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Abstract The dynamic mechanical behaviour of a series

of cyclic olefin copolymers (COCs) with varying nor-

bornene content has been examined in the vicinity of the

glass transition temperature, Tg. Using dynamic mechanical

thermal analysis (DMTA), the temperature of the glass

transition in COC increased linearly with increase in %

norbornene. Above Tg, the magnitude of the elastic storage

modulus, E0, decreased exponentially with rise in temper-

ature for all of the copolymers. The loss modulus, E00, has

also sharply decreased at temperatures above the transition

with a levelling-off in E00 at C20 �C above Tg for all

grades. The results of DMTA have been used in the iden-

tification of the optimum conditions for hot embossing

experiments. Hot embossing of COC at C20 �C above the

transition temperature in a region of viscous liquid flow has

resulted in a full replication of channel depth without

cracking or distortion.

Introduction

There has been growing interest in the use of cyclic olefin

copolymer (COC) in microfluidic devices. COC has

exhibited a unique combination of properties including an

excellent UV transparency, a strong resistance to a wide

range of chemicals and solvents and negligible moisture

absorption. Another attribute of COC has been the ability

to tailor its thermal and mechanical properties by variation

in the ratio of cyclic monomer (typically norbornene) to

olefin (ethylene) [1]. In copolymers with B40% norborn-

ene, the chemical structure of COC has been identified by

nuclear magnetic resonance as comprising alternate

sequences of norbornene and ethylene molecular units

within the backbone of the main polymer chain [2]. Higher

norbornene contents have acted to stiffen the main chain

with the substitution of ethylene units by the bulky ring

structure. As a consequence, an increase in norbornene

content in COC has correlated with a linear rise in glass

transition temperature, Tg [3], an increase in microhardness

[4] and tensile strength [4] and a decrease in ductility [5].

The linear dependence of Tg on composition was shown by

Forsyth et al. [6] as sensitive to the type of microstructure

in the copolymer at high norbornene content.

COC has recently been used in the replication of

microfluidic devices by the processes of hot embossing [7,

8] and injection moulding [9, 10]. In these studies, a

number of different compositions of copolymer have been

applied in the fabrication of channel structures. However,

little systematic data exist on the effect of comonomer

content in the replication of micropatterns in COC. This

paper has examined both the dynamic mechanical behaviour

and the hot embossing properties of a series of standard

grades of COC. The norbornene/ethylene composi-

tions of the copolymers were selected as providing a wide

range of Tg. All grades have been synthesised using a

common metallocene catalyst. Measurements of thermal

deformation properties of the copolymers have been com-

bined with the analysis of hot embossing characteristics.

The temperature range in the vicinity of the glass transition

has been selected in these experiments as widely used in

the replication of microstructures during hot embossing

[11]. The results of experiments on the optimisation of
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embossing parameters have been applied in the fabrication

of microfluidic channels.

Experimental details

The six commercial grades of Topas COC used in these

experiments have been listed in Table 1. The copolymers

contained a range of norbornene contents (61–82 wt%) as

supplied by Polyplastics, Singapore. The level of incor-

poration of norbornene in COC has been previously

reported by Forsyth et al. as directly dependent on the ratio

of norbornene/ethylene in the copolymer [6]. The six

grades have been designated as C-61 to C-82 in order to

correspond to the wt% norbornene. Dynamic mechanical

thermal analysis (DMTA) was performed on samples using

a PerkinElmer PYRISTM system in dual cantilever bending

mode. During DMTA, a plate specimen with dimensions of

10 9 100 9 1 mm3 was heated at a rate of 2.0 �C min-1

while applying a sinusoidally varying strain. The elastic

storage modulus, E0, loss modulus, E00, and loss factor,

tan d, were simultaneously determined at frequencies of

0.1, 0.5, 1.0, 5 and 20 Hz. In addition, a series of experi-

ments on the hot embossing of the copolymers were per-

formed using a hydraulic press with platens of brass and a

nickel shim as a die. The pattern of the channels was

fabricated in dry film resist (Shipley 5038) in a collimated

UV system at 16.5 W/cm2 (k = 350–450 nm). The master

pattern in resist was replicated as a Ni shim (hardness of

*265 HV) using an initial sputter deposition of 100 nm

followed by electroplating in a nickel suphamate bath to a

thickness of 150 nm. Hot embossing of the channel pattern

was performed at a temperature of 80–180 �C and a force

of 25 kN.

