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ABSTRACT: Dynamic mechanical thermal analysis
(DMTA) has been applied on medical grade ultra high molec-
ular weight polyethylene of different crosslink density as pre-
pared by electron beam irradiation to probe for contributions
from crosslinking as well as crystallization. The crosslinking
proceeds at a crystalline structure with a crystallinity about
50%. With increasing irradiation dose from 0 to 110 kGy, the
molar mass between adjacent crosslinks decreases signifi-
cantly to reach 3170 g/mol at lowest, whereas the crystallite
thickness changes and new thin lamellae grow at almost con-
stant degree of crystallinity. From DMTA in the entire tem-

perature range from —150 to +140°C and the angular
frequency range from 0.6 to 135.4 Hz, three relaxation proc-
esses v, B, and o of different temperature position and activa-
tion energy are distinguished. The corresponding chain
mobility has been discussed as a sensitive discriminator for
the coexisting crosslinked and lamellar phases showing the
same dimension of a couple of 10 of nanometres. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 113: 49-59, 2009
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INTRODUCTION

Because of the combination of well lubricity, impact
resistance and abrasion resistance, the ultra high mo-
lecular weight polyethylene (UHMWPE) medical
grade homopolymer has been accepted as an appro-
priate bearing material for total joint arthroplasty
such as for the hip, knee, and shoulder for several
decades, whereas spine applications have drawn
increasing interest especially in the last few years,
see Kurtz." Here, total joint arthroplasty stands for a
replacement of both articulating surfaces of the dis-
eased joint to be surgically reconstructed.> The most
important application for medical UHMWPE is the
use as one component in the metal-on-UHMWPE
implant, contrary to metal-on-metal or ceramic-on-
ceramic total joint replacements.

The extremely high molar mass of UHMWPE pro-
vides a large potential for chain folding and entan-
glements, which is essential for outstanding
tribological properties, see Goldman et al.® Never-
theless, the wear of conventional UHMWPE is still a
problem of highly stressed bearings as hip and knee
replacements. Therefore, highly crosslinked poly-
ethylenes have been developed that may reduce the
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wear substantially, see Becker et al.* On the other
hand, it is known that crosslinking reduces the
mechanical properties, as strain to failure and crack
resistance.

For medical applications, the electron or gamma
beam irradiation®™® is widely used to prepare
chemically crosslinked structures. With respect to
the required high purity for medical applications,
crosslinking via modified chemical reactions such as
suitable reactants or additives is not applicable." In
the case of irradiation, a high ionizing radiation
energy is chosen to initiate scissions of C—C and
C—H bonds leading to a large number of alkyl radi-
cals." Those are needed to form a chemically cross-
linked 3D structure of covalent bonds between
adjacent chain molecules. However, the free radicals
are very mobile and can also lead to recombination
processes. Goldman et al®> reported about a long
lifetime of many months for the free radicals. Espe-
cially, the oxygen with its high diffusion mobility is
very active with the radicals, which may enable
oxidative degradation.

The linear polyethylene with its monomeric unit
—[CH,—CH,]— can easily crystallize to achieve a
maximum degree of crystallinity of 60-80% for the
short-chain branched (2 CH;/1000 C atoms) HDPE
and 40-65% for the long-chain branched (10-35
CH3/1000 C) LDPE with an average molar mass in
technical applications of about 1 and 0.2-0.5 x 10°
g/mol, respectively. In comparison, the UHMWPE
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with its extraordinary large chain length (molar
mass: 2-6 x 10° g/mol) and high entanglement den-
sity may result in a maximum degree of crystallinity
of up to 60%, which is somewhat lower than that for
the commercial HDPE.

Polyethylene is known for its three kinds of relax-
ation processes in the entire temperature range as is
seen in dynamic mechanical thermal (DMTA),’*
dielectric,"'® and nuclear magnetic (NMR) experi-
ments, %% With respect to, e.g., Zamfirova et al.?
UHMWPE exhibits the v, B, and o relaxations, char-
acterized by a loss modulus (E”) maximum at —113
to —111°C, —4°C, and 57-58°C, respectively, as
determined from tensile DMTA measurements at an
angular frequency (o = 2nf) of 18.8 Hz.

The v relaxation is considered as the glass transi-
tion temperature for unbranched polyethylene; see
Stehling and Mandelkern.” Those authors have
shown that the intensity of the y relaxation increases
as crystallinity decreases. Kawai et al.'® have dis-
cussed the B relaxation as assigned to interlamellar
grain boundary phenomena associated with orienta-
tional and distortional dispersions of noncrystalline
materials between oriented lamellae. The o relaxa-
tion has been addressed to chain mobility in crystal-
lites as derived by Hu and Schmidt-Rohr'” from
NMR studies. Kawai et al.'® distinguish between the
o, and oy relaxation associated with intralamellar
grain boundary phenomena and intracrystal lattice
retardation phenomena, respectively.

