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Abstract

The mechanical and friction properties of additive-free polyurethane (PUR) consisting of polyether
soft segments of polytetramethyleneoxide and hard segments (HS) comprising
4.4’ -diphenylmethane diisocyanate and 1.4-butanediol as a chain extender were studied by scanning
force microscopy. The hardness and elastic modulus of PUR containing 42, 57, 69, and 100 wt %
HS were determined from nanoindentation experiments performed with a diamond tip of nominal
radius of curvature equal to ~20 pum and maximum mdentation load in the range of 10—-500 uN.
The mechanical properties of PUR were found to strongly depend on the HS content and contact
load. The elastic modulus of PUR with 42 wt % HS was found to decrease with increasing load due
to the high softness of this material that influenced the measurements. The friction characteristics of
the samples with 42, 57, and 69 wt % HS were studied in order to evaluate the dependence of the
coefficient of friction on load and sliding speed. The PUR with 57 wt % HS exhibited the lowest
coefficient of friction. Depending on the PUR composition, remarkably different friction behaviors
were obtained. The observed mechanical behavior and friction characteristics are interpreted in

terms of the chemical composition and microstructure of the samples.

I. INTRODUCTION

Segmented polyurethane (PUR) elastomers exhibit ex-
cellent mechanical properties and good blood and tissue
compatibility. Therefore, these materials are ideal for the
fabrication of medical devices, such as cardiac pacemakers,
prostheses, catheters, and heart-assist devices. PUR elas-
tomers are also frequently used in many other nonmedical
applications including adhesives. sporting equipment, artifi-
cial leather, and cable insulation. Although the bulk proper-
ties of PUR have been widely studied,!™* the surface prop-
erties. such as hardness. elastic modulus, and friction. which
are of great importance in all the earlier-mentioned applica-
tions, have received relatively less attention. Since in many
situations polymers are subjected to compressive (and shear)
surface traction, characterization of the surface mechanical
properties under the presence of a compressive load is more
appropriate than bulk measurements obtained from simple
stretching experiments. Unfortunately, basic knowledge of
the surface mechanical properties of polyurethanes is rela-
tively sparse.

Polyurethane can be considered as a copolymer compris-
ing two incompatible segments. The glass transition tem-
perature of one of the segments is well below the ambient
(——40°C) and is therefore considered to be a rubbery or
““soft”” segment (SS). whereas the glass transition tempera-
ture of the other segment is well above the ambient (~50 °C)
and is therefore considered to be a rigid or “*hard” segment
(HS).? By varying the proportion of hard and soft segments,
a wide range of mechanical properties can be obtained.*

The urethane groups of the HS form hydrogen bonds
mainly by the interaction of the NH groups with the urethane
carbonyl function and, to a lesser extent, with the ether
groups* (Fig. 1). In the solid state at room temperature. most
of the NH groups are hydrogen bonded to either the HS
(C=0 groups) or the SS (—O— groups).” The C=0 urethane
groups form hydrogen bonds only with the HS (NH groups).
As a consequence, the rigid and polar HS segments interact
strongly with each other (through hydrogen bonding) and do
not mix homogeneously at ambient conditions with the flex-
ible and less polar segments®> PUR is known to undergo a
microphase separation leading to the formation of small



crystalline HS domains."*™ Microphase separation in-
creases with the HS content.’ and can be estimated from the
infrared spectrum.”® The carbonyl vibration region gives in-
formation about interurethane hydrogen bonding (Fig. 2).
When the urethane group is hydrogen bonded, the
wavenumber of bonded carbonyl vibration (—~1700 cm™})
shifts to a higher value than that corresponding to the
nonbonded carbonyl vibration (~1730 cm ). Figure 2
shows that both hydrogen-bonded and nonhydrogen-bonded
C=0 groups are present in all the samples, and that the
intensity ratio of hydrogen-bonded to nonbonded C=0 vi-
bration bands increases with the HS content. This trend in-
dicates that the degree of microphase separation increases
with the HS content. Each composition contains nonbonded
HS and hydrogen-bonded HS. The nonbonded HS are ran-
domly distributed in the material while the hydrogen-bonded
HS are associated with each other within small crystalline
domains (Fig. 3). The concentration of crystalline domains
increases with the HS content. There are two phases in the
polymer: (a) a crystalline phase consisting of hydrogen-
bonded (associated) HS and (b) an amorphous phase consist-
ing of SS and nonassociated HS. Increasing the HS content
(i.e., promoting microphase separation) enhances the me-
chanical properties of segmented PUR.'

