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Molecular deformation processes in gel-spun
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The structure/property relationships in the PE fibres have been interpreted quantitatively using
a microfibrillar model and the low-strain mechanical properties have been analysed using the
Takayanagi models. Information obtained from Raman spectroscopy in the previous paper has
been analysed to determine the molecular deformation behaviour of the gel-spun polyethylene
(PE) fibres. It is demonstrated that there is a bimodal distribution of stress in the crystalline regions
due to the two-phase microstructure of the fibres and it has been shown that the molecular
deformation behaviour can be interpreted quantitatively using a parallel-series model. It is found
that the Young’s modulus of the crystalline regions increases with the degree of chain extension
and for the highest-modulus fibres may be close to the theoretical modulus of polyethylene. The
fibre modulus is reduced by the presence of low-modulus non-crystalline material in parallel with

the crystals.

1. Introduction

Several models have been devised to explain the rela-
tionship between the microstructure and mechanical
properties of the highly-oriented linear polyethylene
(PE) and two very different approaches have generally
been used. One approach is the composite model
proposed by Barham and Arridge [1, 2] who con-
sidered the oriented polymer to consist of a reinforcing
needle-like crystal phase embedded in partially-
oriented amorphous phase. In this case, the increase in
modulus on drawing is postulated as being due to the
increase in the aspect ratio of the fibrils and conse-
quently their increased efficiency as reinforcing ele-
ments. A completely different model proposed by
Peterlin [3, 4] and Gibson et al. [5, 6] assumes that
the reinforcement comes from taut-tie molecules and
inter-crystalline bridges, respectively. They have
shown that the increase in modulus with increasing
draw ratio could arise primarily from an increase in
the proportion of the taut-tie molecules or inter-cry-
stalline bridges rather than from the changing aspect
ratio of needle-like crystals {7].

The complete interpretation of mechanical behavi-
our also requires quantitative models which are
capable of relating the mechanical properties to the
microstructure of the semicrystalline polymer. There
are two distinct types of quantitative models, namely,
the aggregate model [7] and the Takayanagi model
[8], which have been used to explain the low-strain
mechanical behaviour of oriented polymers. However,
only the Takayanagi model recognizes the two-phase
nature of the semicrystalline polymers and the mech-
anical behaviour is explained in terms of two separate
components representing crystalline and amorphous
fractions. This has been used successfully by Gibson
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etal. [5, 6] for the interpretation of the dynamic
mechanical properties of the high-modulus PE fibres.

In this study, an attempt has been made to correlate
the low-strain mechanical properties of the set of well-
characterized high-modulus gel-spun polyethylene
fibres described in the previous publication [9] with
their microstructure and the results from simultan-
eous Raman spectroscopy and deformation studies.
This enables the molecular behaviour of the gel-spun
PE fibres during deformation to be modelled through
a combination of the knowledge of the morphology of
the fibres with a quantitative analysis of their low-
strain mechanical properties. The experimental results
are all taken from the previous paper [9] and the same
nomenclature, A-1, will be used for the nine fibres
studied. All the fibres were gel-spun with the exception
of Fibre B which is a melt-spun Snia fibre.

2. Morphological basis of the model

It was shown in the previous publication [9] that by
employing a combination of field-emission scanning
electron microscopy (FE-SEM) and examination of
the replicas of etched surfaces of the monofilaments
using transmission electron microscopy (TEM), the
morphology of the gel-spun PE fibres is found to be
highly crystalline and fibrillar in nature. The fibrils
were found to be about 30 nm diameter and of the

»order of 2-3 pm long [9] and the proposed structural

model will therefore be based primarily on the micro-
fibrillar model [3, 4].

