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Polyurethanes from the crystalline prepolymers resistant to abrasive wear
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The research aimed at the selection of polyurethanes synthesized from poly(tetramethylene ether) glycol (PTMEG), as
well as from two different isocyanates 4,4'-methylenebis(cyclohexyl)isocyanate (HMDI) and 4.4"-methylenebis(phenyl
isocyanate) (MDI) in order to obtain polyurethane with increased resistance to abrasive wear and degradation
for bio-medical application. Polyurethanes were fabricated from crystalline prepolymers extended by water. The
paper presents preliminary results on polyurethane surface wettability, friction coefficient for different couples of
the co-working materials such as polyurethane-polyurethane, polyurethane-titanium alloy, polyurethane—alumina,
in comparison to commonly used polyethylene—titanium alloy. Shear strength of polyurethane—alumina joint, as well
as viscosity of prepolymers were also measured. The values of friction coefficient were compared to literature data
on commercially available polyurethane with the trade name Pellethane. Polyurethanes obtained are characterized
by low abrasive wear and low friction coefficient in couple with the titanium alloy, what makes them attractive as
possible components of ceramic-polymer endoprosthesis joints.
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INTRODUCTION

Polymeric biomaterials, due to their properties, are
quickly replacing materials such as metal alloys and
ceramics, commonly used in medical applications. In
2003, sales of polymeric biomaterials exceeded $7 billion,
accounting for almost 88% of the total biomaterials
market for that year'.

Polymeric materials used in medicine can be divided
into several groups depending on their types and the time
of contact with the patient’s tissue. There are materials
used externally, having direct or indirect contact with
tissues or blood, materials used as implants in contact
with both tissues and blood, materials in contact with
mucosa and the damaged outer tissue and the ones
without contact with tissues®. Materials used in contact
with tissue can be divided into biodegradable or resis-
tant to degradation. Biodegradable polymers are used,
inter alia, as scaffolds for tissues engineering’, and the
resistant to degradation ones, for example, as implants
of the intervertebral discs®.

This paper describes polyurethane resistant to abrasive
wear and degradation, developed for application as the
material working in the so-called friction node of ceramic-
polymer endoprosthesis joints (Fig. 1)°. The idea of that
endoprosthesis was arisen in the Institute of Ceramics
and Building Materials in Warsaw and described in> %"
It was assumed that polyurethanes for this application
should posses good adhesion to the ceramic core and
low friction coefficient when working in a friction node
with ceramic or metallic layers.

Polyurethane resistant to abrasive wear and degrada-
tion was synthesized from the crystalline prepolymers
extended by water at the Faculty of Materials Science
and Engineering, Warsaw University of Technology®.
Within this method, water is used as a chain extender
of — NCO prepolymer reactive groups. Prepolymers are
usually used in reaction in the form of liquid. However,
in case of their reaction with water a by-product in
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Figure 1. Scheme of the ceramic-polymer endoprosthesis®

the form of carbon dioxide is formed. The method in
which the reaction is carried out with the use of solid
crystalline prepolymer was developed at Warsaw Uni-
versity of Technology, Faculty of Materials Science and
Engineering. That prevents formation of discontinuities
in the polymeric material in the form of pores created
by carbon dioxide. Polyurethane made from crystalline
prepolymers extended by water was characterized and
particularly described in earlier studies® .

MATERIAL AND METHODS

Polyurethanes were synthesized from the following
substrates:

— oligodiol: poly(tetramethylene ether) glycol (PTMEG)
with the average molecular weight of 2000 g/mol, sup-
plied by Du Pont,

— isocyanates:

a) 4,4'-methylenebis(cyclohexyl)isocyanate (HMDI),
supplied by Sigma-Aldrich,

b) 4,4" -methylenebis(phenyl isocyanate) (MDI), sup-
plied by Sigma-Aldrich,

c) distilled water (w) as chain extender.

Polyurethanes were obtained by the prepolymer
method. The molar ratio of isocyanate to oligodiol was
2:1 in each case. Elongation of prepolymer chains was



carried out using polycondensation reaction with water.
As a result of the polycondensation reaction of isocy-
anate groups with water a CO, by-product is formed.
Therefore, as previously stated, in order to limit the
formation of bubbles of CO, in the polyurethane bulk,
reaction of polycondensation was carried out with ap-
plication of prepolymer solidified by its crystallization.
Crystallization of the prepolymer was carried out at
7°C. The temperature of 7°C was selected on the basis
of our previous studies®. Infrared spectroscopy studies
(FTIR) confirmed that prepolymer was completely reac-
ted with water because no residual — NCO groups were
found in the synthesized samples®. Samples of fabricated
polyurethanes and their codes are listed in the Table 1.