The review of the literature indicates that despite signifi-
cant applications and increasing demands for polymer struc-
tural materials, fundamental knowledge of the surface prop-
erties of elastomers and basic understanding of the
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FIG. 1. Hydrogen bonding between segments in urethane groups.
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FIG. 3. Schematic representation of microphase separation in PUR: (a)
nonhydrogen-bonded HS. and (b) hydrogen-bonded HS with formation of
erystalline microdomains.

underlving friction and deformation mechanisms is rather
limited. Consequently. the principal objective of this study
was to examine the surface mechanical properties and fric-
tion characteristics of different PUR compositions using
state-of-the-art surface force microscopy. The dependence of
hardness and elastic modulus on the HS content and mi-
crophase separation, and the effects of microstructure. con-
tact load, and sliding speed on the friction behavior are in-
terpreted in light of nanoindentation and friction results. In
addition, the dominant friction mechanisms are discussed in
terms of the material composition and associated deforma-
tion behavior.

Il. EXPERIMENTAL PROCEDURES
A. Sample preparation

Additive-free  PUR samples (Polymer Technology
Group. Inc.) comprising polyether SS consisting of polytet-
ramethylene oxide (PTMO). with a molecular weight of
1000 g/mol, and HS produced from 4.4'-diphenylmethane
diisocyanate (MDI) and 1.4-butanediol (BDO) as a chain ex-
tender were used in this study. Four polymers consisting of
PTMO/MDI/BDO containing about 42, 57. 69, and 100
wt % HS were prepared. The glass fransition temperature
T, . measured by the manufacturer using differential scan-
ning calorimetry, and molecular weight of each sample are
given in Table I. The variation of the bulk mechanical prop-
erties, such as tensile strength, ultimate elongation, elastic
modulus. and hardness, measured according to the American
Society for Testing and Materials standards are listed in

Table IL

1.20 7 -‘E‘
B g
100 100 wt.% HS._
69 wt.% HS . .
0301 57 wt.% HS. -
g 42 wt.% HS.,
—§ 0.60 - ™.
£
0.40 1
0.20 4
0.00

1790 1770 1750 1730 1710 1690 1670 1650
Wavenumber (em')

FIG. 2. Infrared spectra of PUR containing 42, 57, 69. and 100 wt % HS
(1730 em ™ !: free C=0 stretching: 1700 em™ " H-bonded C=0 stretching).

TABLE I. Molecular weight and glass transition temperature of polyure-
thane specimens.

Molecular weight® (g/mol) T, (°C)
HS (Wt%)  M,= VM INM; sS HS
> lwt Y n— EN! = ZN,-M,- ; N
42 133213£4595 245708 £5261 —49+0 43+3
57 T4315+3387 109698+4911 —37%x13 58+11
69 76557558 108508 =866 NAP 42+4

*Space [ comprises N; macromolecules of M; molecular weight.

®The T, for the 69 wt% HS content could not be measured accurately

(signal too low).



TABLE II. Typical bulk mechanical properties of polyurethane specimens.

HS Tensile strength Ultimate elongation Elastic modulus Hardness®

(wt %) (MPa) (%) (MPa) (Shore)
42 31+4 504+54 211 80+2.6 A (—3.75)
57 48+4 461+48 101+21 54+0.5D (—4.50)
69 46+4 280+17 556+46 75+2.4D(~5.75)

"Numbers in parentheses represent approximate Brinell hardness values,

The samples were prepared by casting a 5.0 wt % di-
methylformamide solution on quartz plates. The solvent was
evaporated by maintaining the plates at a temperature of
65 °C for three days. The thickness of the produced samples
was several micrometers. Surface roughness measurements
were obtained with an atomic force microscope (AFM) (Au-
toprobe MN35, Park Scientific Instruments). The root-mean-
square (rms) surface roughness of all the samples (deter-
mined from 4 pmX4 pm surface area AFM images) was
found to be less than 10 nm.