This article will gain new insights into the me-
chanical relaxation of medical grade UHMWPE of
different crosslink density as prepared by electron
beam irradiation on preexisted crystalline structures.
The question arises in which way crosslinking can
proceed. Here, effects of the irradiation on the crys-
talline structure as well as effects of the crystalline
structure on the crosslinking have to be considered.
The phenomena crosslinking and crystallization can
take place simultaneously and will influence each
other. Studies on the chain mobility as characterized
by DMTA will be chosen as a sensitive discriminator
for contributions from chain architecture in both the
crystalline entities and crosslinked phases.

EXPERIMENTAL
Materials

UHMWPE medical grade resin GUR 1050 from
Ticona GmbH, Oberhausen with a molar mass of 6 x
10° g/mol (free of calcium stearate additives) was
compression molded into plates by Quadrant Engi-
neering Plastic Products, Vreden. Those plates were
cut into bars of 30 x 65 x 500 mm® for a warm-irradi-
ation by means of adiabatic melting (WIAM) proc-
esses performed by Zimmer GmbH, Winterthur,

Journal of Applied Polymer Science DOI 10.1002/app

GOSCHEL AND ULRICH

Switzerland." Using a 10-MeV Rhodotron electron
beam accelerator, the materials were heated to 120°C
and exposed to 0, 50, 95, and 110 kGy as denoted
with WIAM 0, WIAM 50, WIAM 95, WIAM 110,
respectively. Thereafter, the materials were annealed
at 150°C for 5 h and subsequently slowly cooled to
room temperature to eradicate the free radicals.
Because of the oxygen in the air, the surface layer was
oxidized and therefore omitted in the experiments.

Methods

Trans-vinylene index

The treatment with ionizing radiation leads to trans-
vinylene unsaturations by abstracting a hydrogen
molecule from the polymer chain. The amount of
those unsaturations increases with the applied radia-
tion dose. Therefore, the trans-vinylene index (TVI)
can be used as an internal dosimeter.

Applying FTIR spectroscopy, the TVI was deter-
mined from the peak area for the trans-vinylene
vibration at 965 cm™! normalized to the peak at 1370
ecm ' according to the standard ASTM F 2381-04.%
The FTIR spectra were collected in transmission
mode using a Bruker Equinox 55 spectrometer com-
bined with a FTIR microscope Bruker IR-Scope I
with a resolution of 4 cm™'. Thin films with a thick-
ness of about 0.2 mm were prepared out of the
delivered bars by applying an engine lathe of a low
rotational speed of 150 U/min (Fig. 1). Only nonoxi-
dized material was used as taken 5 mm below the
surface layer. The TVI values are the average from
four single measurements.

Crosslink density

Equilibrium swelling experiments were performed
in o-xylene with 0.2 mass % Irganox 1010 (Ciba
Geigy) added as an antioxidant. The samples were
kept at 130°C for 24 h and then weighed. After cool-
ing to room temperature in the extractor hood, the
specimens were dried in a vacuum oven at 60°C to
reach a constant weight. The swell ratio (g) was cal-
culated from the weight ratio between the swollen
and the dried extracted gel according to the stand-
ard ASTM F 2214-02*' and Shen et al.” The values
stated below are the average of three tests.

With the steady-state swell ratio (g), the crosslink
density (v;) was computed using Flory’s network
theory® expressed by eq. (1).

(=g ) g e
Vi(g=1/3 —0.5971)

Vg =

1)

Flory’s interaction parameter for o-xylene-PE at
130°C with yr = 0.33 + 0.55/4,*' the molar volume
of o-xylene V; = 136 cm®/mol and the eq. (2) were
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Figure 1 Sampling to assemble the films, the cylinder was transferred to a lathe to preturn the film.

applied to calculate the molar mass between adja-
cent crosslinks (M,),

Mc — Psolid (2)
Vd

Here, a density of psoiq = 0.92 g/ cm® was used.

Transmission electron microscopy

The samples for transmission electron microscopy
(TEM) experiments were prepared by staining with
RuO, vapor at 23°C for 16 h,* subsequently rinsed
in distilled water, dried, embedded in epoxy resin,
and cured at 23°C over night. Thereafter, thin slices
of 80-100 nm were sectioned at 23°C by the ultrami-
crotome Reicher-Jung, Ultracut E, FC 4D using a dia-
mond knife. The TEM studies were performed at a
Zeiss EM-10 at 100 kV.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments
were carried out using a Mettler DSC821e/700
under nitrogen atmosphere. The temperature scale
was calibrated by the use of n-heptane (90.5°C),
water (0.0°C), indium (156.6°C and heat capacity),
lead (327.5°C), and zinc (419.5°C and heat capacity).
Each sample of about 10 mg was heated from —50
to +200°C (first heating run), cooled to —50°C, and
heated again to +200°C (second heating run). Heat-
ing and cooling rates of 10 K/min were chosen.
Thus, the melting (T,,) and crystallization tempera-
ture (T,), onset crystallization temperature (T, onset),
enthalpy of melting (AH,,), and crystallization (AH,)
were determined. The degree of crystallinity (y) was

calculated from the experimental melting enthalpy
(AH,,) using eq. (3) and the melting enthalpy of
100% crystalline UHMWPE with AHS, = 291 J/g.**