Table 1. Synthesized samples of polyurethanes

Type of

polyurethane Type of oligodiol

Type of isocyanate

poly(tetramethylene 4,4"-methylenebis(phenyl

PTMEG/MDI et(r;?rr')vlgElg)ol isocyanate) (MDI)
poly(tetramethylene 4,4'-methylenebis
PTMEG/HMDI ether) glycol (cyclohexyl)i socyanate
(PTMEG) (HMDI)

In order to study adhesion of polyurethanes to ce-
ramics, alumina plates with varying surface roughness
were prepared. Varying roughness of alumina surfaces
was achieved by introducing an organic filler to alumina
powder, removed after sintering, leaving pores on the
surface of the material. As a basic component of alu-
mina material the alumina powder Nabalox ® 713-10
(Nabaltec), Al,O; content min. 99% was used and 5, 15
or 30 wt% of cornstarch was applied as a filler. Samples
were coded respectively: “AlSS”, “Al15S” and “Al30S™.
The alumina plates without cornstarch were also prepared
(coded “Al”). The same material was used to prepare
ground and polished alumina discs (coded “Al,0;”) with a
diameter of 25 mm and a height of 3 mm, manufactured
in order to perform the friction tests. Laser profilometer
Veeco, Wyko NT9300 was used in order to illustrate the
surface topography of alumina samples. For the sake
of evaluation of the degree of samples roughness, R,
and R, parameters were determined using a mechanical
surface analyzer.

Wettability of tested polyurethanes was evaluated by
measuring the contact angle at room temperature by
the sessile drop method using PGX goniometer (Fibro
Systems AB). Abrasive wear was measured according
to Schopper-Schlobbach method (PN-ISO 4649:2007
standard). Hardness measurements were performed
using Shore method in accordance with PN-EN ISO 868.
Samples with dimensions of 30x50x6 mm were tested.
The results are expressed as the arithmetic mean of
several measurements for each sample.

Young’s modulus E tests were performed using
2x5x70 mm samples under tension rate of 500 mm/min.
During the measurement the clamping jaws of INSTRON
machine type 1115 were clenched on the measuring basis
of 1, = 20 mm. The Young’s modulus was determined
from the initial linear section of the force—elongation
curve, according to the formula:

P. -
E=Telo vpy
4, - Al
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where:

P — force determined to the initial linear section of
the force-elongation curve [N],

DI - elongation corresponding to Py force [mm],

A, — cross section area of the sample [mm?].

All tests were carried out for five samples of each
material and the results are given as arithmetic mean
of the results obtained.

Examination of tear strength was performed according
to the standard PN-ISO 34-1 using standard notched
specimens and the machine INSTRON type 1115. Tear
strength was calculated from the formula:

R, = Lifh [kN/m]
g
where:

P,, — breaking force of the sample [kN],

g — sample thickness [m].

Tests were carried out for five samples of each mate-
rial and the results are given as arithmetic mean of the
results obtained.

Tribological tests were performed with a simulator of
friction in hip joints, designed at the Faculty of Mecha-
nical Engineering of Bialystok University of Technology.
The study was carried out using couples of materials in
the form of ring and disc in 0,1 % aqueous solution of
sodium chloride (NaCl) as lubricating agent. Friction
coefficient was calculated from the formula u = T/N,
where T is friction force and N is pressure.

Adhesion of polyurethanes to alumina ceramics was
evaluated based on the shear strength. The shear for-
ces were measured using the Lloyd LR 10K testing
machine and calculated with the Nexygen 3.0 program.
Samples composed of two alumina plates with the size
of 5x7x37 mm connected to a layer of polyurethane
(Fig. 2). Alumina plates were prepared in the Institute
of Ceramics and Building Materials in Warsaw.

aluminum lamina 1/
_~"AL,O

Figure 2. Schematic explanation of the sample preparation for
shear strength measurements!!

Viscosity of prepolymers before crystallization, from
which polyurethanes were produced, was examined as
a function of time at 100°C with the viscometer type
Brookfield model DV-II+Pro. Liquid prepolymer was
stirred at a constant shear rate equal to 1 s™\. Due to
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technical reasons every 5 s before each measurement
the shear rate was increased to 4.65 s7'.

Microstructure of polyurethanes, alumina ceramics and
joints was observed using scanning electron microscope
(SEM) TM 3000 Hitachi.

RESULTS AND DISCUSSION

Preliminary results of the obtained materials indicated
that polyurethanes made from crystalline prepolymers
extended by water were characterized by interesting
properties with the perspective of application as com-
ponents of ceramic-polymer endoprotesthesis joints®. It
was also reported®, that polyurethanes from crystalline
prepolymers extended by water, based on polytetrame-
thylene ether glycol, are characterized by higher wear
resistance and lower density as compared to PU obtain
from poly(ethylene adipate) (PEA). Therefore, in this
work the studies are focused on PTMEG-based poly-
urethanes (PU). Properties of PU samples fabricated
in this study compared to literature data of Pellethane
2363-80A were shown in the Table 2.

