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Internal Friction and Microstrain in Polyethylene at 77 K
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ABSTRACT: The stress—strain relationship of high-density polyethylene (PE) was measured with a strain
sensitivity of 2 x 1077 at 77 K. The internal friction was determined from hysteresis loops. It was concluded
that below a strain of about 102 all the nonlinear strain came from the crystalline regions by the motion
of screw dislocations. Two internal friction processes were discovered which were associated with (100)
[001] and(010) [001] slip. The barrier to the motion of the dislocations is pinning by the rigid amorphous

material surrounding the lamellar crystals.

Introduction

The purpose of this paper is to understand the nature
of the molecular motion that produces internal friction
in high-density polyethylene (PE) at 77 K. Measure-
ments of internal friction at 77 K have been made by
Kline et al.,! Takayanagi,? and Sinnott3 on single-crystal
mats and bulk PE using the conventional experimental
methods for determining the usual measures of internal
friction such as G, tan 9, and log dec. These investiga-
tions show that the y peak, which is about 50 K above
77 K, increases with the amorphous content. This fact
suggests that some if not all of the molecular motion in
the amorphous region is frozen at 77 K. However, from
the discussion by Ward,?* it is still uncertain whether
the molecular motion at 77 K comes entirely from the
crystalline region or from both the crystalline and
amorphous regions. Rabinowitz and Brown® developed
a method for measuring non elastic strains, which are
responsible for internal friction, at a strain sensitvity
of 2 x 1077. Brown and Rabinowitz® decomposed the
total microstrain in PE at room temperature into its
elastic, amorphous, and crystalline components. The
amorphous component at room temperature was much
greater than the crystalline component; so it was
decided to focus on the crystalline component by re-
stricting the amorphous component at 77 K

The results of this investigation indicate that at the
low stress levels, where internal friction is usually
measured, the nonlinear strain occurs only in the
crystalline region, necessarily by the motion of disloca-
tions.

Experimental Section

In these microstrain experiments the stress—strain curves
at various strain rates and temperatures in the vicinity of 77
K were measured. Details of the experimental method have
been described by Rabinowitz and Brown.5 A strain sensitivity
of 2 x 1077 was achieved with a capacitance extensometer.
The dumbbell-shaped specimens had a diameter of 5.7 mm
and a gauge length of 50 mm. When inserting a steel specimen,
the apparatus can produce a linear stress—strain curve up to
a strain of 107%. Nonlinearity in the stress—strain curves was
detected from the hysteresis loops that were produced by
loading and unloading the specimen in tension. Because the
extensometer was attached to the shoulders of the dumbbell
shaped specimen, the absolute strain is known to £10%, but
the strain was reproducible within a precision of +2 x 1077,
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Figure 1. Stress—strain curves of PE at 77 K at various stress
amplitudes.

The area of the hysteresis loops was measured with a
planimeter. Each loop was measured five times. To avoid
erratic behavior in the vicinity of zero stress, it was necessary
to maintain alignment by keeping a minimum stress of 0.3
MPa on the specimen. During a load—unload cycle the tem-
perature was constant within +£0.01 K. The HDPE was
injection molded at 463 K in the form of 12.5 diameter rods
and after machining was annealed in a vacuum at 403 K for
24 h. M, = 11 500 and M,, = 144 000. Density = 973 kg/m?®.
Specimens in the annealed condition were irradiated by Co®
at room temperature with a dose of 80 Mrad. The PMMA was
a commercial rod. The LDPE specimen had a density of 914
kg/ms.

Results

Typical stress—strain curves with various stress
amplitudes are shown in Figure 1. Hysteresis loops were
formed at stresses above 0.75 MPa. The formation of
hysteresis indicated that a nonlinear strain occurred.
The width of the hysteresis loop was taken as the
measure of the nonlinear strain, en. A closed hysteresis
loop indicates that the nonlinear component of the
strain is reversible. The stress at which hysteresis first
appeared was very reproducible. In Figure 2, stress is
plotted against en; note that there is a threshold stress
of 0.75 MPa required to initiate en. This threshold stress
is called the yield point, oyi, which is a function of
temperature and strain rate as shown in Figure 3. The
curves in Figure 3 indicate that the molecular motion
associated with oy; has the characteristics of a ther-
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Figure 2. Stress vs the nonlinear strain as measured by the
width of the hysteresis loop.
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Figure 3. Yield point, oy; as a function of strain rate.

mally activated process as described by the conventional
rate equation,

¢ = Aexp—[U — oy,VI/KT Q)

where ¢ is strain rate, A is a constant, U is the energy
of the barrier, and v is the activation volume. From eq
1

v = kT/(doy,/3(In €)1 2
U — oy,v = H = —Tv(doy,/dT), 3)

where H is called the activation enthalpy. From Figure
3andegs2and 3,v==6.25and 7.2 nmé at 77 and 89 K
respectively and H = 1.9 kj/mol. The significance of
these values will be presented in the discussion.

