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Abstract

The approach for graphite laminated materials strength properties prediction using
contact angle measurements was proposed. The tensile strength of laminated
materials made of graphite foil and stainless steel with acrylic and silicone
adhesives was measured. It was shown that tensile strength depends on energy
characteristics of polymer binders, which can be determined by simple and express
wetting method. It was found that the highest values of tensile strength, strength of
adhesion and the work adhesion to graphite and stainless steel were provided by
acrylic adhesive MBM-5C. The delamination occurred when graphite and stainless
steel sheets were connected with low surface energy silicone resin, y = 23 mJ/m?,
what was not able to maintain sufficient adhesion level to the both types of attached
surfaces: polar steel and non-polar graphite. It was demonstrated that the calculation
of the work of adhesion to polar and non-polar model liquids (water and octane
respectively) can be applied to optimize the choice of polymer binder and design of
laminated materials. It’s quite important that the proposed technique doesn’t require
to determine free surface energy for each type of sheet material which is especially

difficult and complex task if laminate consists of several different layers.

1. Introduction

The mechanical properties of graphite laminates
are highly determined by the strength of adhesion
junction between graphite and laminated materi-
al. The strength of adhesion is the statistical value
which depends on a shape and size of the samples,
microstructure of adhesive layer and bonding de-
fects [1]. The work of adhesion W, is a thermody-
namic measure of the strength of adhesion, which
can be used for the prediction of graphite laminates
strength properties. For the present article graphite
laminates reinforced with stainless steel foil were
chosen. The work of adhesion of graphite to poly-
mer binder W, = y; + y, — y1» [2], where y, and
7, are, respectively, specific free surface energy of
polymer binder and graphite at boundary with air,
and y,, is the specific free surface energy of the
graphite/polymer interface. The work of adhesion
of stainless steel to polymer binder W, can be
described by similar equation: W, = y; + 7, — 2,
where y; is free surface energy of stainless steel at
boundary with air and y,; is the specific free surface
energy of the steel/polymer interface. The develop-
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ment of express techniques in order to determine
these energetic characteristics of interface, to calcu-
late the work of adhesion and to optimize the choice
of polymer binder to the certain type of graphite
laminate is the actual task for design of laminated
materials. In [3] the new approach based on express
wetting method measurements was proposed for the
prediction of polymer composites tensile strength
and optimization of polymer binder choice for ones
creation. In present paper this approach was used
for graphite laminated materials.

The specific free surface energies of solid mate-
rials being in contact with air or liquid can be deter-
mined by Young’s equation for equilibrium contact
angle (6):

cosf = Vsy — Vst
Vv

where yg,, 75, and y;, are surface energies of sol-
id/vapor, solid/liquid and liquid/vapor interfaces
respectively [2]. Experimental contact angle val-
ues of the test liquids with known surface tension

dispersion and polar components ( ¢, and y?, ) are
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usually applied to calculate the yg, and yg; values
using the wetting molecular theory of Girifal-
co-Good-Fowkes-Young equations [4]. This ap-
proach allows to determine the dispersion and polar
forces contribution in surface energy values (ys, and
ys2)- So the polymer binder adhesive properties can
be determined using contact angle measurements.
It is clear that good mechanical strength proper-
ties of laminated materials can’t be reached with-
out sufficient level of adhesion. The simplest way
to choose a polymer binder using (#,) values is to
determine its surface energy and surface energy of
attached layer (y,; and y,, respectively) and ones dis-

. d
persion and polar components ( y;, , 7/, and y¢ ,
y7, respectively) and to calculate the work of adhe-
sion value using

W, = 2(\/751752 +\/751752) () [4,5]

If laminate consists of several layers made of
different materials it may be difficult to determine
free surface energy of each material because of high
complexity of that technique. Also it’s a really com-
plicated task for materials with rough surface, es-
pecially for perforated materials. There is another
way to choose the optimal polymer binder which
is based on calculation of the work of adhesion
of polymer binder to model liquids with different

polarity. Such approach based on technique de-
veloped by Ruckenstein [6] has been proposed for
polymer composite strength properties prediction
[3]. In present article this approach has been applied
for graphite laminated materials.

2. Experimental

Three different polymer binders were used (Ta-
ble 1):
1)MBM-5C—-acryliccopolymeremulsioninwater,
2) VKT-2 — room temperature vulcanization sil-
icone composition which consists of modified sili-
cone resin and copolymer of butyl methacrylate and
methacrylic acid.
3) Silicone resin based on silicone SKTN-A and
catalyst K-18.

Polymer coatings on alumina plate were dried in
air atmosphere during 24 h at the room tempera-
ture and placed at the closed chamber for contact
angle measurements. The measurement accuracy of
horizontal microscope was Af ==+1deg. The droplet
volume was (10 + 20) pl. Contact angles of (7 +
10) droplets were measured for each sample. The
accuracy of surface energy calculation was Ay = +£1
mJ-m 2. The measurements were carried outat 20 °C.

