (boring
bar filled with @ 10.32 mm spheres).
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Fourier Transform (FFT) to the tool vibration
signals obtained during the machining operation
with the boring bar filled with 10.32 mm spheres,
are very much similar to the natural frequency of
the tool (FRF) obtained from the impact tests. Both
decrease as the tool overhang increases.
Therefore, as the tool overhang increases, the
deflexion caused by the cutting forces also
increases and, consequently, both the excitation
and natural frequencies decrease. However, as it
may be seen in figures 4 and 5 (b), that vibration
increases little, probably due to the damping
caused by the spheres impacting against the
cavity's walls. Consequently, the surface
roughness obtained when using this boring bar
also remains in an adequate level.

5. CONCLUSIONS

Based on the results that were exposed and
discussed in this work, it may be concluded that, in
the internal turning of hardened steel with
conventional boring bar and boring bar with impact
dampers:

. The damping capacity of the damper used
in this work is such that it allows of using boring bar
L/Ds way greater than the ones recommended for
conventional boring bar, thus making the internal
turning of deeper holes possible;

. The L/D of the boring bar can be increased
when using spheres whose diameter is a little less
than the diameter of the cavity in the damped tool
holder, when compared to the boring bar filled with
smaller spheres;

. The impact damper is able to compensate
the mass loss of the boring bar with a cavity and,
consequently, its loss of stiffness and change in
natural frequency. That makes obtaining good
surface finishes of the machined parts possible,
while using grater L/Ds than the ones
recommended for conventional boring bar.
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ABSTRACT

This study focuses on the improvement of active layers for PEMFC (Proton Exchange Membrane Fuel Cell)
fuel cells. These active layers (anode and cathode) constitute the core of the cell where chemical reactions
take place. The goal is to improve the performance and durability of these cells by working on these layers.
Some research has shown the impact of homogeneity of active layer on fuel cell performance by working on
printing processes. In our case, the aim was to obtain homogeneous active layer after coating deposition
process by studying the formulation of the ink: the order of introduction of components and the dispersion
processes. Several ink dispersion processes stood out, including a planetary mixer that gave satisfactory
results in terms of particle size and deposit homogeneity. Moreover, the order of introduction of the
components during the ink formulation seem to have an impact onto rheological parameter and also onto
particles size.

1. INTRODUCTION exchange membrane which is surrounded by two
catalyst layers, an anode and a cathode. This part
of the fuel is very important and has a real impact
more and more important in our society. Ecology on cell performance and lifetime. Catalyst layers
and global warming are at the heart of these issues are composed of a catalytic powder of platinum-

Nowadays, environmental issues are becoming

and play an impor'Fant _role in_ the automotivg based nanoparticle deposited onto carbon support,
market. Today's society is seeking to reduce oil jonomers, water and solvents. Several methods
consumption in all areas but specifically in the exist to print these layers: bar-coating, screen-

automotive industry. Proton Exchange Membrane
Fuel Cell (PEMFC) is an electrochemical cell

allowing to environmentally friendly convert energy obtained, these actives layers are hot-pressed onto
to replace the use of fossil fuels. This cell produces a membrane and assembled with Gas Diffusion

electricity through the oxidation of hydrogen (Hz) at Layer (GDL) in order to get the MEA. As the MEA
the anode and the reduction of oxygen (O2) at the

cathode. The heart of the fuel cell, Membrane

printing, electrospray coating among others and
Roll-to-Roll coating for a large scale. After being