The energy loss per cycle, AW, as determined by the
area of a hysteresis loop is plotted against en in Figure
4 for different temperatures and strain rates. Each
curve has two slopes, which indicates that there are two
mechanisms for internal friction. Roberts and Brown?’
and Brown and Rabinowitz® showed that the change in
energy loss with respect to the change in the nonlinear
strain may be related to a frictional stress in accordance
with the following equation:

dAW/den = 2 x friction stress (4)

The lower friction stress is called of; and the upper one
of,. The critical stress which initiates the upper internal
friction processes is called oy,. Table 1 shows the
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Table 1. Effect of Temperature and Strain Rate on oy

and of;
strain rate
(106571 oy1 (MPa) 20f; (MPa)
T=77K
12 0.6 0.51
20 0.68 0.75
32 0.77 0.90
46 0.85 0.95
T=89K
12 0.53 0.54
23 0.64 0.62
46 0.76 0.82
Table 2. Effect of Temperature and Strain Rate on ay>
and of;
strain rate
(10-6s71) oy2 (MPa) of, (MPa)
T=77K
12 1.73 2.63
20 1.89
32 2.01
46 2.14 3.85
T=89K
12 1.12 2.68
23 1.31
46 1.57 3.14

dependence of oy; and 20f; on temperature and strain
rate.

The important result is that oy; is equal to 2o0f;. The
following explanation for the lower yield point, oys,
being equal to twice the friction stress, of;, has been
given by Brown and Rabinowitz,® who also found this
result at room temperature. The explanation will be
presented in terms of the motion of dislocations because
the results given below indicate that the nonlinear
strain occurs in the crystalline region. After the speci-
men is unloaded, the dislocations are in equilibrium
between the friction stress and the restoring stress,
“back stress”, Upon reloading under tension, the stress
used to initiate the motion of the dislocations must equal
the friction stress plus the back-stress. If the specimen
had been reloaded in compression instead of in tension,
the microyield stress would be zero in accordance with
the Bauschinger effect.

Figure 5 exhibits the dependence of oy, on strain rate
and temperature. Table 2 contains the effect of temper-
ature and strain rate on oy, and of.

. Note that of;, is a composite of two internal friction
processes; therefore it is expected that oy, be only
approximately equal to two times of,. The dependence
of oy, on strain rate and temperature is in accord with
eq 1 for a thermally activated process just as for oy;.
The differences in their activation volume and activation
enthalpy and their magnitudes will be explained in the
discussion in order to understand why there are two
yield processes.

To determine the effect of crystallinity,the behavior
of the LDPE with a crystallinity of 31% was compared
to the behavior of the HDPE with a crystallinity of 81%.
In Figure 6 the stress—strain curves of the LDPE and
the HDPE are shown. oy; is the same for both crystal-
linities. There is however a significant difference in that
the more crystalline material exhibits greater nonlinear
strain, en, for a given stress. This result is important
because it indicates that the nonlinear strain, ¢n, is
produced primarily in the crystals.

To determine whether internal friction might also be
contributed by the amorphous region, the behavior of



874 Brown and Rabinowitz

Macromolecules, Vol. 37, No. 3, 2004

Ing

Figure 5. Stress, oy, at the break in the energy loss curves
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Figure 4. Energy loss per cycle from the area of a hysteresis loop vs the nonlinear strain at different temperatures and strain
rates.
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Figure 6. Stress vs the nonlinear strain for (O) low-density
and (O) high-density PE.

the completely amorphous polymer, PMMA, was inves-
tigated. In Figure 7, the stress—strain curves of PMMA
are shown at various stress amplitudes at 77 K. Note
that hysteresis is first observed at a stress of 7 MPa,

7

Figure 7. Stress—strain curves of PMMA.

o

which is about 10 times the stress that initiates
hysteresis in PE. This fact suggests that in PE at low
stress levels internal friction does not occur in the
amorphous region. All the experimental evidence indi-
cates that the internal friction in PE at 77 K occurs in
the crystalline region at total strains below about 10-3.
Therefore, it follows that the nonlinear strain is best
described in terms of the motion of dislocation.