% = 100%AH,, /AHE, 3)

With respect to Hoffman et al.,?® the average thickness
of the crystallites (d;) was obtained from the
experimental melting peak absolute temperature (T),)
using the Gibbs-Thompson eq. (4), which describes
the melting point depression originated by the finite
size of the crystallites in one direction, see Strobl.?®

26, T !
=5 (1-%) @

m

Here, T;, = 418.95 K is the extrapolated equilibrium
melting temperature of a PE crystal of infinite thick-
ness, 6, = 9.3 x 1072 J m~? is the lamellar basal sur-
face free energy, and Ay = 2.80 x 10° ] m > is the
heat fusion per unit volume.*”

Mechanical tensile testing

Stress—strain experiments were performed by a
Zwick 1476 universal tensile testing machine apply-
ing DIN EN ISO 527-2. Specimens of 4.0 x 0.2 mm?
(width x thickness) were chosen in accordance to
the geometry S3A in DIN 53504. The traverse speed
was set to 20 mm/min at a sample length L, = 10
mm. A small preload of 0.1 MPa was used. The elas-
tic modulus was determined in the strain range 0.5%
< & < 0.7%, where elastic deformation behavior
exists. With respect to DIN EN ISO 291-23/50-2, the
samples were stored for 24 h at least in standard cli-
mate (23°C, 50% relative humidity) before testing.
Five samples were run for each material tested.

Journal of Applied Polymer Science DOI 10.1002/app
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Dynamic mechanical thermal analysis

A relaxation spectrometer Rheometrics RMS-800
RDS II at a sinusoidal oscillatory shear deformation
v(t) was used, see eq. (5).

Y(t) = yo sin(wt) G))

The dynamic measurements were subjected to a
small strain amplitude of yo = 0.2% at a sample
length of Ly = 30 mm (distance between the clamps)
and a small static loading of 1.2 MPa at a sample ge-
ometry of 4 x 10 x 34 mm® (thickness x width x
length) to ensure linear viscoelastic behavior. The
experiments were performed at different angular fre-
quencies (o = 27nf) in a logarithmic scale of 0.6, 1.4,
2.9, 6.3, 13.5, 29.2, 63.8, and 135.4 Hz during a step-
wise increase of the temperature by 5 K, at a rate of
5.0 K/min subsequent to a holding time of 3 min.
The resulting sinusoidal stress response o(f) was
shifted by the phase angle () against the shear de-
formation. Recorded are the output in terms of the
temperature dependence of the complex shear mod-
ulus (G*), storage modulus (G'), shear loss modulus
(G"), and loss tangent (tan J) in the range from —150
to +140°C as a function of the angular frequency
(w), egs. (6) and (7).

? =G" = G(o)sin(ot) + G"(w) cos(wt)  (6)
0
tan 6 = g:éjj)) 7)

With respect to the frequency-temperature-correla-
tion principle, an increase in the temperature will
shift the G” dispersion to higher frequencies. That
was used to determine the activation energy (AE,) of
each relaxation mode from the frequency (f) depend-
ence of the mechanical loss modulus (G”) maximum
with the universal gas constant R = 8.314 J/(mol K)
and the absolute temperature (T) according to the
Arrhenius law in eq. (8)

AE
A =foexp (- 7 ) ®)
where the slope in the graph
—AE, 1
In fG”max = T T (9)

was used to determine the activation energy (AE,) in
the unit kJ/mol.

RESULTS AND DISCUSSION
Trans-vinylene index

The TVI relates to the number of abstracted hydro-
gen molecules due to electron beam irradiation. It
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Figure 2 Trans-vinylene index (TVI) of UHMWPE of dif-
ferent irradiation dose.

has been shown that the TVI increases almost arith-
metically from 0.026 to 0.057 with the increase in the
irradiation dose from 50 to 110 kGy (Fig. 2), which
proves the increasing effect of the irradiation dose
on the molecular structure. Experiments on different
sample positions reveal only minor variations in TVI
by about 3%. That is a result of a uniform irradiation
dose distribution over the whole sample.

