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Abstract

Polymers have a wide diversity of applications, ranging from therapeutics delivery to tissue engi-
neering. While advances in polymer chemistry have facilitated synthesis and development of new
polymers, increasing efforts have also been directed to engineer properties of existing polymers.
One of the common approaches to modify polymer properties is cold drawing, which can align po-
lymer chains and orient the chains in a crystalline manner. Regarding the industrial significance of
cold drawing in polymer engineering, this study used semi-crystalline high density polyethylene
(HDPE) as a model to examine the effect of cold drawing on the anisotropic mechanical properties
of polymers. During cold drawing, the yield strength of the polymer was shown to be in a positive
relationship with the strain rate, and the hardness of the cold-drawn region was demonstrated to
be significantly enhanced. Our results confirmed the feasibility of engineering the properties of
polymers by applying tension for plastic deformation, and highlighted the importance of precise
control of the strain rate in the treatment.
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1. Introduction

Polymers have been imparted with a wide diversity of applications, ranging from therapeutics delivery [1]-[3] to
tissue engineering [4], from water vapor barrier packaging [5] to development of sensors [6] [7]. While ad-
vances in polymer chemistry have facilitated synthesis of new polymers [8]-[11], increasing efforts have also
been paid to engineer the properties of existing polymers for better function and performance. Among different
approaches, cold drawing is one of the most extensively studied operations [12]-[18]. As it can align polymer
chains and orient the chains in a crystalline manner, cold drawing can directly improve the properties of existing
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polymers, while reducing the labor cost and time taken for new polymer development. Cold drawing, therefore,
has major industrial significance in synthetic fiber production. Regarding the practical potential of cold drawing,
this study used the semi-crystalline high density polyethylene (HDPE) as a model to examine the effect of cold
drawing on the anisotropic mechanical properties of the polymer. It is the objective of this study to shed more
light on polymer engineering via cold drawing.

2. Materials and Methods

2.1. Fabrication of HDPE Tensile Bars

HDPE tensile bars with Type | dimensions as specified in ASTM D 638 were cast via injection molding. 185°C
was taken as the temperature used in the melting zone during injection molding (BOY 22S, Dipronic).

2.2. Tensile Tests

Tensile tests were performed according to earlier studies [19] [20], with the setup being shown in Figure 1. In
brief, the Instron tensile testing machine was used in the range of 0 - 2 kN. The maximum load and the drawing
force were examined over a range of cross head speeds (5, 50, 80, 100, 200 and 500 mm/min). The load-exten-
sion curve was obtained for each of the cross head speeds adopted. Changes in temperature were examined by
slightly touching the drawing tip during the process of cold drawing. The cross-sectional area before and after
the cold drawing process was recorded by using a caliper.

2.3. Hardness Measurement

The hardness values of the undrawn specimens, as well as those of the necking regions, were examined by using
a durometer at ambient conditions according to the ASTM D2240 method as reported in an earlier study [21].
2.4. Statistical Analysis

Quantitative data were obtained in triplicate. They were reported as means + standard deviations, where indi-
cated. Student’s t-test was performed to assess the statistical significance. Differences with p-value < 0.05 were
considered to be statistically significant.
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Figure 1. (a) Dimensions of the HDPE tensile bar. (b) Experimental setup for
tensile tests and cold drawing of the specimens.
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3. Results and Discussion
3.1. Changes in Cross-Sectional Area and Temperature

In this study, six cross head speeds (5, 50, 80, 100, 200 and 500 mm/min) were examined. The HDPE specimens
cold-drawn at different cross head speeds were shown in Figure 2. During cold drawing, necking of the polymer
was observed. While the applied force remained almost constant during polymer stretching, the cross-section of
the necking region became less than that of the remaining undrawn portion of the polymer. This was confirmed
by Figure 3, in which the cross-sectional area of the cold-drawn specimen decreased significantly. During the
analysis above, the specimen cold-drawn at 5 mm/min was not taken into account. This was because at that
cross head speed, failure of the specimen could not be reached even at the limit of stretching applicable by the
tensile testing machine, leading to failure of determination of the final cross-sectional area in that case.