Results and discussion

Dynamic mechanical thermal analysis

Figure 1(a–c) shows plots of E0, E00 and tan d versus tem-

perature in the range 20–200 �C. Each curve in Fig. 1(a)

has exhibited a rapid decrease in E0 above a critical tem-

perature. A single a relaxation of this type has previously

been attributed to the glass transition in COC [4, 6]. Tg was

also evident as maxima in E00 and tan d in Fig. 1(b) and (c),

respectively. The temperature corresponding to the maxi-

mum in tan d in Fig. 1(c) increased directly with % nor-

bornene, although the intensity of the maximum remained

constant at tan d *1.4 in all grades. To determine the

activation energy for the relaxation process, the frequency

dependence (0.1–20 Hz) of the peak in tan d was measured

in the grades of COC. The semi-logarithmic plot of fre-

quency versus inverse of temperature has given the

apparent activation energy for these copolymers of

DH = 650 kJ mol-1. This figure was consistent with the

earlier value of DH = [400 kJ mol-1 for the a transition

in COC which was reported by Forsyth et al. [3, 4].

Figure 2 shows the temperature of the a relaxation plotted

as a function of % norbornene. In this plot, the primary a
relaxation was measured by the peak temperature in each

Table 1 Designation of samples in relation to grades of Topas COC

Sample C-61 C-65 C-75 C-76 C-79 C-82

Norbornene wt% 61 65 75 76 79 82

COC Grade 9506F-04 8007S-04 5013L-10 6013 9 12 6015S-04 6017S-04
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Fig. 1 a E0, b tan d and c E00 versus temperature obtained from

DMTA. The tests on the six grades of COC were performed at 1 Hz
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of the plots of tan d and E00 and by the end-point in plots of

E0. A linear dependence of Tg on % norbornene has been

previously reported by Shin et al. [2], Forsyth et al. [3],

and Huang et al. [12] each using a series of COC which

was synthesized with a single catalyst. Also shown in

Fig. 2 is an inset showing the molecular structure of COC.

The cyclic structure has been identified as containing

repeat units of both the olefin monomer (with fraction of n)

and ethylene (1 - n fraction). The side branches were

designated as R1, R2 and R3 and comprised of –CnH2n?1

[13].

Oh and Inoue have concluded that the main chain in

COC became less flexible with increasing norbornene

content due to steric hindrance between the bulky structural

units of cyclic olefin [13]. Hence, the trend of increase in

Tg with norbornene content (Fig. 2) has been attributed to

the increased resistance to relative sliding movement

between the main chains with a greater density of cyclic

monomer units [6]. At room temperature, the value of the

elastic storage modulus, E0, was measured in the range

2.3–3.0 9 109 Pa within the six grades of COC. As a

general trend, the E0 modulus increased with norbornene

content at room temperature. Figure 1(a) also shows the

sharp decrease in E0 at Tg for each of the respective grades.

At 40 �C above the transition, E0 had decreased to

0.2–1.6 9 106 Pa, a drop in elastic modulus of more than

three orders of magnitude from room temperature. The plot

of E0 versus temperature for each copolymer in Fig. 1(a)

has also shown a slight change in slope at the upper limit of

the transition. This variation in slope was a very weak

indication of a plateau region in E0 which has been indic-

ative of rubbery flow in amorphous polymers [11, 14].

Rubbery flow above Tg has been identified as the elastic

stretching of chain segments which were fixed within a

network of entanglements [11]. However, the continuous

and rapid decrease in E0 which was evident at temperatures

above Tg and the change in slope in Fig. 1(a) has indicated

that all of the grades of COC had transformed almost

directly from the glass transition region to a regime of

viscous liquid flow. This regime (viscous liquid flow) has

been previously characterised by an irreversible deforma-

tion of the polymer together with a storage modulus of

E0 * 105–106 Pa, the value of E0 depending on polymer

species and concentration [11, 14].

