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ABSTRACT: The effect of the overall crystallinity and the initial crystal morphology on the welding
behavior of semicrystalline polymers was investigated by means of T-peel testing above and below the
melting point using ultrahigh-molecular-weight polyethylene (UHMWPE) as a model polymer. Different
crystal morphologies were generated by either crystallizing UHMWPE from the melt or from dilute
solutions. The initial crystal morphology was found to have a large influence on the adhesive fracture
energy as measured above the melting temperature. In the case of two melt-crystallized films, the adhesive
fracture energy above the melting temperature, G?Tm, developed only slowly, and did not reach the
fracture energy of the bulk material, even after 65 h of welding at 145 °C. However, welding two
(completely wetted) solution-cast films above the melting temperature resulted in an almost instantaneous
increase of G?Tm to the level of the fracture energy of the bulk material. The adhesive fracture energy
at room temperature increased almost instantaneously to the fracture energy of the bulk material upon

welding above the melting point, irrespective of crystal morphology.

Introduction

The welding behavior of amorphous polymers has
been studied extensively, theoretically as well as experi-
mentally.1=3 It is generally concluded, that complete
healing of (amorphous) polymer interfaces involves two
stages:® wetting and diffusion. Although the time
dependences of viscous flow to promote contact and that
of interdiffusion are comparable, it is normally assumed,
that for amorphous polymers of reasonably high molar
mass, the diffusion stage is critical.! Due to the strong
steric hindrance between the covalent bonded chains,
(self) diffusion in polymers proceeds through snakelike
motion of the chains,* a process called “reptation”. In
the case of high molar mass and with plane strain con-
ditions at the crack tip, reptation theory predicts that
the adhesive fracture energy G, increases proportional
to the square root of time (ref 1, Chapter 7), which was
confirmed by experiments on monodisperse polysty-
rene.>6

In the case of amorphous polymers, the random walk
configuration in the melt is frozen in upon cooling below
the glass transition temperature. Therefore, healing of
two symmetric amorphous polymer surfaces involves
diffusion of random coiled chains with a random chain-
end distribution across the interface. It is normally
assumed that a possible nonequilibrium configuration
of the chains at the interface has no influence on the
diffusion process, an important exception being the case
of chain-end segregation at the surface, as occurs in the
case of crack healing.” Here, it was found that the high
concentration of chain ends at the surface enhances dif-
fusion, and, therefore, accelerates the welding process.

In the case of semicrystalline polymers, the crystal-
lization process can lead to chain configurations which,
at least locally, are far from the random walk configu-

* To whom correspondence should be addressed.
* Eindhoven University of Technology.
+ETH Zurich.

S0024-9297(97)00544-5 CCC: $15.00

ration in the melt. Therefore, it is to be expected that
the loss of crystalline structure upon melting will locally
result in nonequilibrium chain configurations, which
initially might lead to strong deviations from “normal”
reptation behavior.

This study is concerned with the effect of this “ran-
domization” of the initially ordered chains upon melting,
on the welding behavior of semicrystalline polymers. As
a model semicrystalline polymer, ultrahigh molecular
weight polyethylene is used, due to its ability to crystal-
lize in a wide variety of morphologies, in which the chain
dimensions, viz. radius of gyration, differ substantially.

Ultrahigh-molecular-weight polyethylene (UHMWPE)
is defined as a linear polyethylene with a weight-
averaged molar mass of over 3000 kg/mol.8 It combines
a high abrasion and chemical resistance and is, for
example, used as interliner or in highly demanding
applications such as artificial hip joints. Due to its high
molar mass, UHMWPE can be regarded as an intrac-
table polymer for which conventional melt processing
is not possible. Instead, application of UHMWPE
typically involves processing routes which strongly rely
on full recovery of interfaces, like welding of skived
films, ram extrusion, and powder sintering.®

Due to its high viscosity, crystallization of an UHMW-
PE melt results in a semicrystalline material of moder-
ate crystallinity (=45%), in which the crystalline lamel-
lae have a thickness in the order of a few hundred
angstroms. It is normally assumed that, upon crystal-
lization from the melt, an individual chain is incorpo-
rated into many different lamellae and amorphous
regions. Nevertheless, neutron scattering experiments
on HDPE showed that during crystallization the overall
chain dimensions, viz. the radius of gyration, do not
change much.® Also the entanglement density is not
really influenced by the crystallization process, as is
evident from the, more or less, constant maximum draw
ratio (Amax) at higher molar mass, independent from the
crystallization conditions.
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Figure 1. Holding device used to position the UHMWPE films during welding.

