Influence of lodination on Tribological Properties
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ABSTRACT: Surface modification of acrylonitrile-butadiene copolymer (NBR) vulcan-
izates by treatment with an iodine solution results in a significant decrease in the
coefficient of friction. The effect of modification is attributed to formation of a thin
surface layer, incorporating iodine species, which has a higher modulus than the bulk
material. The surface layer also has an increased roughness which, combined with the
increased local stiffness, causes the reduction in friction. These factors overcome an
observed increase in the surface energy after modification, which would act to increase
the friction. NBR subjected to iodination kept its bulk elasticity, which plays an im-
portant part in the mechanism of deformation of the elastomer under conditions of
friction, and ensures that the modified NBR retains its properties in engineering appli-
cations. The durability of the surface modification is attributed to interactions between
iodine and nitrile groups from the acrylonitrile monomer units. © 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 64: 1927-1936, 1997
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INTRODUCTION

The use of rubbers as engineering materials in a
dynamic contact environment is limited because
of their poor tribological properties, especially
when lubrication of the friction pair is not possible
or should be avoided. The former situation occurs
during the beginning of motion of the machine,
when unstable dynamic conditions make creation
of the lubricating film difficult. The latter case,
when lubrication is not allowed, arises because of
health protection regulations or ecological rea-
sons. The advantages of systems that do not re-
quire lubrication are considerable savings be-
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cause of simplification of mechanical construction,
prolonged exploitation and cheaper maintenance
of the machine, and ecological acceptability.

To meet the engineering requirements for rub-
bers in dynamic contact situations, the material
has to be modified. It is essential for the modifica-
tion to preserve the elastic properties of the rub-
ber, which are required for the proper perfor-
mance of the component. Treatment producing
surface modification and leaving the bulk intact,
and retaining its elastic properties, seems to be
one of the best solutions for the problem. This
article reports the effect on the tribological prop-
erties of acrylonitrile-butadiene (NBR) rubber
of modification of the surface by treatment with
an iodine solution. The surface structure of the
modified rubber is also investigated by x-ray
photoelectron spectroscopy and atomic force mi-
Croscopy.
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Table I Composition and Vulcanization
Parameters of the Materials Studied

Material NBR HNBR BR

DCP [phr] 1.2 2.1 0.1
Degree of crosslinking,??

v [mol/em?®] X 1075 7.8 8.0 8.5

Parameters of vulcanization: 433 K/30 min (ISO 3417).

NBR—acrylonitrile-butadiene copolymer (Nipol N41, Nip-
pon Zeon Co., Japan) 29 wt % of acrylonitrile, = 10% of butadi-
ene monomer units of 1,2 configuration. HNBR—hydroge-
nated acrylonitrile-butadiene copolymer (Therban 1706, Bayer
AG, Germany), <0.9% of double bonds, 32.5 wt% of acryloni-
trile. BR—cis-1,4-polybutadiene (Nipol BR 1221, Shell Int.,
UK), ~ 96.5% of cis-1,4 structure.

EXPERIMENTAL

Materials

Peroxide vulcanizates of acrylonitrile—butadiene
copolymer (NBR), Nipol N41 (Nippon Zeon Co.,
Japan), hydrogenated acrylonitrile—butadiene
copolymer (HNBR), Therban 1706 (Bayer AG,
Germany ), and cis-1,4-polybutadiene (BR), Nipol
BR1221 (Shell Int., UK) were the subject of the
investigation. Dicumyl peroxide (DCP, 92 wt % of
purity), supplied by Merck—Schuhardt (Ger-
many) was used as a curing agent. The rubber
composition and parameters of vulcanization are
given in Table 1.

Rubber master batches were prepared by mix-
ing in a David Bridge (UK) laboratory two-roll
mill for 15 min at 313 = 2 K. Samples were cured
in a steel mold, using an electrically heated press,
under optimal conditions (time/temperature) de-
termined rheometrically, according to ISO 3417.
An oscillating disc rheometer, WG 02 (Met-
alchem, Poland) was used.

Prior to modification the vulcanizates were
extracted in methanol, during 48 h in the dark,
using a Soxhlet apparatus. The extraction was
carried out mainly to purify the rubber from de-
composition products of DCP as well as antidegra-
dants and stabilizers present in commercial poly-
mers.