gets thinner and thinner (membrane of 10 pm or
_ less, decreasing of the active layer thickness due
Electrode Assembly (MEA), is composed of an to the reduction of the catalyst loading) and with the
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objective not to have an impact onto the
performance and durability, active layer must be as
homogeneous as possible, without defects as
agglomerates or cracks. Indeed, agglomerates in
these layers could lead to damages on durability
with deformation and rupture of the membrane.
The formation of agglomerates could be favoured
by different factors: the solvent used in the
formulation as showed in the study of D. Huang et
Al. [3] who have worked on the effect of solvent in
catalyst ink on PEMFC performance, the catalytic
powder which could also favour agglomerates [4]
and contribute to heterogeneous active layers. The
ideal is to find the right formulation so that the
ionomer used is also well dissolved in the solution
and the catalyst powder well dispersed. Indeed, the
latter would have a different degree of
polymerization and would result in a different
structure that could lead to agglomeration as T.
Kim et Al. [5] have highlighted in their work. The
way of disperse could also facilitate the formation
of agglomerates: M. Wang et Al. [6] have studied
different time of dispersing the catalyst ink: it was
dispersed with the ultrasonic bath at different time
and speed. They have shown the importance to
well dispersed ink and have been able to correlate
catalyst agglomeration and fuel cell performance.
C. Jeffery Jacobs [7] has also studied the influence
of catalyst ink mixing procedures on PEMFC
performance and especially has worked on three
methods of dispersion: bead milling, high shear
stirring and ultrasonic bath. He has observed an
effect of the dispersion method on catalyst layer
formulation, structures and agglomerates observed
in the active layers. Only few studies have been
carried out on ink process dispersion and the order
of introduction of ink. That is why, research on how
to avoid agglomerates into inks by working on

(a)

50E

| —

formulation procedures could be interesting. This
study will focus on the order of introduction of
components for formulating the ink and three
processes of ink dispersion: a high shearing
mixing, a mechanical dispersion and planetary
mixers. The aim is to optimize the ink formulation
and to have homogeneous active layers. Moreover,
one of our goal is both to obtain a viscosity above
a certain threshold (at least 10 Pa.s), in order to be
adapted to printing processes as screen-printing
and bar coating, but at the same time to have a
particle size below 1 pm.

Our results will show differences, in particular in
the structure of the active layer but also in
rheological aspects through characterisations.

2. EXPERIMENTAL PROCEDURE

The cathode-type catalytic ink was manufactured
according to the following protocol. The first phase
consists in dispersing TEC10V50E catalytic
powder of platinum deposited onto carbon support
Vulcan XC72 (Pt/C) (47.2wt%Pt, Tanaka®) in
distilled water. The handling is carried out in a
“glove box” due to nanoparticle risks in the catalytic
powder. Once the powder has been dispersed in
water; two PFSA polymers (ionomer 1 Nafion®
D2020, ionomer 2), as well as the solvent (ethanol),
can be added under suction. The ratio between
ionomer and carbon is 1/C=0,8.

Once the ink has been dispersed, it is placed
under magnetic agitation at least one day before
being used and characterised. The method used in
this study to obtain the deposit is bar coating with
a liquid thickness of 40 pm and a drying
temperature at 40°C. The catalytic inks contain dry
content of 23% linked to the use of bar-coated or

Figure 1. Operating principles of the different processes — (a) Disc Dispersal, (b) Module Rotor/Stator for
high shearing mixing, (c) Planetary mixer system (Rot/Rev).
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screen-printing processes. The catalyst loading in
the active layer is 0,25 mgPt/cm2.

2.1. PROCESS OF DISPERSION

Three dispersion methods have been tried,
including mechanical dispersion (Dispermat®), high
shear dispersions (Silverson®) and planetary
mixers (Mazerustar from Kurabo® and Kakuhunter
from Sodipro®) without mechanical modules into
the flask of ink for the latter. At total, 4 different tools
have been tried.

Mechanical dispersion from Dispermat® (Disc
Disp.) is the process used as reference in the
laboratory. It is a mechanical dispersion generated
by a dispersal disc as shown in the figure 1.(a). The
tests were carried out at 4000 rpm during 15 min.
Silverson® (Rotor/Stator) constitutes a high
shearing mixing. The modulus dispersion works on

Formulation Ref 1
Catalyst  Catalyst
+ +
Water Water
+ +
lonomer lonomer
1 1

+
l lonomer
co 2
+
l Solvent
Solvent l
i co
co
lonomer
2

2

Catalyst
+
Water
+
lonomer
1

!