Existing literature acknowledges'? that when aromatic
isocyanate is used for polyurethane fabrication, the mate-
rial is characterized by improved mechanical properties.
The same rule was confirmed by the results obtained in
this study for the polyurethanes synthesized in the reac-
tion of crystalline prepolymer with water. Polyurethane
based on MDI (PTMEG/MDI sample) is characterized
by higher hardness H, Young's modulus E and tear
strength R, than polyurethane obtained from HMDI
(PTMEG/HMDI sample). Fabricated polyurethanes are
characterized by much lower density r, higher hardness
H and Young’s modulus E than commercially available
Pellethane 2363-80A.

Wetting of the polyurethane surface was evaluated by
measuring the static contact angle with water. The contact
angle above 90° characterizes hydrophobic surfaces, while
hydrophilic ones with good wettability are characterized
by a contact angle of less than 90°". Hydrophobic ma-
terials are more resistant to degradation.

The results of contact angle measurement (Table 3)
show that polyurethanes based on poly(tetramethylene
ether) glycol (PTMEG) are hydrophobic (contact angle
above 90°). This confirms the theory that the polyure-
thanes prepared from polyether (e.g. PTMEG) are less
susceptible to hydrolysis, which leads to degradation
of the material'> 2, The contact angle value does not
depend on the kind of isocyanate used. In the case of
polyurethanes obtained from PTMEG, contact angle
remains at the level of 90-92°, independently of the
isocyanates type (MDI or HMDI).

Literature data report that commercial polyurethane
with the trade name Pellethane from Dow Chemical,
based on poly(tetramethylene ether) glycol (PTMEG),
4.4" -methylenebis(phenyl isocyanate) (MDI) and 1.4-bu-
tanediol is characterized by a low tribological wear and
contact angle in the range from 92°!7 to 99°!8, Polyuretha-
nes produced in this study based on poly(tetramethylene
ether) glycol (PTMEG) exhibit comparable tribological
wear and contact angle to the commercially available
Pellethane.

In order to evaluate wear properties of the produced
polyurethanes, friction coefficient for different couples of
materials, such as polyurethane—polyurethane, polyure-
thane-titanium alloy (Ti6Al4V), polyurethane—alumina
ceramics (Al,O;), in comparison to commonly used
polyethylene (UHMWPE)-titanium alloy (Ti6Al4V)
was tested. The values of friction coefficient are shown
in Figure 3.
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Figure 3. Friction coefficient as a function of time for the tested
couples of materials

The study has shown that the highest friction coef-
ficient is obtained within polyurethane—polyurethane
couple. It is acknowledged in the existing literature that
friction coefficient for the couple composed of the same
polymeric materials is higher than in the case of couples
composed of two different materials, e.g. polymer—metal
or polymer—ceramics®!. Values of the friction coefficient
for polyurethane—alumina couple obtained were lower
than for polyurethane-polyurethane ones. However,
there was no effect of the kind of polyurethane in a
polyurethane—-alumina couple, as both curves almost
overlapped. Examples of polyurethane surface after
the friction tests in contact with alumina ceramics are
presented in Figure 4. It can be observed that after
friction in contact with alumina surface, polyurethane
was pulled-out at the boundary of spherulites formed
during crystallization of the prepolymer. It confirms
our previously described observations® !° that the PU
hard segments (less resistant to abrasive wear than soft
segments) are formed mainly on the spherulites surface

Table 2. Comparison of density (p), abrasive wear (AV)®, contact angle (@), hardness (H), Young’s modulus (E), tear strength
(R,y) of tested polyurethanes to commercially available Pellethane 2363-80A13!% 15 16,17, 18

Type of polyurethane o [g/cm’] AV [cm?] H [°Sh] E [MPa] R [KN/m]
PTMEG/MDI Soeasx D oe 91.5+0,5 48+0.7°Sh D 128+16 100 + 13.5
PTMEG/HMDI g:gggg * 8:858‘2‘ * 90.0+0,5 45+ 1.0°Sh D 11.8 £1.0 92+13
Egggfgg;e 1.1300* - 92-99* 80-83°Sh A* 8* -

*data taken from the literature [13, 14, 15, 16, 17, 18].
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Figure 4. SEM images of polyurethane surfaces after the friction tests for polyurethane — ceramic couples

as the result of reaction of prepolymer -NCO groups
located at the spherulites surface with water.

The lowest friction coefficient was obtained in the
case of PTMEG/HMDI-Ti6Al4V couple. The re-
sults have shown that polyurethanes obtained from
poly(tetramethylene ether) glycol (PTMEG) and
4,4'-methylenebis(cyclohexyl)isocyanate (HMDI) exten-
ded by water tested in the contact with titanium alloy
are characterized by lower friction coefficient than co-
uple of ultra high molecular weight polyethylene with
titanium alloy commonly used as friction elements in
endoprosthesis joint.