The yg, values for polymers, graphite foil and
stainless steel were determined by two-liquid
method (Egs. 2, 3) using water and diiodinemeth-
ane as test liquids (Table 2):

Table 1
Structural formulas of components and fragments of polymer binders
Composition Formula
MBM-5C
T (_l';OOH r[| (|:OOCH3 T (lzooc:ﬂHg
c—=cC c—=cC c—C
|| | ||
H  CHy |, H  CHs v H H ,
VKT-2
H COOH H COOG,H,
s | |
B B 1
H CHy | H H o
SKIN-A HsC HzC CHs CHs
H3C\;. \S: S:~:/CH3
1 1 1
/ o~ o~ \
H3C CHg
n
K-18
(CsH;,CO0),Sn(C,Hs),
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(1+COS‘9L1)'7L1=2(\/7Ldl'7gV+\/7f1'7§V) )

(1+COSHL2)'}/L2 :2(\/7212’751/ +\/7§2'7§V) ?3)

where 6;;, and 6,, — test liquids advancing contact
angles at the polymer surface (Fig. 1a) y/ , »/, ,

, 72’2 are its polar and dispersion components
respectively; 7%, ,where y, =y? +y& . yh, and
y&, are polar and dispersion components of polymer
surface free energy [5].

Table 2
The test liquids surface tension (y;) and its dispersive

(y¢,)and polar ( y/, ) components

Liquid 7h s Jm™ 721;’ ,mIm?2 |y, mJ-m™

Water 50.8 21.8 72.6
Diiodine- 2.3 48.5 50.8
methane

Octane - 21.8 21.8

The test liquids surface tension (y,, = y5 + 7§{L )
values were determined by Vilhelmy plate method;
its polar ( yZ ) and dispersion ( y7 ) components

were determined using experimental contact an-
gle () values of droplets at the Teflon-4 surface
(mJ:m™? [7]) and Girifalco-Good-Fowkes-Young
equation:

2\/7?#51 1 [2].

Vv

cosf =

The data obtained appeared to be aligned with
literature data [8].

Water and octane were chosen as liquids simu-
lating a polar and non-polar substrate respectively.
The work of adhesion values of polymer binder to
model liquids was determined calculated using Eqgs.
(3-4).

1) non-polar liquid Wdd = ys + 7, — 75, 3),
2) polar liquid Wpp =y + 7, — Vsomw 4,

The values ygp, 750 and g4, in Egs. (3, 4)
are equilibrium surface energy values at the poly-
mer-octane, polymer-water and polymer (equili-
brated with octane)-water interfaces respectively,
75— polymer binder surface energy, y, and y,, — oc-
tane and water surface tension values respectively.

In order to determine the yso, Yy and Yy
values technique developed by Ruckenstein [6].
Unlike other methods it takes into account the
polymer chains mobility near the polymer/liquid
interface. The polymer films were in contact with
model liquids during 24 h [6, 9]. Then the air bub-
bles and octane or water drops contact angles at the
polymer surfaces were measured.

The contact angles were measured in accor-
dance [10].

The following equations were used for calcula-
tions:

v =7t~ [+ -] ©

d eper . . .
where yg§, and yg, are equilibrium interfacial

energy polymer/water polar and dispersion compo-
nents;

2
(7w_70_7’ow‘C0590) (6)
4y

po_
Vsw =

where y,, = 50.8 mJ-m™ — octane/water interfacial
tension, 6, — octane droplet contact angle at the
polymer surface immersed in water (Fig. 1b) [10];

d _(7’0W'C0590_7’W'COS‘QV‘|'?’<))2 7
Vsw = )
4,

where 0, is the air bubble contact angle at the poly-
mer surface immersed in water (Fig. 1¢) [6, 9].

7S(0)W:7§W+(\/750_\/7§W)Z ®)

where solid/octane equilibrium interfacial energy
dispersive component value 7/50 ~ yg [6, 9]

_d p d 9

Yso=Vso t Vo +70=0¥so¥o  ©

where y{, — solid/octane equilibrium interfacial
energy polar component

2
p _(70W'COS0W0+7W_7/0) (10)
Vso = »
47y
where 0y, — contact angle of the water droplet at

the polymer surface immersed in octane (Fig. 1d)
[6, 9].
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Fig. 1. The scheme of contact angle measurements: (a) — water droplet at the polymer surface in the air environment;
(b) — octane droplet at the polymer surface immersed in water (6,,); (c) — the air bubble at the polymer surface immersed
in water (0,); (d) 8,,, — the water droplet at the polymer surface immersed in octane.

Equilibrium values of interfacial energies s,
Ysomw Were compared with interfacial energies

13 L3 * 13 99 *
polymer-octane” y,, and “polymer-water” y,

which were calculated using polar and dispersion
components of polymer binders according to Egs.
11-12:

7;W :7£V+7;1V+7W _2\/751/7;[/ _2\/751/75 (11)

Vso =Vh +Vs +Vo —20re¥o  (12)

Strength of adhesion of graphite/steel laminate
was calculated by measuring a force of graphite cir-
cle pull-out from a laminated sample using «Tinius
Olsen H5KS».