Crosslink density

From equilibrium swelling experiments at 130°C in
o-xylene applying a swelling time of 24 h, the cross-
link density (v4) and the molar mass between adja-
cent crosslinks (M.) have been calculated from the
swell ratio () using the egs. (1) and (2). Preliminary
swelling studies documented that the equilibrium
for the irradiated WIAM 50, WIAM 95, and WIAM
110 could be reached in less than 10 h. However, in
the case of the nonirradiated WIAM 0, the equilib-
rium was approached without reaching it even at
very long times of 50 h. The steady dissolving pro-
cess leads to a continuous decrease in the remaining
nondissolved sample, which results in an increase in
the g-value, see eq. (1). That prevents a reliable
determination of the crosslink density of the nonirra-
diated material.

The irradiation at 50 kGy led to a molar mass
between adjacent crosslinks of 4270 g/mol. An
increase in the irradiation dose to 110 kGy caused a
further reduction to 3170 g/mol, which corresponds
to 113 monomeric units (Table I).

Transmission electron microscopy

The TEM images on the WIAM samples reveal a
lamellar structure of two different lateral dimen-
sions. The white lines in Figure 3 correspond to the
crystallites arranged in lamellae layers, which are
separated by amorphous regions. The latter appear
in black color because of the high absorption of the
electron beam in the RuO,-rich disordered phases
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TABLE I
Swell Ratio (g), Crosslink Density (v;), and Molecular Mass between Adjacent
Crosslinks (M,) of the Irradiated UHMWPE

Crosslink density,

Molar mass between Number of monomeric
adjacent crosslinks, units between

Sample  Swell ratio, q vy (mol/dm®) M, (g/mol) adjacent crosslinks
WIAM 50 297 + 0.01 0.216 + 0.001 4270 +£ 15 152
WIAM 95  2.60 + 0.01 0.286 + 0.003 3,220 + 37 115
WIAM 110 2.58 + 0.02 0.290 + 0.004 3,170 4+ 47 113

subsequent to the staining process. The thinner
lamellae exhibit a thickness of about 7.5-10 nm for
the nonirradiated WIAM 0 (Fig. 3, left) and about 5
nm for the irradiated WIAM 95 (Fig. 3, right) and
WIAM 110. Those lamellae are oriented. Addition-
ally, all WIAM samples show larger lamellae with a
thickness of about 20 nm, which are randomly ori-
ented. Finally, the irradiation leads to a decrease in
the thickness of the smaller lamellae, whereas the
larger lamellae remain unchanged.

In comparison, Farrar and Brain®® discussed the
existence of lamellae in extruded GUR 415 and non-
irradiated UHMWPE with a thickness of ~ 15-20
nm from TEM images. Kurtz et al.® reported about
crystalline lamella with a thickness of 10-50 nm.
Those lamellae are planar entities and consist of mo-
lecular chains that are perpendicular to the plane
and fold back and forth. By means of TEM and
SAXS experiments, Goldman et al.®> determined a la-
mellar thickness in the order of 50 nm developed for
gamma as well as electron beam-irradiated (GUR
1020) UHMWPE, both at an irradiation dose of
about 25 kGy. Additionally, those authors® have
shown that the SAXS long period (L), which is equal
to the sum of crystalline and amorphous regions
(ideal two-phase structure), remains unchanged in
the time range from 1 to 11 months. Here, the long
period L = 2n/q was obtained from the peak posi-
tion in the scattering intensity curve I = f(g) using

il

the scattering vector 4 = 4n sin 0/%, where A is the
X-ray wavelength and 20 is the scattering angle.
Only the scattering intensity (I) decreases with time
leading to the assumption that either fewer crystal-
line/amorphous boundaries are present or those
boundaries are less sharp. Nevoralovd et al.*
reported on UHMWPE about a decrease of the SAXS
long period from 37.5 to 32.5 nm with an increase of
the gamma irradiation dose from 0 to 200 kGy
applying a dose rate of 0.25 kGy/h. In contrast, a
higher dose rate of 2.5 kGy/h has shown a mini-
mum of 32.5 nm at 100 kGy followed by a slight
increase to reach 33 nm at 200 kGy. It was supposed
that chain scission upon irradiation as occurred
mainly in the amorphous phase leads to the forma-
tion of additional and thinner lamellae in those
regions.