Modification

Extracted samples were dried in a vacuum cham-
ber at 60°C and then immersed in Lugol’s solu-
tion® (1 pt. I,/2 pt. KI/97 pt. distilled water) for
the controlled period of time, from 1 to 30 min, at
ambient conditions. Immediately after the immer-

sion, the surface of the material was extensively
washed with distilled water to stop the iodination.
Finally, modified samples were dried again in a
vacuum chamber at 60°C, to constant weight.

INSTRUMENTATION

Equilibrium Swelling

Samples of 30—50 mg weight were first extracted
in acetone at ambient temperature for 48 h to
eliminate impurities, then dried in vacuum at
60°C until constant weight (my), which was at-
tained usually after 12 h. The dried samples were
swollen in excess toluene for 18 h at ambient tem-
perature. The sample was then removed. Solvent
retained at the surface was absorbed with filter
paper, and the sample was immediately weighed
(m,). Equilibrium swelling, @,, of the material
was calculated as

mg —m
Q =T

mg

The crosslink density, v was calculated from the
results of equilibrium swelling using the Flory—
Rehner equation.>® The percentage by volume of
the polymer in a swollen sample, V,, was calcu-
lated from

Ve —
1+Q,.—
Qg

where d, and d, denote the densities of the rubber
and solvent, respectively. The degree of crosslink-
ing of samples was adjusted to the value of v = 8.0
+ 0.5 X 10 ° mol/cm.? The influence of the cross-
link density on the surface properties of rubber
vulcanizates was noted in our previous work.*

Equilibrium Modulus

Network structure parameters of the samples
were obtained from equilibrium moduli in exten-
sion, determined cathetometrically at ambient
temperature. Strips 4 X 20 mm were cut from the
thin rubber film (50 = 10 um thick). Experiments
were carried out in the range of relative deforma-
tion not exceeding \ = 2, obtaining at least six
experimental points. Deformation at equilibrium
was measured ca. 30 min after loading. The elas-
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ticity constants, C; and C;, from the Mooney—Riv-
lin equation®*®

AE =2(C; + CoA™H(N = N 72),

where F'is the load in Newtons and A, is the initial
cross section in m?, were determined graphically
from a plot of A" vs. F/2A,(A — \"?). The data
were fitted to a straight line with a linear correla-
tion coefficient of at least 0.95. The elasticity con-
stants were calculated by averaging the results
from six samples.

Chemical Microanalysis

Samples of area of 1 cm?, cut from the thin films,
were analyzed for iodine content.

Surface Topography

The surface topography of the samples was char-
acterized by atomic force microscopy (Burleigh
Co., USA, ARIS-3300). The area scanned was 5
X 5 um. The cantilever had a spring constant of
ca. 0.05 Nm ™! and surfaces were imaged at a con-
stant force, ca. 8.4 nN.

Contact Angle

The surface energy, y, of the samples and its com-
ponents: dispersive, y¢ and polar y?, were deter-
mined by means of contact angle measurements
using the experimental procedure, utilizing a
wide range of liquids of different polarity, pro-
posed by Kuczynski.” Small drops of liquids
(=~ 2 uL) were placed on the clean, flat, solid sur-
face very gently, using a Hamilton syringe. The
value of the contact angle was calculated each
time as an average of six measurements and the
accuracy of the contact angle data was =2°. Exper-
iments were carried out under ambient condi-
tions. The polar component of the surface energy
was calculated from the value of the polar interac-
tion parameter, 1Z. Following Owens® and Kael-
ble,® 1%, was considered as a geometric mean of
polar components of the solid and the liquid.

Infrared Spectroscopy (FT-IR)

The materials studied were cryogenically pow-
dered, modified, and then mixed with KBr,
pressed into discs, and analyzed with a Mattson

Table II Degree of Iodination Determined by
Chemical Microanalysis

Iodine Content [wt %]

Time
Material 1 min 15 min 30 min
NBR 1.06 13.54 14.67
HNBR 1.92 11.45 13.95
BR 0.96 1.12 1.34

5000 (Unicam Analytical Systems, UK) FTIR
spectrometer. Measurements were taken over a
wavelength range 400—4000 cm ™' with a resolu-

tion of 2 cm L.