(e o)

}

lonomer
2
+
Solvent

!

a rotor/stator system (moving part inside) with
some open area on the side that can have different
shapes (square, rectangular...) and does not
move. The liquid goes inside the module from
below and a high shear rate is created when the
liquid come out the holes. The ink was mixed at
6000 rpm during 10 min (figure 1.(b)).

Planetary mixers work on the rotation of the
container on itself in one direction and the
revolution of the container around an axis in the
opposite direction (figure 1.(c)). These two
parameters are independent but a ratio (rotation on
revolution) could be controlled. There is no
dispersal disc inside containers. The biggest
difference between the two planetary mixers is the
wide range of levels of rotation/revolution for the
Mazerustar (from 0,1 to 0,9) taken at 0,9 for the
study (Rot/Rev 0,9) and the fixed ratio of 0,4 for the
Kakuhunter (Rot/Rev 0,4).

3 4 5
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Figure 2. Five formulations carried out to study the order of introduction of components in ink formulation
compared to the formulation of reference (Ref).
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After being mixed by one of these dispersion
processes, at least one day under magnetic
agitation is necessary for the mixture stabilization.

2.2. ORDER OF INTRODUCTION

The influence of the order of introduction of the
components in the ink was tested to see if any
sequence favoured the appearance of
agglomerates. The figure 2 shows the different
formulations carried out, named from 1 to 5
compared to the formulation of reference (Ref)
used before the study in the laboratory. The symbol
« corresponds to the moment of the mixing.

The formulation of reference (Ref) corresponds
to a first mixing of powder, water and ionomer 1; in
a second part, solvent is introduced and another
mixing is carried out, ionomer 2 is added at the end.
The formulation 1 corresponds to an introduction of
all components into the container before
dispersion. In formulation 2, ionomer 2 and the
solvent are added together before dispersion. The
formulation 3 corresponds to a dispersion between
each addition of component. The formulation 4
proposes a pre-mixing between the ionomers
before added to the mixture of catalytic powder and
water. The formulation 5 reverses the order of
introduction between ionomer 2 and solvent
compared to the formulation of reference.

16
14
12

= Rot/Rev 0,4

=
o

2.3. CHARACTERISATION

Several characterisations are carried out on the
ink. First, a Kinexus rheometer was used to
measure the following parameters: viscosity, flow
threshold, viscous and elastic moduli. Rheological
parameters measurements are essential to make
the link between the formulation and the nature of
the ink and whether or not it promotes the presence
of agglomerates. For example, an ink that is fairly
liquid less than 1 Pa.s will tend to sediment and
therefore lead to ink heterogeneity. A more viscous
ink will tend to be more stable over time.

The viscosity was determined for a shear rate
sweep between 1000 s?! and 0,01 s and the
viscosity value for comparison is noticed at a shear
rate of 0,5 s'1. The measure of amplitude oscillation
enables to know the behaviour of the sample by
measuring elastic (G’) and viscous (G”)
components. On the graphic, you have to look at
the left side of the curves before the deformation
becomes too large and destroys the ink. The closer
the phase angle between the viscous and elastic
moduli is near to 0°, the more the ink will behave
like a solid and be stable. The amplitude oscillation
measurement was performed for a strain between
0,1 Pa and 100 Pa. The frequency oscillation
allows the stability of the ink to be investigated. The
lower and the more constant the value of the

b

size (um)

Grind Gauge - Maximum Particles
o N B O

CRO.

2

Formulation

Figure 3. Graphic of the maximum particle size with grind gauge (um) in function of the six formulations
using planetary mixer Rot/Rev 0,4.
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“‘phase angle” between the viscous and elastic
components is, the more stable the sample will be
and will behave as a solid. The frequency
oscillation measurement was performed for
frequencies between 0,1 Hz and 100 Hz at different
strain values according to the value taken in the
constant zone of the amplitude oscillation curves.

A grind gauge gives an idea of the maximum
particle size in an ink and enable to eliminate inks
with very large sizes. An electro-acoustic probe
(EAP) was used to obtain an average particle size
distribution in the ink. This ultrasonic scattering
method consists in determining the particle size
distribution of a non-diluted dispersion by
measuring the attenuation of ultrasound at
frequencies between 1 MHz and 100 MHz.