Fig. 1 shows a schematic diagram of the proposed
structural model that will be employed to explain the
observed structure/property relationship of the gel-
spun PE fibres [9]. For convenience, the polymer
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Figure 1 Schematic diagram of the proposed structural model for
the gel-spun PE fibres (not to scale).

backbone chains are represented by lines and the
crystalline phase is effectively continuous in the direc-
tion of the c-axis. Within the microfibrils, there are
randomly-distributed non-crystalline layers between
consecutive, almost fully-oriented crystalline blocks.
Although little is known at present about the way in
which the linking molecules are arranged in the non-
crystalline interface, it is assumed that a fraction of
these molecules could be highly chain-extended as for
the taut-tie molecules or inter-crystalline bridges pro-
posed by Peterlin [3, 4] and Gibson et al. [5, 6],
respectively.

At the molecular level, the Raman spectroscopic
data show that there is a bimodal stress distribution in
the crystalline phase upon deformation [9]. This phe-
nomenon has been confirmed by Moonen et al. [10]
and Grubb and Li [11] in their Raman spectroscopic
work at low temperature. According to these two
reports, there are two differently-stressed types of
molecular chains within the crystalline phase and this
has also been confirmed by wide-angle X-ray diffrac-
tion (WAXDj) [10]. In our previous study [97, it was
found that at around 2% strain, about 40% of the
total crystalline material in the structure was in the
form of high-load-bearing chains at room temper-
ature. Therefore, the inhomogeneous stress distribu-
tion could not be solely due to the presence of a frac-
tion of taut-tie molecules or inter-crystalline bridges in
the non-crystalline layers as they are thought to be the
minority in the whole highly crystalline fibre structure
(with the degree of crystallinity ¢.> 85% [9]).
Prevorsek has suggested [12] that the bimodal stress
distribution during the straining the fibre could be
explained as being due to the stress being concen-
trated on the high-load-bearing chains in the crystal-
line blocks by the adjacent non-crystalline layer
between the two microfibrils as illustrated in Fig. 1.
This results in two different populations of stressed
molecular chains within the same crystalline phase of

the microstructure and this concept is the basis of our
present analysis.

3. The Takayanagi model

The Takayanagi model [8] is the simplest way of
relating the low-strain mechanical properties of the
fibres to the topology of the phases. There are two
possible versions of the general model, i.e. parallel-
series and series-parallel models and, depending upon
the assumptions made about stress transfer between
the components, these give different expressions relat-
ing the tensile modulus, E, to the microstructure.

3.1. Parallel-series model
In this model, the high-load-bearing crystalline com-
ponent, C;, which is induced by the low-modulus
defect region of the adjacent microfibril (Fig. 1), is
arranged in parallel with the low-load-bearing region
which consists of a non-crystalline component A and
the low-load-bearing crystaliine component, C,
{Fig. 2). Tt should be noted that the subscripts 1 and
2 represents the high-load- and low-load-bearing crys-
tal regions, respectively. The non-crystalline compon-
ent, A, is arranged in series with the second crystalline
component, C,, by assuming there is perfect stress
transmission between the two components. However,
it is also assumed that there is no stress transmission
between the high-load- and low-load-bearing regions.
In reality, stress transmission will take place by shear
displacement between the components. Unfortunate-
ly, this is a fundamental limitation of the Takayanagi
model which is unable to take this factor into account.
Previous Raman spectroscopic deformation studies
on other high-performance fibres such as aramids [13]
have shown that the rate of shift of the Raman peak
(dAv/de) 1s directly proportional to the tensile
modulus, E, ie.

dAv

- < E (1)

= kE

where k 1s a constant. The values of effective modulus
for low-load- and high-load-bearing regions can,
therefore, be determined from the rates of shift of both
narrow and broad Raman peaks respectively meas-
ured in the previous study [9]. '

The quantitative modelling will be carried out using
the following assumptions.

1. The volume fractions of the high-load- and low-
load-bearing regions are assumed to be proportional
to the relative areas, A, of the broad and narrow
Raiman peaks (fitted to Gaussian curves) [9] ie. 4,
and A4,, respectively.