B. Scanning force microscopy

Nanomechanical testing was performed with a scanning
force microscope consisting of an AFM (Nanoscope II, Digi-
tal Instruments) retrofitted with a capacitive force transducer
(Triboscope, Hysitron, Inc.). The vertical and lateral forces
in the indentation and friction experiments were determined
from two independent capacitor plates that were previously
calibrated following the procedure outlined in Refs. 15 and
16. A conical diamond tip with a nominal radius of curvature
of ~20 um was used in all the experiments. The tip was
cleaned with isopropanol before each set of tests. In both the
nanoindentation and the friction experiments, the normal
load was varied in the range of 10500 uN. In all tests, the
tip was first engaged with the specimen surface under a con-
tact force of 2 uN in order to set the reference point.

Nanoindentations were performed using a trapezoidal
loading path with a constant load/unload rate equal to 50
MN/s. An experiment comprised indenting the specimen to a
specified maximum load, maintaining the maximum load for
5 s (hold period), and then unloading the tip at the same rate
as for the loading. Figure 4 shows a typical force versus

displacement curve from an indentation experiment, illustrat-
ing the loading and unloading responses of the indented ma-
terial and the pertinent nomenclature.

Friction testing involved traversing the diamond tip un-
der a given load over the specimen surface at a speed of 4. 8,
and 24 um/min for a total distance of sliding equal to 4 um.
The coefficient of friction was obtained as the ratio of the
average friction force to the applied normal force. The
steady-state friction coefficient was calculated by averaging
the fiiction data acquired between 1 and 3 wm of sliding
distance.

The results presented later correspond to average values
obtained from at least five experiments, assuming that the
data followed normal distributions. A good reproducibility
was obtained from sample to sample. The error bars in the
following figures (corresponding to one standard deviation
above and below the mean values) reflect the statistical scat-
ter in the experiments. Mechanical testing was performed in
a clean-air laboratory environment of temperature equal to
~25 °C and relative humidity between 40% and 50%.

C. Measurement of mechanical properties

Some of the quantities and analytical relations used in
nanoindentation are described in this section for complete-
ness. Because the displacements during unloading are elastic,
the relation between the unloading curve and the elastic
modulus of the indented material can be obtained from elas-
ticity theory. The contact compliance C, for an axisymmetric
indenter and an isotropic elastic half-space is given by’

dh v
° dP 24,

where 7 is the displacement of the indenter relative to the
free swrface of the specimen (indentation depth), P is the
applied normal load, A4 is the corresponding projected contact
area, and E, is the reduced elastic modulus given by E,
=[(1— vf)fEs+(1 — vf)fE,—]_l. where E and v are the elas-
tic modulus and Poisson’s ratio, and subscripts s and 7 denote
the sample and indenter materials, respectively. For polymer
materials and diamond indenter, E;>E . and. hence, it may
be assumed that E,.=E_/(1 —vf). Because all the samples
are elastomers, it was assumed that »,=0.45.

Since the determination of the tip shape function A4(% )
is based on the measurement of the contact stiffness S (i.e.,
the reciprocal of the contact compliance), imaging of the
indentation is not required.’® The unloading curve can be
described by a power-law function.!” The slope of the tan-
gent to the power-law curve at the maximum indentation
load represents the material stiffness S=dP/dh (Fig. 4). The
contact area can be determined from the tip shape function
A(h,). represented by a polynomial function of the form

A(h,)=Coh2+ Cih 4 Cyoh >+ Csh Y4+ Cyh 1B

+Csh15+ -
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FIG. 4. Typical force vs displacement curve obtained from a nanoindenta-
tion experiment.