After being coated on a PTFE Teflon® substrate
using the bar coating, the deposit was observed
thanks to a scanning electron microscope (SEM).
Agglomerates and homogeneity could be studied.

3. RESULTS & DISCUSSION
3.1. INK CHARACTERISATION
3.1.1. Selection of inks

The order of introduction of components has been
modified for each formulation. Characterization
was carried out using a grind gauge to eliminate the
inks with the largest particle sizes. Figure 3 shows
the maximum particles size for the 6 formulations
dispersed with the planetary mixer - 0,4 (Rot/Rev
0,4). Formulations 2, 3 and 5 were exited from the

(a) 2 Disc Disp. = Rot/Rev 0,4
20 | Rotor/Stator # Rot/Rev 0,9

=1
é 15 §
EE10 A\
RN
E . §
; N\ P
= 0 & = el

—~
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[ury
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(=]

Viscosity @ 0,5 s (Pa.s)
(V)]

rest of the study because of the highest particle
sizes and the closed ways of formulation.
Formulations Ref, 1 and 4 were selected based on
the results obtained with the grind gauge (minimum
particles size) and some more complete
characterizations have been done with these
formulations.

3.1.2. Particles size and viscosity results

Inks were characterized through EAP to determine
the mean particles size and the rheometer to
measure the viscosity. Figure 4.(a) shows mean
size particles in microns in function of the
formulations Ref, 1 and 4 for the four dispersion
processes. Figure 4.(b) shows the ink viscosity in
function of the formulation Ref, 1 and 4. The
reference (Disc Disp.) process is also integrated in
these graphs to compare to the other processes
with it.

First trend, smaller particle sizes were observed
for the other dispersion processes (less than 10um)
compared to the reference process (Disc Disp.) for
the formulation of reference (Ref) (around 16 pm),
showing an improvement due to the dispersion
process. Moreover, the way of dispersing seems to
play on the size of the particles. Planetary mixer —
0,9 (Rot/Rev 0,9) allows a more homogeneous
dispersion with particle sizes below 1 um whatever
the formulation (figure 4.(a)). Concerning the other
dispersion processes, there is a correlation to be
made between the formulation and the process
because different particle sizes are obtained.

¥ Disc Disp.
# Rotor/Stator

Rot/Rev 0,4
= Rot/Rev 0,9

-

NN
Ref

[y
=Y

Figure 4. (a) Particle size (um), (b) Viscosity @ 0,5 s*(Pa.s), measured for the formulations Ref, 1 and 4
and for the four dispersion processes.
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Figure 5. (a) Amplitude oscillation for formulation

Formulation 1 seems not to be adapted for the
planetary mixer — 0,4 and rotor/stator processes
with mean particles size around 9 um. This latter
was found to have good patrticle size for formulation
Ref (around 900 nm). However, the rotor/stator
process will not be held for a number of other
reasons. In fact, it seems that it is a suitable method
for a very liquid ink with a viscosity of less than 1
Pa.s. The shear performed will allow a better
dispersion for a non-viscous ink. However, for our
application, we need an ink with a viscosity
between at least 10 to 50 Pa.s, adapted to our
printing process. On the other hand, the planetary
mixer Rot/Rev 0,4 did not have excellent result for
the formulation Ref.

Other trends are noticed. Formulation 4 allows
to obtain a more viscous ink (between 11 and 13
Pa.s) than the other formulations whatever the
processes used (figure 4.(b)). Moreover, it can be
seen that the particle sizes are smaller for this
formulation 4 in general. One hypothesis would be
that pre-mixing the two ionomers increases the
viscosity of the ink and the mixing of powder, water
and solvent allows a better dispersion of particles
at the first step. The ionomers would bind more
between the particles, allowing a better interaction
and increasing the viscosity of the formulation. This
is quite interesting: in fact, according to the printing
process, it could be possible to have a more or less
viscous ink according to the order of introduction of
components.