2. Ttis also assumed that there is no Raman scatter-
ing from the non-crystalline region.

3. If ¥; and ¥V, are the volume fractions of the
crystalline components C, and C,, respectively, then
together with Assumptions 1 and 2, the relative areas
of the two Raman peaks will be equal to the relative
volume fractions of each crystalline component.
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Figure 2 Schematic diagram of the parallel-series Takayanagi
model used for gel-spun PE fibres.

Therefore
vV
A1 = A S
Vi+V,
vV,
A, = —=— 2
2 Vi+ 7, @

4. Applying tensile stress parallel to the fibre axis
will, in general, cause both stretching of the crystallites
and a rotation towards the fibres axis due to shear
deformation as for aramids [13]. The total strain in
the fibre upon straining is usually contributed to by
both effects. However, the polyethylene fibres used in
this present study all have similar high levels of ori-
entation [9] and so it is assumed that the molecular
deformation is dominated by the stretching of the
crystallites rather than rotation. Consequently, the
change in frequency of the 1128 ecm ™" C—-C symmetric
stretching Raman band is a direct measure of the
molecular response to straining.

If the volume fraction of the non-crystalline com-
ponent is ¥,, then the fractional degree of crystallinity,
¢, determined from differential scanning calorimetry
(DSC) [9] is related to the volume fractions of each
component by

Vi+V,

e = Vi+ Va+ Vs

€)
The volume fraction of the high-load-bearing region is
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therefore

L S 4)
Vit Vot Vs 0
and for the low-load-bearing region is
Vy+ Va
—=— = 1 - A,¢, 5
T T 5

Because the high-load-bearing region is in parallel
with the low-load-bearing region, the resultant tensile
modulus is determined by combining Equations 1,
4 and 5 as

1 dAv dAv
E = Eli(Ald)c)< de )1 + (1 - A1¢c)< de >2]
(6)

where k is the constant in Equation 1 and (dAv/de),
and (dAv/de), are the rates of shift of the high-load-
and low-load-bearing Raman peaks, respectively
(Table III in [9]). In Fig. 3, the bracketed term on the
right-hand side of Equation 6 is plotted against
the experimental modulus, E (corrected for guage
length [9]), and it can be seen that the data fall near a
straight line with a slope k = 0.027 {cm GPa)™*' or
(1/ky = 37 cm GPa. The crystalline components (i.e.
C; and C,) in both the high-load- and low-load-
bearing regions are assumed to have the same micro-
structure and they should have the same value of
modulus, E.. Therefore, the modulus of the high-load-
bearing region, E;, can be determined simply through
Equation 1 as

El = Ec

1 (dAv
= (= 7
k( de >1 ™
From Equation7, the theoretical rate of shift
(dAv/de) e, for the 1128 cm™! Raman band is found
to be about 8 cm ~1/% based on the theoretical crystal
modulus for PE of 300 GPa [14]. It is interesting to

note that this value is the same order as the value of
14cm™1/% calculated theoretically by Wool and
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Figure 3 The value of the composite rate of shift of the Raman
peaks plotted against the experimentally determined modulus of the
fibres (corrected for gauge length) for the parallel-series model.



Bretzlaff [15] based on the anharmonic (Morse)
potential energy function for the C-C stretching mode
in the PE crystal unit.

In the low-load-bearing region, the non-crystalline
component, A, is arranged in series with the crystalline
component, C,, and the effective modulus of the low-
load-bearing region, E,, is given by

11 Va +i< £ >
E;  Ex\Va+ Vi) EN\V,+Va

1 A, b 1 A0,
= — {1 - _L 4+ — _2(1)___ (8)
EA - Alq)c Ec 1 - A1¢c
where E, is the modulus of non-crystalline material in
the low-load-bearing region. Therefore

Al(bc 1 1 Az(bc -
Ea= (1 - I—Axd%) [’E - ET(l - Alcbc)}
o)