In contrast, crystallization of an UHMWPE solution
in the limit of extreme dilution results in “single crystal
mats”, in which entire polymer chains are confined to
one crystal. Compared to the melt, this leads to a large
reduction of the radius of gyration and an almost
complete loss of entanglements.®

Crystallization of a semidilute UHMWPE solution,
constrained to a flat surface, results in so-called “solu-
tion-cast films”. These films consist of thin lamellae
with a thickness of 120 A, which are regularly stacked,
probably due to the combined action of gravity and
shrinking forces upon removal of the solvent. The high
molecular weight between entanglements, existing in
the original solution, is frozen in during crystallization.
As a result, the maximum draw ratio in solution cast
films depends on the polymer concentration in the
original solution and can be as high as Amax = 200. The
high degree of orientation accompanying these high
draw ratios results in favourable mechanical proper-
ties!® and is nowadays used to obtain high performance
polyethylene fibers.

It has been suggested that the low entanglement
density, frozen in by crystallization from dilute solution,
could pertain for a certain time span upon reheating
above the melt temperature. This would then result in
an initial lowering of the viscosity, thus offering a time
window for melt processing. However, experiments by
Lemstra et al. on LDPE?!! did not reveal any of these
so-called “memory effects” for solution-cast materials.
Upon melting solution-cast material, the melt viscosity
was immediately equal to the equilibrium melt viscosity.
Similarly, one would, perhaps, expect that the maxi-
mum draw ratio slowly decreases upon melting and
subsequent recrystallization. However, it was found by
Bastiaansen et al.'? that indeed the drawability of
solution cast material is lost almost instantaneously
upon melting. Itis as if the polymer chains reentangle
on a time scale too short to be observed by macroscopic
experiments. This was later confirmed more directly
by Barham et al.,® who performed neutron-scattering
experiments on solution-cast high density polyethylene
(HDPE) films, which were molten for different periods

of time. From these experiments it was evident that,
upon melting, the small radius of gyration, character-
istic for solution-cast material, increased through very
fast “Rouse-like dynamics”®2 to the much larger equi-
librium value of the radius of gyration in the melt.

The aim of the current research is to explore the effect
of this so-called “chain explosion” on the self adhesion
of two UHMWRPE surfaces, upon welding above the
melting temperature.

Experimental Section

Materials. The material used was Hostalen Gur 2122
UHMWPE powder, kindly supplied by Hoechst, with a weight
average molar mass of My, = 4.4 x 106 g/mol.

Film Preparation. The procedures to prepare solution-
and melt crystallized films have been described in detail
elsewhere.’® Solution-crystallized films were prepared by
pouring a 1 wt % UHMWPE solution in xylene containing 0.5
wt % stabilizer (based on polymer content) in an aluminum
tray at room temperature. After crystallization, the wet gel
was clamped to a cupboard, in order to prevent lateral
shrinkage of the samples during subsequent removal of the
solvent by drying in air for two days and in a vacuum oven at
40 °C, also for 2 days. The melt-crystallized UHMWPE films
used in this study were obtained by annealing solution-cast
UHMWPE films at 160 °C for 1 h under vacuum.

In order to obtain films with an intimate contact at the
interface, so-called “prewetted” laminates were prepared. To
this extent, a wet gel at room temperature, obtained from
dilute solution as described above, was clamped upon a dry
solution cast film, after which the films were dried in air for
2 days at room temperature and in a vacuum oven at 40 °C,
also for 2 days. It is known that at temperatures close to the
melting transition, the lamellar thickness in solution-cast films
increases exactly by a factor of 2.14716 To prevent this lamellar
doubling process to occur across the interface upon melting
these prewetted laminates, the starting solution-cast film was
first annealed at 125 °C for 15 min.** To initiate a crack in
these so-called “prewetted films”, a Teflon tape was inserted
at one side between the wet gel and the dry film (see Figure
1). As the polymer chains in the gel are largely immobilized
by the crystallization process and, moreover, the dry film will
not dissolve in xylene at room temperature, no large scale
diffusion is to be expected. Moreover, it was observed that
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Figure 2. Experimental setup of the T-peel test.

the films could still be separated by hand after the drying
procedure.