Differential scanning calorimetry

The DSC experiments were performed by a heating,
subsequent cooling, and second heating run. The lat-
ter is free of any effects because of mechanical and
thermal loading during processing and reveals an
endothermic melting temperature of 136.8 and
140.9°C for the nonirradiated and the 110 kGy-irradi-
ated sample, respectively, (Table II). The degree of
crystallinity (y) as determined from the melting
enthalpy in the second heating run and using eq. (3)

Figure 3 TEM image on ultra-thin UHMWPE slices of different irradiation dose with 0 (left) and 95 kGy (right). The

magnification is x50,000.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
DSC Characteristics of UHMWPE of Different Irradiation Dose during
the Second Run of Melting

Melting peak Average thickness of Enthalpy Degree of
temperature, crystallites, of melting, crystallinity,
Sample Ty (°C) dc (nm) AH,, (/8) x (%)
WIAM 0 136.8 + 0.4 30.9 152.0 + 0.6 52.2
WIAM 50 138.0 + 0.2 35.7 148.2 + 0.2 51.0
WIAM 95 1416 + 04 66.3 1459 + 2.0 50.1
WIAM 110 1409 + 1.2 56.8 1444 + 149 49.6

decreases slightly from 52.2 to 49.6% with increasing
irradiation dose (Table II). The melting enthalpy at
the highest irradiation dose of 110 kGy shows an
extraordinary large standard deviation. Stephens
et al’® discussed a slight increase followed by a
decrease in the degree of crystallinity from DSC data
with an increase in the gamma irradiation dose (75
and 150 kGy) and dose rate (0.25 and 2.9 kGy/h) of
UHMWPE. They suggested that the decrease in crys-
tallinity is related to an increase in the crosslink den-
sity, whereas a chain scission should lead to an
increase in the crystallinity.”'

The melting peak of the second heating run (Fig.
4) shows the formation of a shoulder at 128°C for 50
kGy. With increasing beam doses, the shoulder turns
into a well-established additional melting peak at
the low-temperature side at about 120°C for both 95
and 110 kGy (Fig. 4). The origin of those low-tem-
perature peaks can be related to the existence of
lamellae with a variation in thickness and crystalline
order. Stephens et al’® also reported about two
existing DSC and SAXS peak values, which are ori-
ginated by two different crystal dimensions.

endotherm

80 120
Temperature (°C)

-40 40

Figure 4 DSC traces of UHMWPE of different irradiation
dose with 0 kGy (- - -), 50 kGy (- - -), 95 kGy (- -), and
110 kGy (—) during endothermic melting in the second
heating run. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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The Gibbs-Thompson eq. (4) was used to calculate
the average lamellae thickness from the experimen-
tal melting peak temperatures. With respect to the
melting temperatures at the high-temperature side
in Figure 4 during the second heating run, the lamel-
lae thickness strongly increases from 30.9 to 66.3 nm
with an increase in the irradiation dose from 0 to 95
kGy (Table II). A further increase in the beam dose
from 95 to 110 kGy results in a slight decrease in the
lamellae thickness. Such a tendency is in agreement
with gamma irradiation experiments of Stephens
et al’® Bartczak and Lezak™ discussed about a
lamellae thickness of 17.4 nm obtained from DSC
using the Gibbs-Thompson eq. (4) and a long period
of 33.3 nm from SAXS for UHMWPE from Ticona
with M, = 5.5 x 10° g/mol, which is almost compa-
rable to the nonirradiated WIAM 0. In comparison,
Cook et al.”” reported about DSC studies applying
the Gibbs-Thompson eq. (4) on nascent powder and
ram-extruded but nonirradiated (GUR 415)
UHMWPE with a molar mass of 6 x 10° g/mol with
a crystalline lamellae of 58 + 13 and 28 + 4 nm,
respectively.

From the low-temperature peak, thin lamellae of
20.2 (at 50 kGy) and 10.8 nm (at 95 and 110 kGy) are
detected by applying the Gibbs-Thompson eq. (4).
Such a phenomenon was also discussed by Nevora-
lova et al.*

The crystallization peak as obtained during cool-
ing subsequent to the first melting is characterized
by an exothermic peak and the formation of an addi-
tional peak at the low-temperature side at about
106°C (Fig. 5). As determined from the main peak,
the crystallization peak and thus the onset of crystal-
lization shift toward higher temperatures from 113.4
to 125.1°C and from 121.2 to 130.8°C, respectively,
with increasing irradiation dose (Table III). Such an
increase is equal to a rise in the crystallization rate
as probably originated by mobile chain fractions
because of irradiation. Isothermal and nonisothermal
synchrotron WAXD experiments™ confirm the accel-
eration in crystallization as seen by DSC. Further-
more, an increase in the irradiation dose leads to a
decrease in the crystallization enthalpy (equal to a
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Figure 5 DSC traces of UHMWPE of different irradiation
dose with 0 kGy (- - -), 50 kGy (---), 95 kGy (- -), and 110
kGy (—) during exothermic crystallization subsequent to
cooling from the first melting. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

decrease in the degree of crystallinity) from 150.1 to
143.1]/g.