Figure 2. HDPE tensile bars cold-drawn at different cross head speeds. From the

left to right, the cross head speeds used were 5, 50, 80, 100, 200 and 500 mm/
min, respectively.
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Figure 3. Changes in cross-sectional areas of the tensile bars after cold drawing.
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During cold drawing, we found that at the cross head speed of 500 mm/min, the temperature at the necking
region increased. The generation of heat was hypothesized to be due to the inherent energy loss during plastic
deformation. When the necking region was touched by fingers, there was an increase in the load experienced by
the specimen. Such an increase in load disappeared once the fingers were removed, and the load experienced by
the specimen returned to the original level (Figure 4(a)). Similar observations were found at the cross head
speeds of 50, 80, 100 and 200 mm/min. Contrary to the situation above, at the cross head speed of 5 mm/min,
the strain rate was low, and the temperature at the necking region decreased. This was proposed to be due to the
dissipation of energy under the extremely low strain rate. Moreover, the load experienced by the specimen re-
duced when the necking region was touched by fingers, though such a decrease disappeared when the fingers
were removed (Figure 4(a)).

3.2. Effects of Strain Rates on the Yield Strength

Based on the extension-load curves in Figure 4(a), the stress and strain experienced by the specimens during
cold drawing were determined. The engineering stress (o) and engineering strain (&) were obtained by equations
(1) and (2), where F is the magnitude of the applied force, A is the cross-sectional area of the specimen, |, is the
initial length of the specimen, and Al is the change in the specimen length:

o= &)
o= @)

ly

Based on the engineering stress and engineering strain, the true stress (o7) and true strain (er) were obtained
by equations (3) and (4). The true stress-true strain curves were plotted in Figure 4(b), in which the yield
strength tended to increase as the cross head speed increased. This suggested that the yield strength was posi-
tively related to the strain rate.

oy =5 (1+e) @A)
& =In(l+¢) 4)

Semi-crystalline polymers, as well as amorphous polymers, generally have the yield behavior described by
the Eyring’s viscosity theory [22]. Previous experiments demonstrated that under specific testing conditions, the
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Figure 4. (a) The extension-load curves and (b) true stress-true strain curves of HDPE cold-drawn at different cross head

speeds.
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ratio of yield stress and absolute temperature is in a linear relationship with the natural logarithm of the strain
rate [23] [24]. Based on this relationship, the activation volume (V) of the polymer can be determined by Equa-
tion (5), where C is a constant, T is the absolute temperature, ¢, is activation energy, ¢ is the cross head speed,
o is the yield stress, and K is the Boltzmann’s constant:

z:%[.n(cgﬁﬁ} (5)
T V, KT
By rearranging the equation, we have:
a=2KT[In§]+2KT[InC+i} (6)
0 V, KT

The plot of the yield stress against the natural logarithm of the cross head speed was presented in Figure 5.
According to Equation (6), the slope of the plot is equal to 2KT/V,, from which V, was approximated to be 4.98 x
10% m®. As this activation volume is much larger than a single repeating unit, this suggests that the yield in
HDPE may involve the cooperative motion of multiple repeating units.

3.3. Changes in Anisotropic Mechanical Properties

As HDPE was originally crystallized from solution in the absence of external forces during injection molding,
there was no preferred orientation along which the polymer chains lie. During cold drawing, the semi-crystalline
HDPE specimen underwent large-strain plastic deformation in tension. Molecular alignment of the polymer
chains, therefore, occurred in the principle direction of extension parallel to the axis of the polymer. Cold draw-
ing after the yield point was expected to lead to a strain hardening process. Otherwise, the material would break
without drawing at the reduced cross-section where necking occurred. The occurrence of strain hardening, fol-
lowed by an increase in anisotropy, was due to the reason that during cold drawing, the originally soft intermo-
lecular interactions, which were manifested by the isotropic elastic properties of HDPE, were replaced by stiffer
intra-molecular interactions experienced by the backbone of HDPE. The strain hardening of HDPE after cold
drawing was confirmed in Figure 6, in which the hardness of the necking region was significantly higher (p <
0.05) than that of the undrawn part. This indicated that the higher the strain provided to the polymer during cold
drawing, the higher the level of anisotropy finally obtained.
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Figure 5. The plot of yield stress against the natural logarithm of the cross head speed.
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Figure 6. The durometer hardness of the undrawn and necking regions of the

HDPE specimens cold-drawn at different cross head speeds (tp < 0.01; *p <
0.05 compared to the undrawn region).

4. Conclusion

Polymers are one of the materials that have attracted attention due to their easy processing, biological perfor-
mance and easy maintenance. In this study, we showed that the anisotropic mechanical properties of the semi-
crystalline polymer could be increased by the treatment of cold drawing, and the yield strength of the polymer
was shown to be in a positive relationship with the strain rate. This study confirmed the feasibility of modifying
polymer properties by applying tension for plastic deformation, and highlighted the importance of precise con-
trol of the strain rate during the procedure.
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