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Abstract The influence of draw ratios (DR) of gel-spun

ultrahigh molecular weight polyethylene (UHMWPE)

fibers on resultant morphologies, tensile, degrees of ori-

entation, and crystal phase transition properties were

investigated using wide-angle X-ray diffraction (WAXD),

differential scanning calorimetry (DSC), and scanning

electron microscopy (SEM). The anisotropic crystalline

structure with full concentric circular rings originally

shown on the WAXD patterns of the as-prepared and

drawn UHMWPE fibers gradually transform into oriented

fibers with azimuthal spots on the equator as their DR

values increase from 1 to 20, in which their orthorhombic

crystals, percentage crystallinity, crystalline orientation,

and the birefringence values increase significantly. As

evidenced by SEM and WAXD analysis, the chain-folded

molecules originally present in kebab crystals of the as-

prepared UHMWPE fiber specimens gradually transformed

into shish-like crystals with relatively high orientation as

their DR values increase from 1 to 20. In contrast, the

crystallinity and crystal orientation values of the drawn

UHMWPE specimens increase only slightly, as their DR

values increase from 20 to 40, wherein both crystallinity

values of orthorhombic and monoclinic crystals increase

slightly. In fact, barely any oriented kebab but only shish

crystals were observed on the surfaces of drawn UHMWPE

fiber specimens with DR values higher than 20. The bire-

fringence values increase only slightly with further

increasing DR values, while crystallinity and crystal ori-

entation values of the drawn UHMWPE fiber specimens

remained relatively unchanged as their DR values increase

from 40 to 150. In the meantime, the monoclinic crystals

gradually grow at the expense of the orthorhombic form

crystals as the DR values of drawn UHMWPE fiber spec-

imens increase from 40 to 150. Possible reasons accounting

for these interesting properties found for the drawn

UHMWPE fibers with varying draw ratios are proposed in

this study.

Introduction

The gel-spun ultrahigh molecular weight polyethylene

(UHMWPE) fiber has attracted great attention based on its

low density, solubility properties, and superior mechanical

properties with high Young’s modulus and tensile strength,

especially in the form of drawn films and fibers for many

potential industrial applications [1–5]. In general, crystal

phase transitions in UHMWPE fibers have been charac-

terized by using wide- and small-angle X-ray diffraction

(WAXD and SAXS) [4, 6–15], nuclear magnetic resonance

(NMR) [16–19], Fourier transform infrared spectroscopy

(FTIR) [20], differential scanning calorimetry (DSC) [13–

15, 21], and others [22, 23]. Under ambient condition, the

UHMWPE fiber exhibits three phases including crys-

talline, orientated-intermediate, and amorphous phase [7].
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Orthorhombic crystal phases accompanied with small

fractions of monoclinic crystalline phases are often found

in the crystalline phases of UHMWPE fiber specimens [4,

7, 9]. The molecular chains present in amorphous and

oriented-intermediate phases of UHMWPE fibers exhibit a

preferred direction parallel to the fiber axis but show no

lateral periodicity. The superior mechanical properties of

UHMWPE fibers are mainly attributed to their highly ori-

ented orthorhombic phases and intermediary oriented

chains [4]. The highest tenacity of commercial available

UHMWPE fibers reaches 45 g/den, which is about 10

times higher than those of steel fibers [24].

Multiple melting endotherms were observed on the DSC

thermograms of the UHMWPE drawn fiber specimens [14,

25–27]. The main endotherm peak at about 137 �C is

originated from the melting of the orthorhombic crystals

[28]. Surprisingly, some of the peak melting temperatures

are significantly higher than the equilibrium melting tem-

perature (ca. 142 �C) reported for polyethylene crystals. As

suggested by Ratner and coauthors [13, 29], the abnormally

high melting temperature is due to the melting of con-

strained orthorhombic crystals present in the UHMWPE

specimens. In contrast, a newly developed endotherm

observed at peak temperature around 153 �C on the right

shoulder of the main melting endotherm is attributed to the

transition of the constrained orthorhombic crystals into the

hexagonal or pseudohexagonal crystal phases. The

obtained hexagonal crystals are then melted at even higher

temperatures, and hence, result in another melting endo-

therm with a peak temperature at around 159 �C [21, 28].