Because C, is assumed to have the same Young's, E.,
modulus as C,, then

1 /dAv
E, = "z;<$>z (10)

and so E, can be determined from Equation 9. Fig. 4
shows the dependence of the calculated moduli of
both crystalline and non-crystalline components, i.e.
E. and E,, respectively, upon the experimental fibre
modulus. It appears that the highest modulus PE fibre
has the value of E; of ~ 250 GPa which is approach-
ing the theoretical modulus of PE [14]. Interestingly,
E, also increases with the fibre modulus indicating the
presence of an increasing number of the taut-tie mol-
ecules or inter-crystalline bridges in the non-crystal-
line phase. Apparently E. increases at a higher rate
than E, and it appears that even if E, achieves the
theoretical value of 300 GPa, the highest possible ex-
perimental modulus that the gel-spun PE fibres can be
obtained is ~ 200 GPa using the current technology
because of the presence of a lower modulus non-
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Figure 4 The dependence of the calculated values of (M) crystalline
and (1) non-crystalline moduli upon the experimental modulus of
the fibres for the paraliel-series model. (----) The calculated
modulus = fibre modulus.

crystalline phase. This relationship between the mech-
anical properties and the molecular behaviour (from
the shift in the frequency of the C-C symmetric
stretching mode) shows that the tensile deformation
takes place mainly by chain stretching. This is quite
different from aramid fibres in which both chain
stretching and crystal rotation are thought to be in-
volved during the tensile deformation [13].

Another point to note concerns the melt-spun poly-
ethylene fibre, B. It can be seen from Figs 3 and 4 that
the data points for this fibre fall on the same line as for
the gel-spun fibres, although it has the lowest values of
calculated crystal and amorphous modulus. This indi-
cates that as far as the current analysis is concerned,
Fibre B behaves in a similar way to the other fibres
but with significantly inferior mechanical properties.

3.2. Series-parallel model

It is also important to consider if the behaviour of the
fibres could also be analysed using the series-parallel
Takayanagi model. The arrangement of this model is
illustrated in Fig. 5 with the high-load-bearing crystal-
line component, C,, in series with the low-load-bear-
ing region. The low-load-bearing region consists of
the crystalline, C,, and the non-crystalline, A, compo-
nents arranged in parallel. Based on the same nomen-
clature used in parallel-series model, the fibre tensile
modulus, E, is then related to (dAv/de), and (dAv/de),
through

E— %{[(Ald»c) / (%)] + {(l - A14’°’/ (%AZV‘”}

(11)

Cy

c, | A

Figure 5 The schematic diagram of the series-parallel Takayanagi
model used for the gel-spun PE fibres.
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Likewise, a reasonable straight line can be obtained
when the bracketed term on the right-hand side of
Equation 11 is plotted against the fibre modulus [9] as
shown in Fig. 6. The slope of the line gives a slope of
(1/k) = 43 cm GPa but the agreement is not as good
as for the parallel-series model (Fig. 3). It follows that

E, = E,
1 /dAv
= E(@)l (12)
and the theoretical value of rate of shift

(dAv/de)ye = Tem /% which is lower than the
value of (dAv/de)y., for the parallei-series model.
Again, the calculated crystalline modulus, E,, shows
a similar relation with the experimental modulus
(Fig. 7) as the one obtained by a parallel-series model.
For the series-parallel model, the effective modulus of
the low-load-bearing region is given by

Va V,
E, = Eff A )y B ("2
2 A<V2 n VA> + (V2 +'VA>

EA<1 _Az—d)“> + EC<£¢°_) (13)

Il

1 - Ald)c 1 - Ald)c
As a result
_ Az, Ard. 7!
Ea = [EZ - Ec<1 - A1¢c>}<1 1- A1¢c>
(14)
with
1 /dAv
= —|— 1
E = L ( & ) (15)

In this case, all the calculated E4 values are negative as
shown in Fig. 8, which demonstrates very clearly that
the series-parallel model is not valid for the fibres used
in our present study [9]. Clearly, the requirement in
the series-parallel model that there is no stress trans-
mission between the crystalline, C,, and non-crystal-
line, A, components in the low-load-bearing region is
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Figure 6 The value of the composite rate of shift of the Raman
peaks plotted against the experimental modulus of the fibres for the
series-parallel model.
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not appropriate nor is the model consistent with the
microstructure shown in Fig. 1.