To further understand the influence of morphology
on the internal friction, the HDPE was irradiated with
80 Mrad of y rays from Co®° at room temperature. Lu
et al.® investigated the effects of dose of y irradiation in
HDPE. They found that the amount of dose had very
little effect on the crystallinity and that, for a dose of
80 Mrad, gelation had reached saturation. Many studies
of the mechanism of cross-linking in a semicrystalline
polymer such as by Chen et al.® on PE indicate that the
cross-linking takes place within the amorphous region
and also at the boundary of the crystalline region.
Figure 8 shows the stress—strain curves at 77 K withm
various stress amplitudes for the irradiated HDPE. The
outstanding feature is that the stress to initiate a
hysteresis loop is 16.1 MPa compared to 0.8 MPa for
the unirradiated material. It appears that the cross-
links in the amorphous region strongly restrict the
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Figure 8. Stress—strain curves for PE irradiated with 80
Mrad of y rays.

deformation of the crystalline region by hindering the
motion of the dislocations.

Discussion

The experimental results lead to the conclusion that
the internal friction in PE at 77 K at total strains below
about 1073 is produced by deformation in the crystalline
region. This conclusion becomes obvious when the basic
structure of PE at 77 K is considered. PE consists of
very weak crystals which are surrounded by very strong
amorphous material, which is well below its glass
transition temperature. Weak crystals require a very
low stress to move a dislocation in an otherwise perfect
lattice where very low stress means that the resolved
shear stress is a very small fraction of the shear
modulus. This stress is called the Peierls—Nabarro
stress. In weak crystals such as zinc and copper,
experiments show that a very low stress can move
dislocations even at 4 K. A common property of weak
metallic crystals is that the inter atomic bonding is
isotropic. In the case of PE, the weak isotropic inter-
molecular van der Waals bonds determine the Peierls—
Nabarro stress. On the other hand there is no experi-
mental evidence in the literature that shows that
amorphous structures contain easy to move flow units
such as. dislocations.

The main features of the shear process in PE crystals
have been summarized by Bartczak et al.1% “Fine chain
slip (i.e., the translation of individual molecules past
each other along the molecular axis) occurs within
crystalline lamellae, rotating both the chain axis and
the lamellar surface by shear”. The experimental in-
vestigations by Bartczak et al.,’° Bowden and Young!!
and Haudin!2 show that the important slip systems are
(100) [001] and(010) [001]. In other words slip occurs
by screw dislocations lying in the direction of the
molecular chains. Lin and Argon!3 modeled the defor-
mation of quasi—single crystals of Nylon-10 in terms of
screw dislocations. Bartczak et al.’® showed that the
critical resolved shear stress for macro yielding at room
temperature is 7.2 and 15 MPa on the (100) and (010)
plane, respectively. These results suggest that the micro
yield stresses oy; and oy, may correspond to slip of [001]
screw dislocations on the (100) and (010) plane respec-
tively. Since the crystals are randomly oriented, it is
expected that both slip systems will be active depending
on their orientation with respect to the applied stress,
but not active in the same crystal because when the
resolved shear stress is maximum in one slip system it
is zero in the other. Bartczak et al.’®° showed that PE
obeys the Schmid—Coulomb yield criterion where the
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Table 3. Activation Volume and Activation Enthalpy for

oy1 and oy>
oy1 (77 K) vV =6.25 nm?3 H = 2340 J/mol
oy1 (90 K) v=7.2nm3 H = 2340 J/mol
oy2 (77 K) v=13.5nm3 H = 8400 J/mol

critical resolved shear stress, 7, is given by
7 = oy[(sin 2A)/(2 — k sin® 1)] (5)

where oy is the tensile yield point and 1 is the angle
between the [001] direction, the chain axis, and the
direction of the applied stress. The Coulomb factor, kK,
was determined by Bartczak et al.1% to be 0.11 and 0.193
for the (100) [001] and (010) [001] slip systems, respec-
tively. 7 is a maximum when A = 42 and 39.5° for slip
on the (100) and (010) planes, respectively. It follows
that internal friction in the microstrain region occurs
in those crystals whose chain direction makes an an
angle with the tensile axis which is in the neighborhood
of 40°.