In this study, the area function was determined for the
range of contact depths expected in the nanoindentation ex-
periments (on the order of several hundreds of nanometers).
An optically smooth polycarbonate (PC) sample, with an
elastic modulus of 2.95 GPa and a Poisson’s ratio of 0.38."
was used to calibrate the tip. From several indentations per-
formed on the PC sample, the coefficients of the shape func-
tion were found to be C,=24.5. C;=0.87X10°. C,
=—0.6X10° C;=037x10% C,=6.16X10°, and C;
=—5.83X10°. Since the addition of more terms produced
negligible changes in the shape function estimates, 4(/,)
was approximated by a six-term polynomial function. PC has
been adopted as the standard material for tip calibration in
nanoindentation studies of polymers due to the good repeat-
ability of the experimental measurements, insignificant adhe-
sion. and negligible loading rate effects.!® The calibration
curve was obtained by indenting the PC sample following
the same loading and unloading procedures as in the inden-
tation of the PUR samples using contact loads between 50
and 3000 uN.

In addition to the elastic modulus measurements, hard-
ness values were extracted from the obtained nanoindenta-
tion curves (Fig. 4). Hardness is defined as H=P,,, /4
where P_ . is the maximum load applied during the inden-
tation experiment and A4, is the corresponding projected
contact area.'® Traditionally. the elastic contribution to the
indentation hardness is subtracted by measuring the pro-
jected area of the residual impression. i.e., the projected con-
tact area is measured after the sample has recovered
elastically.”” However, it was impossible to clearly discern
any topographical changes after indentation due to the pro-
found elastic recovery of the PUR samples. Hence. the hard-
ness measurements presented here were calculated using the
projected contact area corresponding to the maximum inden-
tation load. i.e.. without accounting for viscoelastic material
recovery effects.

lll. RESULTS AND DISCUSSION

A. Surface mechanical properties

max *

Results for the hardness and elastic modulus of the dif-
ferent PUR compositions determined from the nanoindenta-
tion material responses are interpreted in this section. Figure
5 shows typical nanoindentation curves of the softer PUR
composition (42 wt % HS). The load-displacement curves
follow fairly closely the same loading and unloading paths
for different maximum contact loads, reflecting a good repro-
ducibility of the results. An increase of the maximum dis-
placement during the 5 s hold period, i.e., when the maxi-
mum load was maintained approximately constant by the
load transducer, and an attractive (adhesive) force during un-
loading of the tip occurred in all the tests. This relaxation
behavior of the material under nearly constant load has been
used to evaluate the time-dependent deformation behavior of
polymers at submicron scales.'® It is noted that both the ten-
dency of the material to relax and the magnitude of the ad-
hesive force increase with the maximum indentation load.
Qualitatively similar results were found for the other PUR
compositions.

220
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FIG. 5. Nanoindentation curves of PUR containing 42 wt % HS for different
maximum contact loads.

3304 100 wi.% HS
69 wt.% HS

57 wt.% HS

240+

42 wt.% HS
150

Load ( uN)

60+

400

Displacement (nm)

600 300

FIG. 6. Nanoindentation curves of PUR containing 42, 57, 69. and 100
wt % HS.

Figure 6 shows a comparison of representative indenta-
tion curves for the different PUR compositions. A remark-
ably different behavior was obtained by varying the HS con-
tent. For 100 wt % HS, the loading and unloading paths are
essentially linear and almost overlapping. suggesting a
nearly linear elastic behavior. However, a viscoelastic behav-
ior revealing time-dependent deformation during the hold pe-
riod at maximum load and a noticeable adhesion force upon
unloading were encountered for lower HS contents, espe-
cially for 57 and 42 wt % HS. The profound change in the
slope of the unloading curve and the increase of the maxi-
mum penetration depth suggest that both the material stiff-
ness and the indentation hardness decreased with decreasing
HS content. This behavior may be attributed to the effect of
microphase separation on the mechanical properties, which
becomes more pronounced at higher HS contents.

Figure 7 shows the material hardness as a function of
contact depth. While for 42 wt % HS the hardness is nearly
constant, for higher HS contents it increases remarkably with
the contact depth (or indentation load). A similar trend has
been reported for the indentation hardness of low- and high-
density polyethylene and different grades of ultrahigh mo-
lecular weight polyethylene.'® This dependence of the PUR
hardness on contact depth can be explained by considering
the effect of contact pressure on the mobility of macromol-
ecules. When the diamond tip compresses the polymer
sample. the free volume of the macromolecules decreases.