X-Ray Photoelectron Spectroscopy (XPS)

The x-ray source was operated at 110—130 W and
generated Mg Ka photons (1253.6 eV). A 100 mm
concentric hemispheric analyzer (Vacuum Sci-
ence Workshop) was operated in the fixed ana-
lyzer transmission mode, with a 50 eV pass en-
ergy. The electron take off angle was normal to
the surface. The relative atomic concentration of
elements present on the surface was calculated
using Wagner’s sensitivity factors,'® modified for
our instrument. XPS spectra were deconvoluted
using the method of Evans.'’ Shape parameters
of the peaks: C (1s), O (1s), N (1s) and I (3d),
were taken from known compounds. Spectra were
corrected for charging by assigning the principal
Cls signal a binding energy, Ez = 284.6 eV.

Tribological Investigations

Experiments were carried out with the “ring-on-
disc” apparatus described earlier.'? Basically it is
a “pin-on-disc” machine, modified for testing elas-
tic materials. Kinetic coefficients of friction were
investigated at 293 + 15 K, over the sliding speed
range, 0.05—1.0 m/s and normal pressure, 5—200
kPa. No lubricants were added.

RESULTS AND DISCUSSION

Degree of Modification

In Table II, the susceptibility of different materi-
als, butadiene rubber (BR), hydrogenated acrylo-
nitrile—butadiene rubber (HNBR), and acryloni-
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Table III Influence of Iodination on the Network Structure Parameters
(Elasticity Constants) of the Rubber Vulcanizates

Chemical Treatment

Todination, Todination,
Network Parameter Unmodified 1 min 15 min
NBR
C; [N/m?] x 10™ 16.7 24.8 64.8
C, [N/m?] x 107* 4.5 4.6 26.2
v [mol/ecm?®] x 107°2 8.1 12.1 31.7
b 7.8
HNBR
C; [N/m?] x 10~* 14.7 41.6 146.8
C, [N/m?] x 107* 59 10.0 53.9
v [mol/em?®] x 10752 7.2 20.4 71.9
b 8.0
BR
C; [N/m?] x 10™* 175 18.4 25.9
C, [N/m?] x 10* 8.9 10.3 8.2
v [mol/em?®] x 10722 8.5 9.0 12.6
b 8.0

Thickness of the sample 50 = 10 ym.

2 Calculated from the Mooney—Rivlin equation.®® C,, C,-elasticity constants.>®
b Calculated from the equilibrium swelling measurements.??

trile—butadiene rubber (NBR) to iodination, are
compared. Chemical microanalysis shows that BR
reacts with iodine to a far lesser extent than the
acrylonitrile copolymers. The hydrogenated copol-
ymer, HNBR, reacts to a similar extent to the
unhydrogenated material, suggesting that the ni-
trile group is the main site of interaction with the
halogen.

The extent of modification depends on the time
of treatment. The higher degree of iodination at
a short time of treatment, 7 = 1 min., observed
for HNBR in comparison to NBR, is probably con-
nected with EDA complex formation between ni-
trile groups and butadiene monomer units, de-
scribed in our previous work.'® The diffusion-con-
trolled kinetics of iodination leads to a material
with a gradient structure, which is confirmed by
microscopy. Despite a significant difference in re-
fractive indices between the modified and unmod-
ified material, it is difficult to determine the depth
of modification with a polarized-light microscope,
but SEM observations gave values of =~ 1 ym.

Network Structure

The calculated values of elasticity constants, Ta-
ble III may only be used qualitatively, because
they are sensitive to skin effects (depth of modifi-

cation compared to sample thickness) and crack-
ing. However, they reflect changes in the network
structure of the top layer of the sample.

Iodination of NBR and HNBR vulcanizates
makes the surface of the samples significantly
stiffer, whereas in the case of BR the effect is
much less pronounced. After a long time of treat-
ment, only a small amount of iodine has been in-
corporated in the top layer of the BR sample. At
the same time an oxidative process, confirmed by
changes in the IR spectrum of the sample, and
accompanied simultaneously by crosslinking and
degradation of the BR elastomer macromole-
cules would explain the moderate changes in
tribological properties of the material. Extracted
BR is very susceptible to ageing.