Viscosity and particle size seem so to be
related. The trend is that the particles size will be
as smaller as the viscosity will be high. Indeed,
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more liquid inks (having a viscosity lower than 1
Pa.s) will tend to destabilize more quickly and
therefore, the particles are likely to sediment or
agglomerate. That is why, it is always
recommended to leave under magnetic agitation to
avoid sedimentation.

3.1.3. Rheological results

The figure 5 shows amplitude oscillations
measured with the rheometer for the planetary
mixer Rot/Rev 0,4. It compares the trends between
two formulations having significantly different
viscosity: formulations 1 with a low viscosity of 0,9
Pa.s and formulation 4 with a higher viscosity of
12,5 Pa.s in the aim to establish a link between
viscosity and stability of the ink.

The curves obtained for the oscillation
amplitude allow to highlight the viscoelastic
behaviour of our inks. However, the fact that the
elastic component G' is higher than the viscous
component G" shows that the elasticity is
preponderant compared to the viscous aspect. The
ink is then viscoelastic — solid for the formulation 1
and 4. Nevertheless, we can notice that values of
G’ are quite different between the two formulations.
Formulation 1 has a modulus G’ of around 10 Pa,
contrary to formulation 4 which has a modulus at
around 600 Pa. The higher the value of the elastic
component G', the more stable the formulation will
be. Indeed, the elasticity maintains the structure of
the samples. Moreover, if we compare the phase
angles of the amplitude oscillation graphs, we
obtain a phase angle of about 18° for formulation 1

https://proa.ua.pt/index.php/nmse/
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Figure 1: (a) Amplitude oscillation (b) Frequency oscillation for formulation 1 with the planetary mixer —
0,9 (Rot/Rev 0,9)

(figure 5.(a)), compared to a phase angle around
5¢° for formulation 4 (figure 5.(b)). The closer this
curve is to 0°, the more the sample will behave like
a solid. We have the solid behaviour/stability and
viscosity relationship. Frequency oscillation has
also been measured and confirm the non-stability
of the less viscous ink.

The two remaining processes are the two
planetary mixers with the different ratios. The
planetary mixer with a high ratio of 0,9 (Rot/Rev
0,9) presents highly satisfying results whatever the
formulation with particle sizes below 1 pum each
time (figure 4.(a)). A higher ratio allows a more
homogeneous and stable mixture to be obtained
over time.

The rheological curves show a more obvious
stability for the planetary mixer with a high ratio of
0,9 (figure 6). It shows an angle phase close to 5°
on the constant zone in the amplitude oscillation
graph. Moreover, the plate is longer as the
deformation progresses, characterizing a more
stable behavior than the rot/rev 0,4 on figure 5.(a).
The frequency oscillation on the right also confirms
this statement with a phase angle quite constant at
the beginning. These results have also been shown
for the formulation of reference (Ref) with a longer
plate zone on oscillation amplitude characterizing
stability.

In this study, considering the nature of the
components used and the ratio between the
components, the planetary mixer, more precisely
with the ratio Rot/Rev 0,9, seems to be the best
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method of dispersing inks for catalytic layers for
application of screen printing and bar coating
processes. It was seen in figure 4.(a) that the
particle sizes were particularly small (less than 900
nm) for the three formulations which also have
different rheological properties. However, we
noticed many differences in structure, especially
when the deposition is observed at SEM.

3.2. SEM RESULTS

After being coated on substrate, surfaces of the
active layers have been observed with SEM.