Mechanical tensile testing

Applying an averaged strain rate of about 67%/min,
the elastic modulus (E), yield stress (c,), and strain
at break (ep,) decrease significantly with the irradia-
tion dose, except the elastic modulus (E) for WIAM
50 (Fig. 6, Table IV). The elastic modulus character-
izes the material stiffness, which is highest for the
nonirradiated WIAM 0 with 697 MPa in comparison
to 560-591 MPa for the irradiated UHMWPE. Fur-
thermore, WIAM 0 reveals the highest strain at
break with &g, > 455% (without reaching the break),
and the lowest plastic deformation as documented
by the largest yield stress of 19.9 MPa and the high-
est stress values at comparable strain above the
yielding. It is known that the yield stress usually
increases with an increase in the degree of crystallin-
ity, crystal thickness, and crosslink density. Chosen
a strain (gy0%) at 200% out of the plastic deforma-
tion region, the corresponding stress (Ga00%)

TABLE III
DSC Crystallization Characteristics of UHMWPE of
Different Irradiation Dose during the Cooling Run
Subsequent to the First Melting

Crystallization Onset
peak crystallization Enthalpy of
temperature, temperature,  crystallization,
Sample Tc (OC) TC, onset (OC) AHC (]/g)
WIAM 0 113.4 £ 05 121.2 £ 0.3 150.0 + 0.7
WIAM 50 1142 +£ 0.3 1284 + 0.3 1474 + 0.2
WIAM 95 123.1+ 0.5 130.8 + 0.4 145.1 £ 1.9
WIAM 110 125.1 £ 29 130.8 + 0.8 143.1 + 15.2

Stress (MPa)

0 100 200 300 400 500
Strain (%)

Figure 6 Mechanical stress—strain curve of UHMWPE of
different irradiation dose with 0 kGy (- - -), 50 kGy (---),
95 kGy (- -), and 110 kGy (—).

decreases significantly with the irradiation dose (Ta-
ble IV). At deformations above the yielding, chain
slip processes in the crystalline phase (e.g., among
certain crystallographic planes) as well as in the
amorphous phases (e.g., interlamellar sliding and
interlamellar separation) have to be considered, see,
e.g., Bartczak and Lezak.”” Those deformation mech-
anisms result in significant morphological and prop-
erty changes. The tendency of a loss in the
mechanical properties with irradiation dose has al-
ready been reported for gamma® as well for elec-
tron beam-irradiated UHMWPE."

Dynamic mechanical thermal analysis

The DMTA results will be discussed in terms of the
temperature dependency of the storage shear modu-
lus (G') and the loss shear modulus (G”) in the range
from —150 to +140°C at different angular frequen-
cies (o = 2nf) from 0.6 to 135.4 Hz, which are related
to the material stiffness and the molecular mobility,
respectively.

From the temperature-dependent loss shear modu-
lus (G”), three different relaxation processes can be
distinguished (Figs. 7 and 8). For those vy, B, and o
relaxations, a peak maximum (Tgrmax) in G” at —118
to —121°C, —26°C, and 47 to 56°C, respectively, has
been determined for an angular frequency (w) of 6.3
Hz (Table V). An increase in the frequency (o) from
0.6 to 1354 Hz leads to a significant shift of the
relaxation peaks toward higher temperatures (Fig.
8), which has been used to determine the activation
energy (AE;) by means of eq. (9). According to Steh-
ling and Mandelkern,” the v relaxation relates to the
glass transition. The corresponding activation energy
(AE,) for all WIAM materials varies only in the small
range from 84 to 86 kJ/mol (Table V). For PE films
and fibers of low molar mass, characterized by a vis-
cosity-average molar mass of M, < 70,000, Matsuo
et al.'” have found that the temperature peak of the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Mechanical Data of UHMWPE of Different Irradiation Dose as Obtained from Tensile Experiments
at Room Temperature
Elastic modulus, Yield stress, Yield strain, Stress at € = 200%, Stress at break, Strain at break,

Sample E (MPa) 6, (MPa) &, (%) Gooo (MPa) op: (MPa) epr (%)
WIAM 0 697 + 39 199 + 0.5 220+24 26.1 +£ 0.7 >63.5" >455°
WIAM 50 560 + 19 19.0 + 0.3 239 + 3.1 21.7 £ 0.2 405 + 44 365 + 19
WIAM 95 591 + 39 17.7 £ 0.7 204 + 1.8 19.0 £ 0.7 37.0 £ 09 325+ 7
WIAM 110 567 + 41 16.5 + 0.8 181 +12 172 + 0.8 340+ 19 322 + 10

@ No break.

vy relaxation is independent of the molecular orienta-
tion and crystallinity. Zamfirova et al.® reported
about an activation energy (AE;) of 106-107 kJ/mol
for UHMWPE of different cocatalyst systems.