Tensile strength (P) of graphite laminates was
determined using apparatus «Tinius Olsen HSKS».
Every sample was measured 810 times. The mag-
nitudes of tensile strength were calculated on the
cross-section area of laminated material.

3. Results and Discussion

Results of free surface area measurements are
presented in Table 3. Graphite foil is non-polar ma-
terial with p¢ >> . It’s well known [11], that steel
is a polar material with high value of specific free
surface energy which exceeds 1000 mJ-m ™ and de-
pends on chemical composition. As far as it can’t
be determined by the wetting method, Wpp value
was used for understanding of the difference in ad-
hesion level between various polymer binders and
stainless steel.

VKT-2 and SKTN-A + K18 are silicone poly-
mer binders with small value of free surface en-
ergy which is typical for silicones. Each Si-atom
of SKTN-A is connected with two methyl groups
that makes the composition hydrophobic and the
impact y” of on free surface energy is negligible.
The modification of silicone resin by copolymer
of butyl methacrylate and methacrylic acid which
increases a contribution of polar component )” and
y for VKT-2 due to the influence of -COOH and
-COOC,4H, groups.

Table 3
Specific free surface energy of graphite foil,
steel and polymer coatings.

Material y, mJm?| ¥, mJm? | y, mJIm?
Graphite foil 45 1 46
MBM-5C 29 32 61
VKT-2 24 5 29
SKTN-A + K18 21 2 23

Butyl methacrylate and methacrylic acid are
also copolymers of MBM-5C which appeared to be
a high energy water-soluble polymer composition
with strong contribution of polar component y” = 9,
As far as increase in 7” and y? leads to the growth
of W, according to Eq. 1, and polar and dispersive
components increases in the series SKTN-A + K18,
VKT-2 and MBM-5C it can be concluded that
1) the highest values of the work adhesion to graph-
ite and stainless steel should be provided by MBM-
5C, 2) work of adhesion of VKT-2 to graphite and
stainless steel should be higher that SKTN-A +
K-18. So it can be supposed that graphite laminat-
ed materials with MBM-5c¢ should be superior in
strength of adhesion and tensile strength as well.
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Table 4
Work of adhesion of polymer binders to graphite foil, steel, model liquids
and tensile strength of graphite laminated materials

Polymer Strength of Work of adhesion of polymer Wpp, wdd, Tensile
binder adhesion, kPa binder to graphite, mJ-m mJ-m™ mJ-m™ strength, MPa
MBM-5C 64 84 132 57 21
VKT-2 59 70 101 50 15
SKTN-A +K-18 26 64 87 45 7

Calculated values of work of adhesion Wa
of polymer binders to graphite foil, Wpp, Wdd,
strength of adhesion and tensile strength are pre-
sented in Table 4. Wa, Wpp, Wdd values are higher
for MBM-5C than for silicone based polymer bind-
ers. It means that MBM-5C is better coupling agent
for polar and non-polar phases including graphite
foil and stainless steel. Higher strength of adhesion
and tensile strength values (Table 4) confirm the
prediction based on wetting method measurements.

The long-time contact of polymer films with
model liquids led to the decrease of free surface en-
ergy on the interface with water and octane (Table 5)
what points to the fact of polymer chains mobility.

Table 5
Free surface energy of polymers on the interface
with water and octane, *-values were calculated
using Egs. 11-12 [y] = mJ-m™

Polymer binder 7,;0 Y so y;W Vsww
MBM-5C 33 25 3 1
VKT-2 5 1 24 1
SKTN-A + K-18 2 0 33 9

The work of adhesion of VKT-2 to graphite and
model liquids is higher than for SKTN-A + K18, so
it should provide stronger binding in laminated ma-
terial. According to experimental results using SK-
TN-A + K18 instead of VKT-2 composition leads
to significant decrease of adhesion strength and
tensile strength. Delamination occurs when graph-
ite and stainless steel sheets are connected with
SKTN-A + K18, which doesn’t contain hydrophilic
functional groups and has the lowest value of free
surface energy. This fact demonstrates that polymer
binder with <23 mJ/m?, is not able to provide suffi-
cient adhesion to both surfaces of stainless steel and
graphite foil.

4. Conclusions

The approach which was proposed earlier for
composite materials strength prediction using con-

tact angle measurements was applied for graphite
laminated materials. It was founded that the strength
of adhesion and tensile strength is connected with
the work of adhesion to graphite foil, stainless steel
and model liquids. The calculation of the work of
adhesion to polar and non-polar model liquids can
be applied to the choice of polymer binder. It was
shown that MBM-5C, which has high ¢ value be-
cause of COOH and COOR functional groups, pro-
vides the highest level of tensile strength among
tested materials.
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