Welding of the UHMWPE Films. The solution cast, melt-
crystallized, and “prewetted” UHMWPE films were welded in
a hot press, using a holding device as shown in Figure 1. At
one end of the UHMWPE films, a Teflon tape was inserted to
initiate a crack for the T-peel test. To compensate for the
thickness of this Teflon tape, Teflon sheets of the same total
thickness were placed between the UHMWPE films and the
holding device (see Figure 1). To avoid breaking of the arms
during the T-peel test, the total specimen thickness was
increased to 3 mm by stacking several UHMWPE films on top
of each other. After the welding, the sheets were cut into 10
mm wide T-peel test specimen.

To minimize the thermal equilibrium time during the actual
welding, the holding device, containing the T-peel test sample,
was preheated at 100 °C. The actual welding was performed
at 145 °C, at moderate pressure. After a specific welding time,
the holding device was quenched to room temperature, using
a cold press. The shortest welding time employed was 3 min.

Tensile Testing. Tensile test experiments were performed
on a Zwick 1445 tensile tester at a constant cross-head speed
of 5 mm/min, which corresponds to an initial strain rate of ¢
~ 1072 s7!. The elongation was measured from the displace-
ment of the clamps. The tensile experiments were performed
at 20 and 135 °C on a dumbbell-shaped specimen.

T-Peel Testing. The T-peel test is a well-known testing
method to determine the adhesive fracture energy G,. The
T-peel experiments were performed according to ASTM D1876-
72, on a Zwick 1445 tensile tester, at a constant speed of 5
mm/min, and at two temperatures, 20 and 135 °C, which are
below and just above the DSC peak melting temperature of
UHMWPE (133 °C), respectively. All data listed in this paper
correspond to average values of five measurements.

The T-peel test is shown in Figure 2. In the steady state,
two UHMWPE laminates of width b and thickness h are peeled
at constant peel force F. At a peeling displacement L, the
crack has advanced over a distance a. The extension of the
arms is then given by

_L—2a
e——2a (1)

During the peel test, the adhesive fracture energy G, cannot
be determined directly, since not all the external work is
available for debonding the laminates. Tensile deformation
of the arms will lead to stored strain energy and plastic (or
viscoelastic) energy dissipation in the peeling arms. Further-
more, part of the work will be dissipated due to plastic bending
of the arms. This energy-balance argument!’ leads to the
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following definition of the adhesive fracture energy Ga:

G zl(d_w_duﬂ_%) 2)

Here, W is the total power input, W = f(% F dL, Uam accounts
for the stored strain energy and plastic dissipation energy
during tensile deformation of the arms, and Uy, is the energy
dissipated during plastic bending of the arms. The energy
stored and dissipated during tensile deformation of the arm,
Uarm, is equal to

Ugem = 2bha [ o de ©)

where fj o de can be determined from a tensile test. The
plastic bending energy Uy, can not be measured directly, but
was estimated as®®

U, = bhaoy (4)

with oy the yield stress of UHMWPE in tensile deformation.

The adhesive fracture energy G, at constant peel force F in
terms of experimental observable quantities then follows from
the strain definition eq 1, the energy balance eq 2, and egs 3
and 4

GaZEF(l-l-e)—Zhj:ade—ayh ©)

Results and Discussion

Tensile Testing of UHMWPE. Tensile stress—
strain curves of UHMWPE at 20 and 135 °C are
depicted in parts a and b of Figure 3. At 20 °C, the yield
stress equals oy = 17 MPa. At 135 °C, UHMWPE is
above the DSC peak melting temperature, and conse-
guently, the (apparent) “yield stress” is virtually zero
(oy = 0.4 MPa). Also included in Figures 3a and b, is
the deformation energy per unit volume fj o de