The B relaxation is rather weak (Figs. 7 and 8) and
consequently, it is difficult to determine the corre-
sponding activation energy (AE,). The weakness of
the B relaxation has already been reported by other

1,000 ¢
= 100
a,

2
O IO b
o
[=]
E
100
=
a,
2
3 10
Q0
|

100

-100 -50 0 50
T(C)

-150 150

Figure 7 Temperature dependence of the storage shear
modulus (G'), the loss tangent (tan 3), and the loss shear
modulus (G”) of UHMWPE of different irradiation dose
with 0 kGy (- - -), 50 kGy (--), 95 kGy (- -), and 110 kGy (—)
as determined at an angular frequency (o = 2xf) of 6.3 Hz.
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authors, e.g., Hronsky et al.'"* and Zamfirova et al.®
Only in the case of the nonirradiated WIAM 0, the
frequency shift in the G” modulus provides a trust-
ful value for AE,, which is 116 kJ/mol (Table V).
With respect to Kawai et al.,'® the B relaxation arises
from interlamellar grain boundary phenomena asso-
ciated with orientational and distortional dispersions
of noncrystalline materials between oriented lamel-
lae. Further structural insights are needed to explore
that phenomenon for the WIAM materials.

Major changes are seen for the o relaxation (Figs.
7 and 8). Here, the activation energy (AE,;) decreases
from 136 (WIAM 0) to 108 k] /mol (WIAM 110) with
increasing irradiation dose (Table V). Additionally,
the peak temperature (Tgrmax) at ® = 6.3 Hz is dif-
ferent for the nonirradiated WIAM 0 with 56°C in
comparison to the irradiated WIAM 50, 95, and 110
with 48 or 47°C (Table V). Yeh et al.'? discussed the
effects that the restrained chain mobility, resulted
from extraordinary long UHMWPE molecules in the
crystal and interfacial regions, are much higher than
those from low chain molecules. That is why, a
much higher temperature is required to motivate the
molecular motions of UHMWPE resulted from the o
transition. According to Hu and Schmidt-Rohr,” the
activation energy of the o relaxation is addressed to
chain mobility in crystallites. Kawai et al.'® have
discussed the existence of an o; and o, relaxation

140
Frequency (Hz)
120 + —0.6 -—-14
------ 2.9 --63
100 F --135 —29.2
—_ — =628 ---1354
& 80
3
iﬂ 60 o
40 -
20
0 1 \I
-150 -100 -50 0 50 100 150
T (°C)

Figure 8 Temperature dependence of the loss shear mod-
ulus (G”) of the nonirradiated UHMWPE at frequencies
(o = 2mf) of 0.6, 1.4, 2.9, 6.3, 13.5, 29.2, 62.8, and 135.4 Hz.
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TABLE V
Peak Temperature (T max) and Activation Energy (AE,) of the v, beta, and a
Relaxation of UHMWPE of Different Irradiation Dose

v Relaxation

B Relaxation o Relaxation

TG”max AE(I TG” max AEa TG”max AE(I

) (KJ/mol) O (KJ/mol) O (kJ/mol)
WIAM 0 —121 85 —26 116 56 136
WIAM 50 -118 84 - - 48 126
WIAM 95 —121 86 - - 48 112
WIAM 110 —120 85 - - 47 108

TG max Was obtained from the peak of the G” modulus at an angular frequency (o =

2nf) of 6.3 Hz.

related to intralamellar grain boundary phenomena
and intracrystal lattice retardation phenomena,
respectively. Figure 7 shows a well-established o
relaxation, however, no split into oy and oy,

The storage shear modulus (G') at an angular fre-
quency (o) of 6.3 Hz decreases with a temperature
increase from —150 to about +140°C (Fig. 7). At tem-
peratures below the glass transition temperature (y
relaxation in Fig. 7), the G’ modulus is nearly tem-
perature independent, which represents the almost
nonrelaxed state. Consequently, the material stiffness
(G' modulus) from that region should increase with
an increase in the crystal order and crosslink density
and with a decrease in the number of chain scis-
sions. The G’ modulus of WIAM 0, 95, and 110 at
—140°C decreases with an increase in the irradiation
dose. That tendency is in agreement with the elastic
tensile modulus (E) of the materials above room
temperature, see Figure 6 and Table IV. However,
the crystallinity from DSC (Table II) and the cross-
link density from swelling experiments (Table I)
cannot explain the loss in material stiffness with
increasing irradiation dose. Probably, there are
effects in relation to the fine crystal order and
changes in the molar mass distribution due to chain
scissions, which have to be considered. Differences
in the crystal order are seen by TEM (Fig. 3), which
documents the existence of lamellae of two different
sizes, where the smaller one decreases in the thick-
ness with irradiation. The comparison between
WIAM 0 and WIAM 50 shows the higher G’ modu-

lus at —140°C for the WIAM 50 (Table VI), which is
in agreement to the increase in the crosslink density
due to irradiation (Table I) and does not corolate
with the elastic tensile modulus (E) in Figure 6 and
Table IV.