150 | 100 wt.% HS
_ 120 -
£
90
2
g 60 69 wt.% HS
7
30 3 0
57 wt.% HS 42 wt% HS
0 T T T T
0 100 200 300 400
Contact depth (nm)

FIG. 7. Hardness vs contact depth of PUR containing 42, 57. 69, and 100
wt % HS. (Error bars not shown are smaller than the symbol size.)

This increases the resistance to deformation and the polymer
behaves as a harder material. This effect becomes more pro-
nounced at higher confact pressures (i.e., deeper indenta-
tions) and higher HS contents because the HS are less com-
pressible than the SS. In addition. since the density of the HS
crystalline phase is higher than that of the amorphous SS
phase.”! the average density increases with the HS content.
which is beneficial to the penetration resistance of the poly-
mer.
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FIG. 8. Hardness and elastic modulus of PUR vs HS content.
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FIG. 9. Reduced elastic modulus vs contact depth of PUR containing 42
wt % HS. (Error bars not shown are smaller than the symbol size.)

Figure 8 shows that both the hardness and the elastic
modulus of PUR increase with the HS content. The hardness
values correspond to a maximum indentation depth of ~50
nm. The elastic modulus values were determined for a maxi-
mum indentation load greater than 200 uN. The nonlinear
increase of the hardness and the elastic modulus with the HS
content may be attributed to the higher concentration of crys-
talline microdomains at higher HS contents. The results
shown in Fig. 8 provide additional evidence about the en-
hancement of the mechanical properties of PUR by mi-
crophase separation. This trend for the elastic modulus is in
qualitative agreement with measurements obtained from
standard tensile tests (Table II). However, the elastic modu-
lus values obtained from the nanoindentation experiments
are much higher than typical bulk values quoted from the
literature. This discrepancy can be explained by considering
the dependence of the material behavior on the type and rate
of loading during mechanical testing. As mentioned previ-
ously, in the indentation tests the material is under compres-
sion and the mobility of the macromolecules under the tip is
constrained, whereas in the tensile tests the macromolecules
are relatively less constrained. Thus. a different material re-
sponse is encountered in each type of experiment. In addi-
tion, since the loading rate in the nanoindentation experi-
ments is significantly higher than that in conventional pull
tests, the polymer may exhibit an increased resistance to de-
formation due to the insufficient time for macromolecule
movement and relaxation.

Figure 9 shows the reduced elastic modulus, equal to
E_/(1— vf). as a function of contact depth for the sample
containing 42 wt % HS. The elastic modulus decreases with
increasing maximum contact load (or contact depth) reaching
a constant value at a depth of ~300 nm. The elastic modulus
is normally expected to be constant and independent of in-
dentation depth.!” However, strain hardening may affect the
material behavior underneath the indenter. Indented materi-
als exhibiting mild strain hardening yield pileups at the
boundaries of the contact region. It was found that the in-
dented PUR with the lowest HS content demonstrated mar-
ginal strain hardening. Since this PUR can be easily de-
formed, pileup formation should have been more pronounced
for this material. The projected contact area determined from
the tip calibration performed on a PC sample may differ
from those obtained with elastomers. Since the elastic modu-
lus of PC is much greater than that of PUR elastomers, PC
does not exhibit a pileup effect and the deformation under

the tip is predominantly plastic. As a consequence, the con-
tact area in the experiments with the softer PUR might have

been underestimated. Thus. in view of the proportionality
dependence of the reduced elastic modulus on the reciprocal
of the square root of the projected contact area, the elastic
modulus values might have been overestimated. However,
the pileup effect is negligibly small at high contact loads (or
large contact depths) because the resulting contact area is
significantly larger than the pileup regions.