T-Peel Testing at 20 °C. The solution-cast, melt-
crystallized, and prewetted films were welded at 145
°C and subsequently tested at 20 °C. For all films it
was observed that, already after 3 min of welding at
145 °C, failure occurred in the arms during the T-peel
tests. This indicates, that, during this short welding
period, the adhesive fracture energy at 20 °C, G2, has
advanced toward the fracture energy of the bulk mate-
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Figure 3. Stress—strain curves (O) and the corresponding deformation energy / o de (solid line) of UHMWPE at (a) 20 °C and

at (b) 135 °C.

rial. Three minutes is the shortest welding time that
could be achieved experimentally. Although no steady
state could be achieved during the peel test, a lower
bound for the adhesive fracture energy was estimated
by substitution of the strain at failure, ¢ into eq 5:

G0 > gF(l +e)-2h [Tode—ah  (6)
In this way, for all films, a lower bound of the adhesive
fracture energy at 20 °C was estimated as: G2° > 30
kJ/mZ,

The fast increase in adhesion after cooling to room
temperature, observed for all films, has also been
observed in the case of cross-linked polyethylene!® and
was attributed to co-crystallization across the interface.
Apparently, this mechanism only requires local segment
diffusion across the interface, which occurs on a time
scale shorter than the shortest welding time employed
in this study. The effect of crystallinity on autoadhesion
was already recognized by Epstein,?® who observed a
sharp decrease of the shear strength of the interface
above the melting point, for a number of polymers.

T-Peel Testing at 135 °C. To eliminate the effect
of cocrystallization and to reveal the contribution of
chain diffusion across the interface on adhesion, T-peel
testing was also conducted at 135 °C, above the melting
point of UHMWPE. At 135 °C, the “yield stress” of
UHMWPE is only 0.4 MPa (see Figure 3b). According
to Gent,!8 the energy, dissipated during plastic bending
of the arms (Up), should be proportional to the film
thickness h and the yield stress (eq 4). An extra
advantage of peeling at 135 °C, therefore, is that the
plastic bending term Uy, which can not be measured
directly, will be small. Consequently, the adhesive
fracture energy at 135 °C, G1*°, is mainly determined
by the total external work, W = /¢ F dL, and the sum
of stored and dissipated energy in the arms Uarm (€q 3).
This was verified experimentally, by T-peel testing of
melt-crystallized films, welded at 145 °C for 15 min, at
different film thickness. The adhesive fracture energy
G1¥, calculated according to eq 5, is depicted in Figure
4. It can be seen that G.* is independent of film
thickness and, thus, can be used to characterize the
bond strength of the interface.
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Figure 4. The adhesive fracture energy G, at 135 °C, as a
function of thickness h, after welding at 145 °C for 15 min.
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Figure 5. The adhesive fracture energy G, as a function of
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prewetted films (H).

The adhesive fracture energy G.*° for two melt-
crystallized films, as a function of welding time, is
depicted in Figure 5. Evidently, the buildup of adhesive
fracture energy at 135 °C upon welding at 145 °C is a
slow process, extending over many hours. This is not
surprising, since the increase in G.*° is expected to
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involve large scale self-diffusion (formation of “entangle-
ments”), which, due to the ultrahigh molar mass of
UHMWPE, is a slow process. From rheological experi-
ments, the longest relaxation times of UHMWPE, which
correspond to the time scale for main-chain self-diffu-
sion, were shown to be several hours long.12