3.2.1. Process dispersion comparison

Active layers surfaces made with the reference
formulation (Ref) with the four methods of
dispersion were observed (figure 7) using a SEM.
The mechanical dispersion seems to produce
many agglomerates, as well as the planetary mixer
with a ratio of 0,4 which present maximum particles
size of 80 um. The high shear rate dispersion
(Rotor/Stator) presents a lot of cracks, which
makes the layer non-homogeneous. The cracks
length can reach 100 pm or more. However, cracks
may allow gases to pass through more quickly and
also allow water to be evacuated easier. But these
cracks are places where chemical reactions cannot
take place and, therefore, could produce less
energy and be less performant. Moreover, these
cracks can create significant deformations in the
membrane during the transfer of the active layers

https://proa.ua.pt/index.php/nmse/
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Figure 7. SEM images comparing the different processes for the reference formulation (Ref)
(magnification: x250).

to the membrane and create weaknesses and
holes. The deposit from which the ink has been
dispersed with the planetary mixer — 0,9 presents
few agglomerates and the maximum agglomerates
size is 20 um. It is mostly more homogenous. A
higher ratio allows to have a better mixing of the ink
and to not create agglomerates.

These images appear to correlate well with
trends obtained from the EAP. However, the size
of particles measured at the SEM do not match.
The size of the agglomerates observed on SEM are
higher than the one measured with the EAP. Other
factors may come into play, such as drying
conditions, which may also promote cracks and
agglomerates.

The results appear to be good for the planetary
mixer — 0,9. The results in section 3.1 showed that
the particle sizes were relatively small regardless
of formulations Ref, 1 and 4. However, rheology’s
parameters are different.
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3.2.2. Formulation comparison using planetary
mixer Rot/Rev 0,9

The figure 8 shows the active layer surface
observed at SEM for the formulations 1 and 4
compared to the reference formulation (Ref) for a
same dispersion process, the planetary mixer
Rot/Rev 0,9. The aim is to show the impact of the
order of component introduction into the ink for a
same dispersion process. The pictures show that
formulation 1 presents many heterogeneities
(maximum size of agglomerate: 40 um).
Formulation Ref and 4 have also agglomerates but
the surface is mostly more homogeneous with a
maximum agglomerates size of 20 pm. In a general
way for the observed samples, the maximum size
measured on the SEM surfaces doesn’t correlate,
in term of value, with the maximum size particle
measured with the EAP. This can be explained by
the fact that the parameters of the coating process
cannot be optimized and can lead to particles

https://proa.ua.pt/index.php/nmse/
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Figure 8. SEM images comparing formulations Ref, 1 and 4 for the planetary mixer 0,9
(magnification:x250).

agglomeration. The deposition method, the drying
temperature and speed as well as the evaporation
temperature of the solvent can influence on faults.
If this latter is too high or too low, cracking or
clumping may occur.

However, formulation of reference and
formulation 4 could may both be suitable to the
planetary mixer 0,9 to have a homogenous active
layer. But if we look at rheology and especially the
viscosity of inks, our application in screen printing
or bar coating would more suit with a high viscosity.
The formulation 4 will so be more adapted.

4. CONCLUSION & PERSPECTIVES

This study has dealt with the way of formulating the
active layer's ink: the order of introduction of
components but also the way to disperse. It was
carried out on an ink including two ionomers. Better
results were obtained for processes other than the
reference process (Disc Disp.) for the reference
formulation (Ref). Three other processes of
dispersion were tested. They differ by their
methods (high shear rate, planetary mixers....) but
also by their mixing speed (ex: planetary mixers
with ratio rotation/revolution 0,4 and 0,9). A higher
ratio and speed have demonstrated that the ink
could have a better homogeneity both in ink and on
deposit. The planetary mixer with a ratio Rot/Rev
0,9 process was chosen as the most appropriate in
our situation.

In addition, the particle size can be reduced
thanks to the order in which the components are
introduced. It has shown that formulation can play
on rheological parameters, as the viscosity or the
stability of the ink by interpreting the amplitude and
frequency oscillations. The particle size seems to
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be linked to the viscosity: higher is the viscosity,
smaller will be the particles. Moreover, the
formulation 4, allowing a high viscosity due to a
dispersion of the catalyst in the water and solvent
and a pre-mixing between the ionomers, was also
found to be suitable for our coating method.

To go further in this study, cross sections of
catalytic layers are going to be made to observe
and characterize the structure of the active layer.
Single cell performance tests will also be carried
out in order to see the impact of all these
parameters and in particular the agglomerates.
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