The high efficiency of modification in the case
of the copolymers may be the result of (a) free
rotation of the chain fragments being restricted
by the association of big iodine atoms with the
nitrile groups; (b) structural modification from cy-
clization of adjacent nitrile groups (of small prob-
ability taking into consideration the random
structure of the copolymer), or (c¢) intermolecular
interactions of the modified polar macromole-
cules, ionic cluster formation, etc.

A loss of mobility arising from the incorpora-
tion of relatively large amounts of iodine into the
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structure will produce a stiffening of the material
that would account for the large increase in C,
observed after the longer treatments.

The higher values of the elasticity constants for
modified HNBR compared to modified NBR are
not caused by differences in iodine contents,
which are in fact similar, but may relate to the
distribution of iodine: part of the iodine will inter-
act with the olefinic bonds in the latter. It should
be noted that the olefinic bonds in the copolymer
have a greater proportion of 1,2 butadiene com-
pared to the mainly 1,4 butadiene structure of BR,
and the former is more reactive.'

The very high values of C; and C; obtained in
the case of NBR and HNBR subjected to the modi-
fication for 15 min are probably the result of an
increase of the energy of cohesion density. Dipole—
dipole interactions of iodine containing fragments
and formation of multiplets or even ion clusters, '
due to interactions between groups containing
quaternary nitrogen, are likely to be responsible
for the unexpected values of the elasticity con-
stants. Such ionic clusters of reported dimensions
1-10 nm,'” produced by multiplet aggregation,

Z:62.28nm

(A)

Z:104.43nm

(B)

Figure 1 Influence of iodination on the surface ap-
pearance of NBR. (A) untreated; (B) after treatment
(15 min).

Table IV Influence of Iodination on the
Surface Topography of NBR

Surface Topography [nm]

NBR Sample Z-avg. Z-rms. Z-var. Z-peak

Unmodified 5.66 2.50 1.96 11.30
Iodinated, 15 min  13.49 6.44 5.24 26.90

Surface topography parameters were calculated according
to the following equations:

1 2 1 2
Zav =7 Zi Zrms =3 Zi - Zav
¢ Nigz Nigl ( 2
1
Zyar = N g |Z; — Zavg‘ Zpeak = Zmax — Zmin

-

can fulfill a role not only of multifunctional cross-
links '® but also of an active filler.

Surface Topography

The results of iodination of NBR are demon-
strated in Figure 1, comparing the appearance of
the polymer surface before and after the modifi-
cation. The parameters of the surface geometry
determined for unmodified sample are (on the na-
noscale) appreciably different from the modified
one (Table IV). Increase in the micro roughness
after chemical treatment was also reported by
Roberts and Brackley.'®*° Optical microscopy of
the iodinated thin films (50 + 10 um of thickness)
of NBR or HNBR, revealed small dark dots on the
transparent background of the elastomer.

The rate of iodination process is fastest up to
15 min, then decreases asymptotically. Chemi-
sorption of iodine on the elastomer surface leads
to an initial darkening of the sample, which grad-
ually lost its transparency. The effect was durable
in the case of acrylonitrile copolymers, but less so
for butadiene rubber. BR samples partly recov-
ered their initial appearance because of halogen
sublimation. IR spectra of modified samples
showed that oxidation accompanying modification
was significant in the case of BR, but was much
less for NBR and HNBR.

Surface Energy

The surface energies of NBR and HNBR, calcu-
lated from contact angle measurements, change
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Table V Influence of Iodination on the Surface
Energy of the Rubber Vulcanizates

Surface Energy,
vs [J/m?] X 1073

Component NBR HNBR BR
Without treatment
B 21.8 24.4 15.2
ve 2.3 2.9 1.1
va 29.0 32.6 35.3
Vs 31.3 35.5 36.4
Iodination, 15 min
TR 23.2 30.7 15.2
Y5 2.6 4.6 1.1
e 33.5 35.6 35.3
Vs 36.1 40.2 36.4

S—solid, L—Iliquid.

Ih—polar interaction parameter;  calculated from the geo-
metric mean equation.®’

yP—polar component of the surface energy.

vd—dispersive component of the surface energy.

ys—total surface energy.

slightly after the surface treatment (Table V). No
changes are observed in the case of BR. Iodination
increases the dispersive component of the surface
energy with both NBR and HNBR. The polar com-
ponent increases slightly, although remains the
minor fraction. Increase of the surface energy im-
plies an increase in the reversible work of adhe-
sion,?’ which would adversely affect the tribo-
logical properties. Though changes in surface
roughness and chemical heterogeneity of the mod-
ified rubber surfaces affect the interpretation of
contact angle data,?? the conclusion remains that
the improvement in the tribological properties on
iodination does not arise from a decrease in the
surface energy.