Most of the investigations [14, 25–29] regarding the

multiple melting and crystal phase transition properties of

the UHMWPE specimens are based on the studies of the

commercially available UHMWPE fibers or films. However,

the dependence of draw ratios on the morphology and tensile

properties of the UHMWPE fibers, the influence of draw

ratios of UHPWPE fibers on their thermal and crystal phase

transition properties have rarely been reported. In this study,

varying draw ratios of UHMWPE fiber specimens were

prepared using one- and two-stage drawn processes. The

multiple melting, crystal phase transition, orientation, and

morphology of the as-prepared and drawn UHMWPE fiber

specimens with varying draw ratios were studied. Possible

reasons accounting for the improved tensile properties of the

ultradrawn UHMWPE fiber specimens are proposed.

Experimental

Materials and sample preparation

The ultrahigh molecular weight polyethylene (UHMWPE)

(Mw = 4.5 9 106) and low molecular weight polyethylene

(LMWPE) (Mw = 9.0 9 104) resins used in this study

were kindly supplied by Bruce Lu of Yung Chia Chemical

Industrial Corporation (Kaohsiung, Taiwan). As reported in

our previous investigations [24–27], the achievable draw

ratios of fiber specimens prepared from UHMWPE/

LMWPE blends are significantly higher than those of

UHMWPE fiber specimens. Presumably, the enormous

entanglements present in the UHMWPE gel-network-

structures can be significantly reduced after addition of the

LMWPE molecules and, hence improve the drawability of

the fiber specimens. UHMWPE was mixed with LMWPE

at a weight ratio of 98:2, and then dissolved in decalin at

150 �C for 4 h, wherein 0.1 wt% di-t-butyl-p-cresol was

added as an antioxidant. The gel solution thus prepared was

then fed into a temperature-controlled hopper and main-

tained as a hot homogenized solution before spinning. The

prepared solution was then gel-spun using a conical die

with an exit diameter of 1 mm at an extrusion rate of

3000 mm/min and an extrusion temperature of 150 �C,

respectively. A water bath and a winder with 70 mm in

diameter were placed at a distance of 200 mm and 650 mm

from the spinneret exit, respectively. The extruded gel

fibers were cooled in a temperature-conditioned atmo-

sphere and then quenched in a water bath for about 1 min,

where temperatures of the air atmosphere and water bath

were controlled at 15 �C. The quenched fibers were then

extracted in a n-hexane bath for 5 min to remove the

residual decalin solvent. The extracted fiber specimens

were then dried in air for 30 min to remove the remaining

hexane solvent before any drawing run.

As reported in the literatures [24–27, 30–35], the tem-

peratures, drawing rates used during the drawing processes

can markedly affect the thermal, tensile, drawing properties,

and crystalline microstructures of the UHMWPE fiber and

film specimens. As reported in our previous investigations

[24–27, 30–33], at a fixed drawing rate, the achievable draw

ratios of each UHMWPE fiber and/or film specimen was

found to reach a maximum value when each specimen was

drawn at a temperature near its optimum temperature. The

achievable draw ratio of each fiber and/or film specimen

drawn at a constant rate and a temperature near Top was

referred to as the Draop, which reached another maximum

value as the drawing rates approached an optimum value.