Figure 3(a) and (b) shows the variation in the storage

modulus, E0, and loss modulus, E00, in the range of tem-

perature immediately above Tg, respectively. The transition

temperature used in plotting of Fig. 3(a) and (b) was the

peak in tan d for each copolymer. The scale of temperature

used in Fig. 3(a) was standardised with respect to Tg for

each grade of COC. Figure 3(a) shows that the elastic

modulus, E0, decreased exponentially above Tg for each of

the grades of COC. A slight change in slope was evident in

each plot at 10–20 �C above Tg. The exception to this trend

was C-61 grade which exhibited a lower slope in E0 versus

temperature than other grades. At any given temperature

above Tg, the range in E0 between the grades of COC was

within a band in which the upper and lower limits varied by

approximately an order of magnitude. Over the range of

temperatures in Fig. 3(a), the modulus E0 was not directly

related to % norbornene. In the viscous liquid flow state,

the elastic constant was evidently independent of the

composition of the cyclic units present in of the polymer

backbone.
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Fig. 3 a E0 and b E00 plotted versus �C above the transition for each

grade of COC. The measurements were performed at 1 Hz
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Figure 3(b) shows the loss modulus, E00, plotted versus

temperature above Tg. The magnitude of E00 decreased

sharply with increase in temperature before saturating at

*20 �C above Tg. The same trend was evident for all grades

of COC as a function of temperature, with no direct corre-

lation between E00 and % norbornene at temperatures within

the saturation region. Evidently, the resistance to sliding of

entire chain segments at temperatures above the transition

was uninfluenced by the ratio of norbornene/ethylene in the

structure. The constant value of E00 with increasing tem-

perature at C20 �C above Tg indicates that the viscous

deformation proceeding through the sliding of chain seg-

ments was essentially independent of temperature in this

range.

The temperature range of 20–40 �C above the transition

has been widely used in the hot embossing of polymers

[11]. The results of DMTA in Figs. 1–3 have shown an

optimal range of temperature of C20 �C above the transi-

tion for embossing of all the grades of COC. In this range, a

negligibly small value of elastic modulus, E0 was combined

with a low and temperature invariant value of loss modu-

lus, E00. This combination of parameters has enabled the hot

embossing of COC essentially without residual elastic

deformation and with a low energy loss due to viscous

liquid flow.

Hot embossing experiments

Figures 4 and 5 show SEM images and profilometric traces

of 200 lm wide channels after embossing in the C-61 and

C-82 grades, respectively. The channels were embossed at

the lower, mid-point and upper temperature in the transition

range. At the lower temperature limit of the transition

(30 �C) for C-61 grade, Fig. 4(a) shows a broad region of

edge roughness along the channel together with some

evidence of delamination. The edge region was visible only

on the upper side of Fig. 4(a) because of a slight y-axis tilt

applied to the sample.

The corresponding profile has shown a convex distortion

at the base of the channel due to uneven recovery by elastic

deformation following the viscoelastic flow. At the mid-

temperature in the transition range (60 �C), Fig. 4(b) shows

a reduction in the width of the edge roughness region

combined with an increase in the embossed depth.

Delamination at the edge of the channel and distortion at

the base were also evident at this temperature. At the upper

limit of the transition temperature at 90 �C, Fig. 4(c) shows

a smooth sidewall with a narrow region of deformed edge.