4. High-strain deformation, stress
relaxation and creep

Upon straining the fibre, the high-load-bearing re-
gion, C4, is subjected to a high concentration of stress
on the molecular chains in the crystalline block adja-
cent to the non-crystalline layer between the two
microfibrils (Fig. 1). Upon further straining, this will
result in shear displacement between the microfibrils
and consequently an increase in the size of the
high-load-bearing region, C;, as shown in Fig. 9. This
is consistent with the finding that the area of the broad
high-load-bearing band was found to increase with
increasing strain [9]. This concept could also be used
to explain the linear relationship between the max-
imum relative area of the broad Raman peak (high-
load-bearing peak) and the corrected strength (Fig. 10)
found carlier for the gel-spun fibres [16]. The area of
the broad Raman peak is a measure of the number of
high-load-bearing chains and it could be assumed to

300.0 o=

250.01

aT

200.01

>

150.0+ |

LI0)]

100.0

g

50.01

Calculated crystalline modulus (GPa)
am
| §

0.0 T T .
0.0 50.0 100.0 150.0

Corrected experimental modulus (GPa)

200.0

Figure 7 The dependence of the calculated crystalline modulus, £,
upon the experimental modulus of the fibres for the series-parallel
model.
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Figure 8 The dependence of the non-crystalline, amorphous
modulus, E,, upon the experimental modulus of the fibres for the
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Figure 9 Schematic diagram showing the relative shear displace-
ment of the microfibrils and an increase of the area C; of the
high-load bearing chains upon straining (not to scale).
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Figure 10 The variation of the maximum relative area of the high-
load-bearing Raman peak with fibre strength (corrected for gauge
length effects) [9, 16].

be indicative of the volume fraction of region, C,.

However, the maximum in area C; was generally

attained at a level of strain close to the fibre fracture
strain [9]. This shows that at the point of failure the
high-load-bearing regions are controlling the fracture
strength of the fibres (Fig. 9).

During stress relaxation under constant strain, the
wave number of both the low-load- and high-load-
bearing peaks were found to shift towards higher wave
number [9] indicating the crystalline blocks are be-
coming subjected to compression. This is probably

because on the application of constant displacement,
processes such as molecular slippage and molecular
disentanglement take place within the non-crystalline
regions (Fig. 9). This could result in the non-crystalline
region being subjected to higher rate of stress relax-
ation than the crystalline region which consequently
appears to be subjected to a local compressive stress
after a period of time. During the creep experiment,
a similar positive shift of the Raman bands was ob-
served but it is not as significant as in stress relaxation
[9]. Apparently not all the molecular chains within
the crystalline region couple efficiently to the applied
stress and therefore molecular stress relaxation within
the crystalline regions is still possible even though the
fibre is under constant applied stress.

5. Conclusions

From the above analysis of structure/property
relationships in gel-spun PE fibres [9], it appears that
the differences in the mechanical properties of the
fibres is due to the difference in properties of indi-
vidual components in the microstructure. It is, there-
fore, possible to explain the molecular deformation
behaviour observed by Raman microscopy in the
high-performance gel-spun PE monofilaments in
terms of the microfibrillar model. The low-strain
mechanical properties of the fibres can be analysed by
the Takayanagi model which can be used to calculate
the moduli of both the crystalline and non-crystalline
phases in the microstructure. However, sensible re-
sults could only be obtained from the parallei-series
model which appears to be consistent with the struc-
tural model used. Based on this model, it has been
shown that both values of crystalline, E., and non-
crystalline, E,, modulus increase with increasing
values of experimental modulus of the fibres. Appar-
ently the increase of E. is due to the increasingly
higher degree of chain extension in the crystalline
phase; while the increase of E, could be due to the
increase of volume fraction of the taut-tie molecules or
inter-crystalline bridges. Clearly both factors will be
significant in controlling the high-performance mech-
anical properties of the gel-spun PE fibres.
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