Studies carried out by Schwarz and Bahadur?? present
wear data for Pellethane 2363-80A and UHMWPE in
contact with 316LS surgical stainless steel. These re-
sults proved that mean wear of Pellethane 2363-80A is

Figure 5. The microstructure of the surface of alumina plates (SEM images)

lower than the ultra high molecular weight polyethylene
(Table 3).

Table 3. Comparison of mean wear of the ultra high molecu-
lar weight polyethylene and Pellethane 2363-80A in

contact with 316LS surgical stainless steel??
Material Mean wear [mm’]
UHMWPE 0.408
Pellethane 2363-80A 0.200

It can be supposed that PUs based on poly(tetrame-
thylene ether) glycol (PTMEG) exhibit lower mean wear
than the UHMWPE currently used as friction element
in endoprosthesis joint. When comparing the results of
UHMWPE with Ti6Al4V friction to PTMEG/HMDI
with Ti6AI4V it can be noticed that friction coefficient
is also lower for the second couple (Fig. 3).
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Shear strength tests of the alumina—polyurethane joints
were conducted in order to evaluate adhesion of polyure-
thane to the alumina ceramics. For this study four sets
of alumina plates with varying surface roughness were
used (Table 4). SEM and laser examination allowed to
determine the degree of alumina surface topography.
The highest roughness of the surface area was obtained
for the sample AIS30 and the lowest for the sample Al.
Images of microstructure and topography of alumina
surfaces are shown in Figures 5 and 6.

Table 4. Roughness parameters (R,, R,) for alumina plates
(mechanical surface analyzer)

Code of alumina plate Ra[um] R, [um]
Al 0.696 5.760
AIS5 1.155 10.909
AIS15 1.904 15.547
AIS30 4.657 30.522

c)

Figure 6. Surface topography of alumina plates (laser profilometer): a) Al, b) AISS, c) AllSS, d) AI30S
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Figure 7. Comparison of shear strength of the polyurethane-
-alumina joints
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On the basis of the results shown in Figure 7 it can
be concluded that the highest adhesion characterizes
AI-PTMEG/MDI joint. In this case alumina surface has
the lower roughness of all the samples. Better adhesion
between PTMEG/MDI and alumina surface is probably
due to increased polarity of polyurethane based on MDI
than HMDI. When the roughness of alumina surface
increases the shear strength of joint based on HMDI
is higher than for MDI. It is probably due to the lower
viscosity of the prepolymer based on HMDI, as shown
in the Figure 8.

With the increase of surface roughness the contact
between polyurethane and alumina ceramics decreases.
However, prepolymer based on HMDI due to its lower
viscosity infiltrates cavities on the ceramic surface more
easily. The higher the viscosity of the prepolymer, the
more difficulty it filling cavities on the ceramic surface.
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Figure 8. Comparison of the prepolymers viscosity as a function
of time



The best adhesion to alumina ceramics in the case of
the PTMEG/HMDI polyurethane was obtained for the
sample AI15S.

SEM images of the joints surface after the shear
strength test are shown in Figure 9.

Observation of the joints surface microstructure after
the shear strength test indicated that in the majority of
cases adhesion of PU to the ceramics is poor. Only in the
case of AI-PTMEG/MDI joint the failure was cohesive.

AlS15—- PTMEG/MDI

AlIS30- PTMEG/MDI
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CONCLUSIONS

This research was the initial part of study on polyure-
thanes from crystalline prepolymers based on poly(tetra-
methylene ether) glycol (PTMEG) extended by water for
medical application in ceramic-polymer endoprosthesis
joint. The commercially available polyurethane with the
trade name Pellethane 2363-80A (Dow Chemical) was
the reference material in terms of physical and mecha-
nical properties. However, MDI used in Pellethane is
undesirable for medical materials, due to toxicity and

Al-PTMEG/HMDI

AlS5— PTMEG/HMDI

Figure 9. SEM images of the ceramic — polyurethane joints after the shear strength test



20 Pol. J. Chem. Tech., Vol. 16, No. 4, 2014

carcinogenicity of its degradation products (aromatic
diamines)® 2% 25 26 Therefore, in the presented studies
material that seems to be more useful in medical ap-
plication was developed. In the course of the research
improved properties of hardness, Young’s modulus and
friction coefficient were obtained for polyurethane based
on 4.4'-methylenebis(cyclohexyl)isocyanate (HMDI) in
comparison to Pellethane. The results are encouraging
in the context of medical application of polyurethanes.
Undoubtedly, properties associated with adhesion of
polyurethanes to ceramics still require considerable
research in order to improve stability of adhesion, of
both the polyurethane and the ceramic material surface.
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