Although the trend observed with the other PUR compo-
sitions was similar to that shown in Fig. 9. the variation of
the elastic modulus with contact depth was less pronounced.
For the 57 and 69 wt % HS contents, the elastic modulus did
not show any variation at depths greater than 50 and 20 nm,
respectively. This may be attributed to the reduced pileup



effect on the deformation of the stiffer and harder PUR com-
positions. For 100 wt % HS, the elastic modulus increased
slightly with contact depth reaching a maximum at a depth of
~30 nm. Similar results have been observed in other
studies.”> and have been attributed to the increase of the
density of the polymer (due to the interaction of polymer
chains) which enhances the elastic modulus.”® and changes
of the relaxation behavior of the polymer chains that also
contribute to the increase of the polymer stiffness.”* Never-
theless, the possible underestimation of the projected contact
area at light indentation loads due to the pileup effect was
not a factor in the determination of the elastic modulus data
plotted in Fig. 8 because the maximum indentation load in
these experiments was greater than 200 uN.

B. Friction characteristics

Figure 10 shows representative coefficient of friction re-
sults for different HS contents, contact load equal to 100 uN,
and sliding speed fixed at 8 pum/min. It is noted that the
friction behavior of PUR depends strongly on the HS con-
tent. For 42 and 57 wt % HS. the coefficient of friction in-
creased rapidly reaching a peak value .. . At that juncture,
the high friction torque caused the tip to tilt. When the strain
energy in the system exceeded the work of adhesion at the
tip/sample interface, the tip began to slide over the polymer
surface producing a steady-state friction coefficient u less
than u,... Although a rapid decrease in the coefficient of
friction from a peak value did not occur for 69 wt % HS, a
higher friction coefficient was obtained at steady state. The
average values of u in Fig. 10 corresponding to 42, 57, and
69 wt % HS contents are equal to 0.6, 0.4, and 0.9, respec-
tively.

Depending on the polymer composition, different trends
for the tip normal displacement were encountered during
friction testing. During sliding. the tip sunk into the PUR
sample with 42 wt % HS, and the penetration depth in-
creased from ~265 nm at the onset of sliding to ~400 nm at
the end of the test. However, in the sliding experiments with
the PUR containing 57 wt % HS, the penefration depth de-
creased only slightly, whereas for the 69 wt % HS content
the depth decreased gradually. The penetration depth mea-
sured at the onset of sliding (x=0) and at the end of sliding
(x=4 pm) is given in Table IIT along with the steady-state
coefficient of friction and the calculated deviation angle in-

dicating the slope of the sliding path of the tip. Several fric-
tion tests confirmed the reproducibility of these sliding pat-
terns of the tip for each PUR composition.

The previous observations for the polymer deformation
behavior during sliding may be associated with composition
differences. In the experiments with the softer PUR, the con-
tact depth increased in order to compensate for the relaxation
of the material under the normal and shear traction. Since
material relaxation was less pronounced in the sample with
57 wt % HS, the contact area did not increase to support the
load and. thus. the tip slid on the sample surface plowing
through the material at nearly constant depth. Consequently,
the produced smaller contact area resulted in a lower friction
coefficient [Fig. 10(b)]. However, in the case of the harder
sample (69 wt % HS), ridge formation occurred at the front
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FIG. 10. Coefficient of friction vs sliding distance of PUR for 100 uN
contact load, 8 um/min sliding speed, and HS content equal to (a) 42, (b)
57. and (¢) 69 wt %.

of the tip. Thus, confrary to the softer sample, the tip had to
retract in order to climb over the ridge, and while this re-
duced the penetration depth, it increased the coefficient of
friction [Fig. 10(c)].

Figure 11 shows the dependence of the friction coeffi-
cient of different PUR compositions on contact load and slid-
ing speed. Considering the experimental uncertainty in the
data, it may be argued that both the load and the sliding
speed exhibited a very small effect on the friction behavior
of the PUR with 57 wt% HS. The average value of the
friction coefficient for loads equal to 10, 100, and 500 uN

and sliding speeds of 4, 8, and 24 um/min is equal to 0.33
+0.08, which is of the same order of magnitude with the

kinetic friction coefficient values reported for metals sliding
against polyurethanes.”>?° This relatively low friction coef-
ficient suggests that polymer material did not adhere to the
diamond tip during sliding.