The chain mobility of the existing morphology
will be discussed by means of the relaxation strength
(AG:() in the glass transition region and its relative
value (AG’V‘rel) as determined from the difference in
G' at —140 and —70°C using eqgs. (10) and (11),
respectively.

AG!, = G'(~140°C) — G'(=70°C) (10)

AG,, rel = 100%AG),/G'(~140°C)

' (11)

Here, the chosen temperatures represent the lower
and upper temperature limits of the y relaxation
(Fig. 7). As is known, a decrease in both the crystal
order and crosslink density and an increase in the
number of chain scissions will enhance the chain
mobility. The relative relaxation strength (AG:/’rel) is
the lowest for the WIAM 110 (Table VI). Probably,
this is related to effects of chain scissions due to the
high irradiation dose.

The material stiffness (G') at high temperatures
close the melting can be enhanced by an increase in
the crystal order and crosslink density. Out of this
temperature range, the G’ modulus at +125°C and
an angular frequency (w) of 6.3 Hz were chosen for
discussion (Table VI). To some surprise, the G’

TABLE VI
DMTA Storage Shear Modulus (G) at Different Temperatures and Relaxation Strength (AG.) in the Glass Transition
of UHMWPE of Different Irradiation Dose as Determined at an Angular Frequency (co = 2nf) of 6.3 Hz

Storage shear modulus at

Relaxation strength® Relative relaxation strength®

—140°C, G —70°C, G’ +25°C, G’ +125°C, G’

Sample (MPa) (MPa) (MPa) (MPa) AG,, (MPa) AG, o (%)
WIAM 0 2,000 836 442 25 1,164 58.2
WIAM 50 2,140 903 447 13 1,237 57.8
WIAM 95 1,890 757 343 10 1,133 59.9
WIAM 110 1,650 756 355 10 894 54.1

? Using the storage shear modulus (G') at —140 and —70°C and eq. (10) or (11).
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Figure 9 Frequency dependence of the storage shear
modulus (G') of UHMWPE of different irradiation dose
with 0 kGy (- - -), 50 kGy (---), 95 kGy (- -), and 110 kGy
(—) as determined at a temperature of 25°C.

(125°C) modulus is higher for the nonirradiated
WIAM 0 than for the irradiated WIAM 50, 95, and
110. Moreover, an irradiation dose of 50 kGy
(WIAM 50) leads to a higher G’ (125°C) than that of
95 (WIAM 95) and 110 kGy (WIAM 110). However,
additional information on molecular ordering and
molar mass distribution is required to explain that
uncertain behavior at high temperatures.

Figure 9 represents a decrease in the storage shear
modulus (G') with an increase in the reciprocal angu-
lar frequency (1/m) at a chosen temperature of 25°C.
This corresponds to a decrease in the material stiff-
ness with time originated by the relaxation behavior
of mobile chain segments in the amorphous phase.
The slope of the curves is almost identical for WIAM
0, 50, 95, and 110, whereas the G’ modulus is similar
for WIAM 0 and 50 as well as for WIAM 95 and 110.

Usually, crosslinking is expected to lead to a
higher material stiffness. However, the crosslink
density as determined by swelling experiments does
not characterize the entanglement density, which is
“effective” under mechanical loading. That is mainly
due to the different time constant between equilib-
rium swelling and mechanical experiments. To
achieve a structure of disentangled chains during
swelling, a high temperature of 130°C and a long
dissolving time of 24 h were applied. Therefore, the
resulting crosslink density obtained from equilib-
rium swelling is much higher than that, which is
“effective” in short-term mechanical tensile testing at
a strain rate of 67%/min or DMTA at the angular
frequencies () ranging from 0.6 to 135.4 Hz.

CONCLUSIONS

In this article, the effect of electron beam irradiation
on crystallized medical grade UHMWPE has been
studied. In the focus are the formation of a chemi-
cally crosslinked structure as characterized by a

Journal of Applied Polymer Science DOI 10.1002/app

GOSCHEL AND ULRICH

significant decrease in the molar mass between adja-
cent crosslinks to reach 3170 g/mol at lowest. The
crosslinking proceeds with almost no change in the
degree of crystallinity of about 50%, whereas the
lamellae thickness changes and new thin lamellae
grow. DMTA in the angular frequency range from
0.6 to 1354 Hz has been employed to discriminate
between effects from crosslinking and crystallization.
Discussed is the molecular mobility of three relaxa-
tions of different temperature position and activation
energy with respect to morphological changes upon
irradiation. Here, the high temperature o relaxation
from 47 to 56°C at ® = 6.3 Hz is shown to be very
sensitive to irradiation. Further studies are needed
to explore the mechanism of crosslinking under the
consideration of significant changes in the crystalline
structure.

The authors thank N. A. Abt, Zimmer GmbH, Winterthur,
Switzerland for providing the electron beam-irradiated
UHMWPE materials and his helpful discussions.
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