The detailed drawing procedure was described elsewhere in

our previous studies [24–27]. In fact, the optimum drawing

temperature and rate obtained for each UHMWPE speci-

men are 95 �C and 20 mm/min, respectively. The Dra

values of the UHMWPE specimens can be further improved

by using a two-stage drawing process, wherein the tem-

perature used in the second drawing stage is higher than

95 �C. After drawing the UHMWPE fiber specimen at the

optimum temperature and rate up to a draw ratio of 20, the

optimum second stage drawing temperature and rate are
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115 �C and 30 mm/min, respectively. By using the opti-

mum two-stage drawing condition, the Dra values of each

UHMWPE specimens can be further improved to another

maximum value. to prepare the fiber specimens with rela-

tively high draw ratios and different microstructures, the

optimum drawing condition used in the one-stage and two-

stage drawing process of our previous investigations [24–

27] was used to prepare the UHMWPE fiber specimens in

this study. The fiber specimens used in the one- and two-

stage drawing experiments were cut from the dried as-pre-

pared fibers and then stretched on a Tensilon testing

machine (model RTA-1T) equipped with a temperature-

controlled oven at a crosshead speed of 20 mm/ min. The

fiber specimens (30-mm length) were first drawn at 95 �C to

a draw ratio of 3, 5, 10, and 20, respectively. The one-stage

drawn fiber specimens with a DR value of 20 were then

further drawn at 115 �C to the final desired ratio. Tensile

properties of the as-prepared and drawn fiber specimens

were determined using the Tensilon testing machine at

25 �C and a crosshead speed of 20 mm/min.

Wide-angle X-ray diffraction

The wide-angle X-ray diffraction (WAXD) data for struc-

tural analyses of as-prepared and drawn fibers were

preformed using the wiggler beamline BL17A1 of the

National Synchrotron Radiation Research Center (NSRRC)

of Taiwan using a triangular bent Si (111) single crystal to

obtain a monochromated beam of wavelength k =

1.3329 Å. The X-ray diffraction patterns of the as-prepared

and drawn fibers were recorded using imaging plate (IP;

Fuji BAS III, 20 9 40 cm2) curved with a radius equiva-

lent to the sample-to-detector distance (280 mm). With

100 lm pixel resolution of IP and a typical exposure time

of 1 min, the WAXD data were measured covering a range

of two theta from 15 to 23�. The two theta angle was

calibrated according to the diffraction position of standard

Si powder. The crystallinities of the as-prepared and drawn

UHMWPE fibers were determined from the WAXD pat-

terns. The peak areas of the amorphous phase,

orthorhombic and monoclinic crystals for each sample

were first fitted from Gaussian function by using the

PeakFit simulation software. The crystallinity was then

calculated by summing all the peak area fractions of

orthorhombic and monoclinic crystals.

Birefringence analysis and crystal orientation

The birefringence properties of the as-prepared and drawn

fiber specimens were measured using a polarizing micro-

spectrometer (model TFM-120 AFT). In addition, a

quantitative estimate of the degree of orientation in the

crystalline phases of UHMWPE fibers can be obtained

through calculation of the Hermans orientation function

(fc, Eq. 1) [36, 37].

fc ¼
3 cos2 /
� �

� 1
� �

2
ð1Þ

The fc takes the value 1 and -1/2 with complete

orientation parallel and perpendicular to the drawing

direction, respectively. The value of cos2 /
� �

in Eq. 1

can be calculated from Eq. 2,

cos2 /
� �

¼

Rp=2

0

Ihkl /ð Þ sin / cos2 /d/

Rp=2

0

Ihkl /ð Þ sin /d/

ð2Þ

where / is the azimuthal angle and Ihkl is the intensity of a

specific (hkl) plane, respectively. The (hkl) plane we used

here is the orthorhombic peak (110).

Thermal analysis

Thermal properties of as-prepared and drawn fiber speci-

mens were performed on a TA differential scanning

calorimeter (DSC) model 2010. All scans were carried out

at a heating rate of 3 �C/min over a temperature range from

100 to 200 �C under flowing nitrogen at a flow rate of

25 mL/min. Samples weighing about 0.5 mg were placed

in the standard aluminum sample pans for determination of

their thermal properties.