The increase in adhesive fracture energy at 135 °C
as a function of time, for two solution-cast films, is also
depicted in Figure 5. Surprisingly, the buildup of
adhesive fracture energy of two solution-cast films at
135 °C is identical to the development of G.** of two
melt-crystallized films. This is unexpected at first sight,
since solution-cast films exhibit the so-called “chain
explosion”, a very fast increase of the radius of gyration
upon melting (see the Introduction), which should
accelerate the welding process. However, from welding
experiments on amorphous polymers, it is known that
the development of adhesive fracture energy normally
involves two stages. The first stage is related to
complete wetting of the surface, i.e., the removal of air
inclusions and contaminants. During the second stage,
chain diffusion results in the formation of “entangle-
ments”, which finally raises the adhesive fracture
energy to the equilibrium value of the fracture energy
of the bulk material. From the welding experiments on
the solution-cast films (Figure 5) it is evident that the
“chain explosion” upon melting does not occur across a
nonwetted surface. The “chain-explosion” is a fast
reorganization of the chains, but will hardly result in
chains “jumping” out of the surface. If, therefore, on a
microscopic level, surface roughness prevents an inti-
mate contact between the films, it is to be expected that
the chain-explosion process has been completed before
wetting enables chains to cross the surface. In this case,
at the moment wetting is complete, and chain diffusion
will commence, melt- and solution-cast films are more
or less indistinguishable, and the increase in surface
bond strength will proceed at equal pass.

In order to circumvent the wetting stage, wet solution-
cast gels were clamped upon dry solution-crystallized
films at room temperature, after crystallization, but
before removal of the solvent, resulting in so-called
“prewetted” films (see the Experimental Section). After
removal of the solvent, these “prewetted” films could still
be separated by hand, indicating that large scale
segmental diffusion across the interface is prohibited
since the dry film will not dissolve in xylene at room
temperature. Moreover, due to crystallization, even in
the presence of solvent, the polymer chains in the gel
are “locked” in the crystals.

The development of adhesive fracture energy of these
prewetted films at 135 °C as a function of welding time
finally exhibits the expected sudden increase due to the
chain explosion, as is depicted in Figure 5. Analogous
to the T-peel tests at room temperature, the prewetted
films cannot be separated anymore. Already after 3 min
of welding, the arms break before the crack can advance,
and only a lower bound for the adhesive fracture energy
can be estimated, using eq 6.

Conclusions

Upon melting of a semicrystalline polymer, the chain
transforms from the rather compact, more or less
ordered folded-chain conformation to the sparse equi-
librium random walk conformation. This study is
concerned with the effect of this transition on the
welding behavior of semicrystalline polymers. Ultra
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high molecular weight polyethylene was used as a model
polymer due to its ability to crystallize in a wide variety
of morphologies, in which the chain dimensions can
differ substantially. Two morphologies were selected:
melt-crystallized films, in which the overall chain
dimensions (viz. the radius of gyration) are essentially
equal to the random walk values in the melt, and
solution-crystallized films, which have a much more
compact configuration. The adhesive fracture energy
was determined by T-peel testing above and below the
melting point.

It was found, that the adhesive fracture energy at
room temperature became comparable to the fracture
energy of the bulk material on a time scale shorter than
the shortest welding time employed in this study (3
min), irrespective of the initial morphology.

By contrast, the initial crystal morphology was found
to have a large influence on the adhesive fracture energy
measured above the melting temperature. In the case
of two melt-crystallized films, the adhesive fracture
energy above the melting temperature, G, '™, devel-
oped only slowly, and did not reach the fracture energy
of the bulk material, even after 65 h of welding at 145
°C. This is not surprising, since, in the melt, the
increase in adhesive fracture energy can only be due to
the formation of “entanglements” through self-diffusion,
which, due to the ultrahigh molar mass of UHMWPE,
is a slow process. However, welding two fully wetted
solution-cast films above the melting temperature, re-
sulted in an almost instantaneous increase of G} '™ to
the level of the fracture energy of the bulk material. This
dramatic decrease in welding time necessary for com-
plete recovery of the fracture energy above the melting
temperature, is in accordance with the observed “in-
stantaneous” increase of the radius of gyration upon
melting of solution-cast high-density polyethylene films,
as observed by neutron scattering experiments by
Barham and Sadler (1991).° It was observed that this
so-called “chain explosion” did not accelerate diffusion
across a nonwetted surface. Apparently, the time scale
for the “chain explosion” to occur is shorter than the
time scale for complete wetting.

Although the “chain explosion” has only been observed
directly (by neutron scattering) for HDPE,® the absence
of memory effects for solution-cast LDPE? suggests that
this phenomena is of general importance for semicrys-
talline polymers (of high molar mass).
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