Chemical Structure of the Surface
Mechanism of Modification

Todination for modification of elastomers, con-
trary to chlorination or bromination, has not at-
tracted much attention.?®** It is a complex pro-
cess, involving substitution, addition, and proba-
bly specific interactions. FT—IR data indicate the
small extent of the reactions taking place in BR,
which is a consequence of the cis-1,4 structure
of the elastomer. Unsaturation in the side chain,
present in 1,2-polybutadiene, makes it more reac-
tive.? It may be deduced that 1,2-butadiene

monomer units are mainly responsible for any io-
dine contained in the butadiene part of NBR.

An absorption peak, detected near 1710 cm™*,
coming from the carbonyl group, indicates that
oxidation processes accompany the modification.
The main action of iodine is, however, connected
with its interaction with acrylonitrile monomer
units. The big iodine molecules are easily suscep-
tible to polarization. The following ionic mecha-
nism of reaction is postulated. The a-hydrogen
atoms of the acrylonitrile monomer units are acti-
vated by the nitrile group thereby becoming
acidic, and are attacked by iodine.

I, =1 +1
H
—CHZ—(ll— +I = —CH,—C— + HI
C=N: C=N:
I
—CH2—6—+1+—»—CH2—(|3— 1)
b E=X

The HI produced reacts, in turn, with a nitrile
group to form a salt.

H

|
—CHZ—Cll— + HI —

C=N:

H

|
—CH,—C—

[C=NHI'T (2)

NMR studies of the NBR show that the amount
of acrylonitrile diads and triads does not exceed
3%, i.e., NBR is a random copolymer. Cyclised
nitrogen structures®® are, therefore, unlikely and
it is not necessary to consider further mechanisms
of interaction of the iodine.

XPS

Surface analysis performed on vulcanizates of the
polar elastomers, polychloroprene rubber (CR),
chlorosulfonated polyethylene (CSM ), and nitrile
rubber (NBR) subjected to iodination, revealed
the characteristic I (3d) peak only in the case of
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Table VI Chemical Composition of the Surface
of NBR Determined with XPS

Element Ez [eV] Atom %
C(C) 284.6 60
C(N) 286.0 10
C(—0) 286.2 12
C(=0) 287.6 1
(0) 532.6 11
N 399.5 5

NBR. CR and CSM were not prone to the modifi-
cation as may be expected.

XPS analysis of the unmodified NBR sample
(Table VI) showed a small silicone contamina-
tion, which survived washing with ethanol, but
a significant amount of oxygen. The carbon sig-
nal (Fig. 2 and Table VI) is composed of unre-
solved contributions from carbon in several en-
vironments. Expected contributions'® will occur
at 284.6 eV (—C—C—) and 286.0 eV
(—C—C=N, both carbons) from the nominal
rubber composition, and 286.2 eV (— C—O—) or
287.6 eV (— C=0) from oxidized material. De-
convolution of the carbon envelope does not give
a unique solution, but adding the constraints of
the expected number of peaks and their approxi-
mate contributions as a starting point for the de-
convolution gives results which can be examined
for consistency with the other elements present.
The deconvoluted carbon contributions are given
in Table VI, where it may be seen that the atom
ratio C(N)/N = 0.10/0.05 = 2.0 = 0.4 with a con-
servative error of 10% per peak, cf. expected value
of 2.0 [note C(N) includes both C shifted by N1.

The binding energy of the oxygen species corre-
sponds to an alcohol or ether linkage and it is
possible that the ether crosslinks, or alcohol spe-
cies derived from the dicumyl peroxide are being
observed. In which case, the high concentration
of oxygen functionalities obtained from XPS sug-
gests that there is segregation of peroxide to the
surface, which results in a high concentration of
crosslinks or formation of alcohols. Correcting the
O concentration for siloxane and carbonyl oxygen
gives O = 0.11-0.01-0.01 = 0.09 atom % and
C(—0)/0 =0.12/0.09 = 1.3, i.e., the atom ratio
is consistent with C(— O) being alcohol + ether
groups, with expected C(— O)/O ratios of 1.0 and
2.0, respectively.