It is of interest to compare the magnitude of the
internal friction as measured by AW in the present
investigation with the internal friction as measured by
the conventional methods.

specific energy loss = AW/(0?/2E) =2 tan 0 (6)

where E is Young’'s modulus and has the value of 6.6
GPa. Inserting the values of AW from Figure 4 and the
corresponding values of ¢ for the same en from Figure
2 into eq 6 gives values of tan 6 = 0.0005 at the lower
strain amplitude and 0.002 at the upper strain ampli-
tude. The latter value is about the same as the average
value of tan 6 = 0.003,which is based on the conven-
tional internal friction methods in refs 1-3. The con-
ventional methods of internal friction operated at strain
amplitudes above about 102 whereas we were able to
detect the lower energy loss by exploring the range of
strains below 1073.

A more detailed picture of the deformation process is
provided by an analysis of the thermal activation
mechanism described in eqs 1—3. Table 3 lists the
activation volumes and activation enthalpy for oy; and
oYo2.

The activation volume is determined by the equation,

v =lab @)

where | = the length of the dislocation, a is the distance
the dislocation moves when it overcomes the barrier,
and b is the Burgers vector. In our case b = 0.254 nm
for the [001] screw dislocation. The width of the barrier
is not known, but a reasonable assumption is that it is
on the order of the intermolecular distance, which from
the lattice constants is about 0.6 nm. Along with the
values of v in Table 3, | has an average value of about
30 nm. This value is the same as the thickness of the
lamella given in the paper by Crist et al.»* for PE with
the same crystallinity of 80%. This means that the
length of the screw dislocations that produce the inter-
nal friction is equal to the chain length in the lamellar
crystals. The next question to be addressed is “How does
the motion of the dislocations produce internal friction?”

The cartoon in Figure 9 will help explain the model.
The figure represents part of a lamella with the straight
lines being the screw dislocations. The surrounding
region is the rigid amorphous material. The applied
stress, o, drives the dislocations in a direction that is
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Figure 9. Model for deformation of PE at 77 K showing a
portion of a lamella containing screw dislocations parallel to
the direction of the molecular chains. The plane of the figure
is the (100) or (010), and the surrounding gray area is the rigid
amorphous region that pins the dislocations.

perpendicular to their length. Possible obstacles within
the crystal are lattice imperfections such as point defects
or other dislocations. The model assumes that because
the PE was annealed at 130 °C,which is close to the
melting point and very slowly cooled, the only imperfec-
tions are screw dislocations with the [001] Burgers
vector. Edge dislocations and those with other Burgers
vectors have a higher energy of formation. Also the
Peierls—Nabarro stress is too small to produce lattice
friction at the strain rates in this investigation. When
a dislocation moves, it produces a displacement at the
surface of the crystal. This displacement is obstructed
by the amorphous region so that the dislocation is
pinned at its ends. A dislocation overcomes this obstacle
by the process of thermal activation. Since the strength
of the obstacles vary, the dislocations do not move
uniformly, and consequently there will be localized
pileups of the dislocations. The stress field of the pileups
provides the back stress which returns the dislocations
to their original position when the specimen is unloaded.
The values of the energy of the barrier, U = H + ov,
are on the order of the energy to break the inter-
molecular van der Waals bond. U is not expected to be
the same for slip on the (100) and (010) planes because
the chain folding is different on these planes, and thus,
the pinning point should have different strengths.
Therein lies the root cause for the two values for the
internal friction and for the two microyield points.
The explanation for the fact that a dose of 80 Mrad
completely eliminates internal friction at stresses below
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16 MPa is straightforward in terms of the model. The
ends of the dislocations are strongly pinned by the
intensive cross-linking so that it takes a very high stress
to move them. It is expected that the stress to produce
internal friction would decrease if the dose is decreased
especially below the point for complete gelation.

Conclusions

1. Internal friction in PE at 77 K occurs in the
crystalline region.

2. Two modes of internal friction were observed: one
that was initiated at about 0.8 MPa and the other at
about 1.8 MPa. The exact values depends on strain rate
and temperature.

3. The internal friction is produced by the slip on the
(100) [001] and (010) [001] systems by screw dislocations
that extend to the boundaries of the lamellar crystals.

4. The screw dislocations are pinned at their ends by
the surrounding amorphous region.

5. The energy loss is produced by the unpinning
process as assisted by thermal activation.

6. Internal friction is completely eliminated by 80
Mrad of y irradiation for stresses below 16 MPa.
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