The depth of embossing was significantly greater at this

temperature than below the transition, with formation of an

essentially flat base in the channel. A slight ridge was

present (see profile in Fig. 4c) due to displacement of

polymer on either side of the channel. A similar pattern of

deformation as a function of temperature through the

transition range was also evident in the other grades of

COC. However, in COC grades with higher norbornene

content (C-79 and C-82), the formation of multiple cracks

was evident along the length of the channel after emboss-

ing at temperatures below the transition. Cracks of this

type, as visible in Fig. 5(a), were absent during embossing

at higher temperatures above Tg (Fig. 5c). The formation of

fibrillated crazes has been previously identified during the
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Fig. 4 Scanning electron micrographs and profilometry traces of channels embossed in C-61 grade at a 30 �C, b 60 �C, and c 90 �C at 25 kN

force and 120 s duration
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deformation of COC with higher levels of % norbornene

(68–78 wt%) [4]. An increase in norbornene content has

been correlated with reduction in ductility of COC [4].

Figure 6(a) and (b) shows plots of the depth of

embossing in 200-lm wide channels as a function of

duration of loading and process temperature, respectively.

In Fig. 6(a), the curve for each grade has shown a steep rise

in depth with increase in embossing time until reaching an

approximately constant value at *60 s. The maximum

depth of 70 lm was equivalent to the height of the ridge in

the nickel shim. Figure 6(a) shows that, at embossing times

of B60 s, a wide variation in depth was evident between

the grades of COC. In general, the embossed depth

increased with a reduction in % norbornene. Based on

Fig. 6(a), an embossing time of 120 s was used as a stan-

dard procedure for the experiments.

Figure 6(b) shows that for each of the COC grades, the

embossed depth has increased sharply over a critical range

of temperature. At temperatures below the critical transi-

tion range, the depth of embossing was approximately

constant at 40–50 lm. At temperatures above the critical

range, the embossed depth increased to a plateau level of

*70 lm, which was equivalent to the ridge height in the

shim. Figure 6(b) shows that the transition temperature

increased with norbornene content of the copolymers. This

dependence of transition temperature on % norbornene was

equivalent in both hot embossing and DMTA experiments.

The lower limit of Tg was detected in hot embossing

experiments at a slightly lower temperature than in DMTA.

In comparison, the upper limit of the transition was similar

for both embossing experiments and DMTA. The observed

trend in transition temperature with % norbornene in

Fig. 6(b) has been attributed to an increased level of

interchain steric hindrance with increasing fraction, n, of

the olefin structural units. The bulky and stiff side-groups

in the olefin units act to resist the sliding motion of entire

chains which determines the onset of viscous liquid flow

[11].

All embossing experiments which were performed in

the vicinity of the transition range of temperature resulted

in the presence of a permanent deformation. However,
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Fig. 5 Scanning electron

micrographs and profilometry

traces of channels embossed in

C-82 grade at a 110 �C,

b 140 �C, and c 170 �C at

25 kN force and 120 s duration
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a temperature above the glass transition was required for

the full definition of the channel without a distortion of the

COC due to a residual elastic deformation. In the range of

temperature of 20 �C above Tg, both the elastic modulus,

E0, and the loss modulus, E00, had decreased to 1–10 9

106 Pa and E00 was approximately constant with tempera-

ture. In this region of viscous liquid flow above Tg, the

deformation during hot embossing was less sensitive to

variation in temperature than within the transition range.

Conclusions

The dynamic mechanical behaviour of a series of nor-

bornene/ethylene copolymers in the vicinity of the glass

transition temperature has shown a linear dependence of Tg

on % norbornene in COC. At temperatures above the

transition in each grade, the magnitude of the elastic stor-

age modulus, E0, has decreased exponentially with tem-

perature. At 40 �C above the transition, E0 had decreased to

a value in the range of 0.2–1.6 9 106 Pa, more than three

orders of magnitude below E0 at room temperature. The

loss modulus, E00, has also decreased sharply with tem-

perature before saturating at an approximately constant

level at temperatures of C20 �C above Tg. In this range of

temperature, the deformation of COC was characterised by

a very low elastic modulus and a low and temperature

independent value of loss modulus. The hot embossing of

microchannels in all grades of COC in a regime of viscous

liquid flow above Tg has produced smooth sidewalls, a flat

base and full depth. A similar dependence of transition

temperature on % norbornene was measured during both

hot embossing and DMTA experiments.
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