The general trend in Fig. 11 is for the friction coefficient
to decrease with increasing contact load and sliding speed.
This may be attributed to the effect of surface roughness. At
high confact loads. the roughness effect on the friction be-
havior is secondary because the tip plows through the mate-
rial. Alternatively, at light contact loads the tip follows the
surface topography and the roughness effect on the friction
force is significant. The decrease of the friction coefficient
with increasing sliding speed can be explained in terms of
the dwell time of the tip and the relaxation rate of the poly-
mer. At high sliding speeds. the high shear strain rates in-
duced by the tip occurred within a very short time period for
time-dependent deformation (relaxation) to take place. Since



the contact area is affected by the relaxation process, which
is confrolled by the polymer microstructure, the smaller con-
tact areas produced at high sliding speeds under the same
load yielded lower friction coefficients. In addition, frictional
heating at high sliding speeds might have affected the mag-
nitude of the friction force by enhancing the relaxation rate
of the material.

The variability in the friction characteristics of the dif-
ferent PUR compositions observed in this study can be at-
tributed to the extent of microphase separation in the bulk
material. The microdomains produced from phase separation
possess higher cohesion and greater resistance to deforma-
tion during sliding. It is clear, therefore, that microphase
separation contributed significantly to the friction behavior
of PUR. In addition, the molecular weight affects the shear
resistance of the plowed polymer surfaces. The entanglement
of macromolecules increases with the molecular weight, re-
sulting in three-dimensional networks resisting alignment
parallel to the direction of sliding. Hence, in view of the
microphase separation and molecular weight effects on the
mechanical behavior of PUR elastomers and the results
shown in Figs. 10 and 11, the friction coefficient can be
considered as a function of both infrinsic material properties
of the PUR, such as HS content and M, and extrinsic prop-
erties, such as contact load and sliding speed (shear rate).

Coefficient of friction
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FIG. 11. Coefficient of friction vs HS content of PUR for (a) contact load
equal to 10, 100. and 500 pN and sliding speed of 8 wm/min, and (b)
contact load equal to 100 uN and sliding speed of 4. 8, and 24 pm/min.

TABLE III. Normal displacement of indenter tip during friction testing.

Steady-state

Normal displacement

Normal displacement

HS friction coefficient x=0 um) (x=4 um) Deviation angle
p I g
(Wt %) s (nm) (nm) (deg.)
42 0.6 —265%2 —396+3 —-1.9
57 04 —105%1 —131%5 —04
69 0.9 —09*1 0.4+3 +1.0

IV. CONCLUSIONS

The mechanical and friction properties of PUR with dif-
ferent HS contents were evaluated in light of nanoindenta-
tion and friction experiments performed with a surface force
microscope. Based on the presented results and discussion,
the following main conclusions can be drawn.

(1) Deformation is controlled by the extent of mi-
crophase separation. which involves hydrogen-bonded and
nonbonded HS. Urethane groups associated with each other
through hydrogen bonding result in the formation of small
crystalline domains.

(2) The hardness increases with the indentation load (or
contact depth). A decrease of the elastic modulus with in-
creasing contact depth was observed for the softer PUR (42
wt % HS) and was attributed to pileup formation at the
boundaries of the contact region, which influenced the mea-
surement of the projected contact area.

(3) The evaluation of the mechanical properties at the
submicrometer scale confirmed that microphase separation,
which is controlled by the HS content, greatly affects the
hardness and elastic modulus of PUR elastomers.

(4) Different friction behaviors were observed. depend-
ing on the composition of the samples. The lowest and high-

est steady-state friction coefficients were found for 57 and 69

wt % HS, respectively. The remarkable differences in the
friction characteristics were related to variations in the poly-
mer composition affecting the deformation behavior.

(5) The decrease of the friction coefficient with increas-
ing contact load and sliding speed was attributed to surface
roughness effects and the relaxation of the polymer materi-
als.

(6) The mechanical properties of PUR elastomers de-
pend on the concentration of hydrogen bonds, which in-
creases with the HS content yielding a higher cohesive
strength. The relaxation process depends on the HS content
and is affected by hydrogen bonding and microphase sepa-
ration.
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