The single N1s signal at 399.5 eV is assigned
to the nitrile nitrogen, and is the least ambiguous
measure of the relative amount of acrylonitrile at

the surface, hence keeping in mind that theoreti-
cally C(N) = 2 X N, the XPS atom ratio N/(N
+ C(C) + C(N))is 0.05/(0.05 + 0.60 + 2 X 0.05)
= 0.07. The molecular weights of the comonomers
are similar so the bulk monomer fraction of acry-
lonitrile is 0.29. The bulk atom fraction N/(N
+ C(C) + C(N)) is, therefore, 0.29/(0.29 + (0.29
+4x0.71) + 2 % 0.29) = 0.07, in apparent agree-
ment with the XPS result. However, the XPS cal-
culation has neglected the oxygen functionalities,
i.e., has assumed that they originate from impuri-
ties. If the oxygen functionalities are, as expected,
part of the matrix they should be taken into ac-
count and the XPS value for the N : C atom ratio
at the surface becomes N/(N + C(C) + C(N)
+ C(0)) = 0.05/(0.05 + 0.60 + 0.10 + 0.12)
= 0.06, i.e., slightly less than the bulk value. The
conclusion is that the acrylonitrile content of the
surface of the unmodified NBR is the same or
slightly less than that of the bulk material.

The XPS data for the iodine modified NBR are
given in Figure 3 and Table VII. The silicone con-
tamination and oxygen concentrations are similar
to those of the unmodified material. Pronounced
new features are the presence of iodine and the
splitting of the N1s signal. Iodination can produce
an organic iodide, or an iodide salt by reaction
with a nitrile group, and the iodine 3ds,, signal
shows two forms of iodine 11, BE 618.6 eV, and
12, BE 620.4 eV. Iodide ion has a BE of ca. 618.9
eV; thus, I1 is assigned to an I~ species. Organic

Cls

1
288 284
Binding energy, eV

Figure 2 X-ray photoelectron Cls spectrum of un-
modified NBR.
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Cls

1 I L L 1 1
288 284
Binding energy, eV

622 618
Binding energy, eV

403

399

Binding energy, eV

Figure 3 X-ray photoelectron spectra of iodinated NBR: Cls, 13d5,2, N1s (the poor
statistics are the result of the weak N1s signal).

iodide would be ca. 1 eV higher in BE, and the
value for 12 is consistent with =C—1I, though
the I3 ion would also be a candidate.’® Evidence
for the former assignment may be obtained from
consideration of the N1s signal. The two types of
nitrogen '’ correspond to =N, BE 399.3 eV rela-
tive concentration 0.04, and =N—"*, BE 401.4
eV relative concentration 0.01, i.e., only a fraction
of the nitrile groups are converted to quaternary
species. The concentration of 17, 0.01, matches
that of the =N—", 0.01. There is insufficient
positive nitrogen to account for I2 being the I3
species; therefore, 12 is assigned to =C—1L.

Lastly, considering the C1s signal (Fig. 3), the
envelope was deconvoluted using the same princi-
ples as for the unmodified NBR, with the addition
of a contribution representing the C(I) at ca.
285.4 eV. The deconvolution data are given in Ta-
ble VII and are examined for consistency as fol-
lows: the atom ratio C(N)/N = 0.10/0.04 = 2.5
+ 0.5, within the experimental error of the theo-
retical value 2.0: the atom % O corrected for silox-
ane and carbonyl is 0.11-0.01-0.01 = 0.09, and
therefore, C(—0)/(0O) = 0.14/0.09 = 1.6, again
consistent with C(— O) being ethers plus alco-
hols.
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Table VII Atomic Ratio of the Elements
Present on the Surface of Iodine Modified NBR

Element Ez [eV] Atom %
C(C) 284.6 54
CcI 285.4 2
C(N) 286.0 10
C(—O0) 286.2 14
C(=0) 287.6 2
(6] 532.3 11
N(C=N) 399.3 3
N(N*) 401.4 1
II) 618.6 1
I(C—ID) 620.4 2

Tribological Properties

The effect of iodination is apparent in the case of
copolymers NBR and HNBR, significantly low-
ering the coefficient of friction, in contrast to BR
for which p remains practically unchanged (Table
VIII). The coefficient of friction for untreated elas-
tomers, u, decreases with an increase of the nor-
mal load applied to the sample. An increase of u
with increasing load for iodinated polymers, also
reported in our previous article,?’ is ascribed to
inadequate durability of the modified layer when
exposed to extreme friction conditions. The influ-
ence of velocity on the coefficient of friction is neg-
ligible, p decreasing very slightly with increasing
velocity (Table IX).

The tribological properties of a material are de-
termined by adhesion at the sliding contact sur-
faces and the hysteresis properties of the elasto-
mer, the latter influence arising from the polymer
characteristics in the subsurface to bulk region.
Changes in surface energy of the rubber should
correlate with changes in the adhesional compo-
nent of friction, and iodination of the copolymers

should lead to an increase of the adhesional com-
ponent, considering the significant increase of the
surface energy produced by the modification. The
observed lowering of u after iodination is the re-
sult of the importance of the elastomeric proper-
ties combined with the changes in surface topog-
raphy. The AFM data showed that the micro-
roughness increased markedly after modification.
Iodination also greatly increased the elasticity
constants, and the increased micro roughness of
the surface and its greater stiffness reduce the
contact area and finally lead to lower values of
the coefficient of friction.

CONCLUSIONS

Todination of butadiene—acrylonitrile copolymers
is shown to be tribologically effective (lowering
the coefficient of friction), for both NBR and
HNBR. BR incorporates only negligible amounts
of iodine and shows little effect. Electron micros-
copy of modified NBR and HNBR showed that
iodination was confined to a thin surface layer.
XPS measurements allowed covalently and ion-
ically bonded iodine to be assessed, leading to the
conclusion that iodine interacts with the majority
of the nitrile groups at the surface to give the
quaternary salt or substitution « to the nitrile
group, the latter species being predominant. Mea-
surement of the modulus indicates an increased
stiffness after modification, which arises from the
presence of the big iodine atoms associated with
the acrylonitrile comonomer.

The shallow depth of modification obtained was
probably due to use of iodine solutions of moderate
activity (Lugol’s solution ). Application of solvents
to cause swelling of the rubber surface and further
introduction of iodine molecules deeper in the ma-

Table VIII Influence of Iodination on the Coefficient of Friction of the
Rubber Vulcanizates: Influence of the Normal Pressure

Coefficient of Friction, u

p
[kPa] NBR NBR iod. HNBR HNBR iod. BR BR iod.
40 1.6-2.0 0.5-0.6 1.1-1.3 0.4-0.5 1.7-1.8 1.5-1.6
90 1.7-1.8 0.5-0.6 1.1-1.2 0.5-0.6 1.2-14 1.3
140 14 0.5-0.6 1.1-1.2 0.5-0.7 1.1-1.2 1.2
180 1.1 0.7 1.0-1.2 0.6-0.7 0.9-1.0 1.0
220 1.0 0.7 0.9-1.0 0.6-0.7 0.9-1.0 0.9

Conditions of friction: v = 0.1 m/s, p = 40—220 kPa, T' = 293 + 15 K, “dry” friction.
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Table IX Influence of Iodination on the Coefficient of Friction of the
Rubber Vulcanizates: Influence of the Velocity

Coefficient of Friction, u

v

[m/s] NBR NBR iod. HNBR HNBR iod. BR BR iod.
0.1 11 0.7 1.0-1.2 0.6-0.7 0.9-1.0 1.0
0.5 0.8-0.9 0.6 1.0 0.7-0.8 0.8-0.9 1.0
1.0 0.7-0.8 0.5 0.9-1.0 0.9 0.8 0.9

Conditions of friction: p = 180 kPa, v = 0.1-1.0 m/s, T' = 293 = 15 K, “dry” friction.

terial is not advisable, however, because it would
lead to formation of a thick modified layer, which
would be unable to cooperate with the elastic bulk
under dynamic conditions prevailing during fric-
tion. For the surface treatment of elastomer to
be effective from the tribological point of view, it
should produce a stiff, thin skin in the material.
Changes of the surface energy, in the case of these
elastomers, play a minor role in friction generated
in dynamical processes.
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