Etching treatment

The fiber specimen was agitated ultrasonically at 60 �C

with excess amounts of fuming nitric acid. The amorphous

regions of the as-prepared and drawn fiber specimens can

be etched out to emphasize the crystalline morphology.

After the acid treatment for 6 h, the sample was washed by

de-ionized water, boiling acetone, and then dried at room

temperature. The surface morphology of the treated spec-

imen was characterized by scanning electron microscopy

(SEM) (JOEL JSM 6500F Tokyo, Japan) at 5 kV.

Results and discussion

X-ray diffraction properties

Figure 1 presents the WAXD of the as-prepared, one- and

two-stage drawn UHMWPE fibers with DR values varying

from 1 to 150. In addition to the broad amorphous hump

ranging from 2h = 15–20�, two distinct diffraction peaks

corresponding to (110)o and (200)o planes of the ortho-

rhombic crystals at 2h = 18.2� and 20.4�, respectively,

were found on the WAXD patterns of the as-prepared and
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drawn UHMWPE fiber specimens. It is worth noting that a

minor diffraction peak at 2h � 16.3� corresponding to the

monoclinic (001)m diffraction was found on the WAXD

patterns of the drawn UHMWPE fiber specimens in which

the monoclinic (001)m diffraction peaks become more

pronounced as their DR values increase from 1 to 150.

Another monoclinic (�200)m and (201)m diffraction peaks at

2h = 19.7 and 21.5� [15] were also observed as the DR

values of the two-stage drawn UHMWPE fibers are higher

than 100. As shown in Table 1, the crystallinity values (Vc)

estimated corresponding to the summations of the ortho-

rhombic and monoclinic diffraction areas increase with the

increasing DR. The Vc values of UHMWPE fiber speci-

mens increase rapidly from 78.7% to 94.5% as their DR

values increase from 1 to 20, wherein most of the increase in

Vc values is due to the formation of orthorhombic crystals,

the Vc values corresponding to the monoclinic crystals

remain nearly unchanged as their DR values increase from 1

to 20 (see Table 1). In contrast, the Vc values of UHMWPE

fiber specimens increase by only 2.8%, as their DR values

increase from 20 to 150. In which, the Vc values corre-

sponding to the monoclinic and orthorhombic crystals

increase and reduce gradually from 0.6% to 10.9% and

93.9% to 86.4%, respectively, as their DR values increase

from 20 to 150.

Figure 2 shows selected two-dimensional X-ray (2D

X-ray) diffraction patterns of the as-prepared and drawn

UHMWPE fiber specimens. Full concentric circular rings

were found on the 2D X-ray patterns of the as-prepared

UHMWPE fiber specimens, indicating that the crystals

present in the as-prepared UHMWPE fiber specimens are

isotropic and randomly oriented phases. The full concentric

circular rings gradually transform into distinct azimuthal

arcs as the DR values increase from 1 to 5 (see Fig. 2b),

wherein the diffraction intensity along each azimuthal arc

reaches the maximal on the equator. The azimuthal arcs

then gradually transform into discrete spots as the DR

values of the drawn UHMWPE fiber specimens reach about

20 (see Fig. 2c). At DR values higher than 20, the 2D X-ray

diffraction patterns of the drawn UHMWPE fiber specimens

remain relatively unchanged (see Figs. 2c and 2d). These

results suggest that the isotropic and randomly oriented

crystals originally present in the as-prepared fiber specimen

gradually orient along the drawing direction as their DR

values increase from 1 to 20. In the meantime, the ‘‘stress-

induced’’ and newly formed orthorhombic crystals during

the drawing processes of UHMWPE fibers are highly ori-

ented along the drawing direction that may also result in

discrete azimuthal arcs or spots shown on the 2D

X-ray diffraction patterns of the drawn UHMWPE fiber

Fig. 1 WAXD patterns of as-prepared and drawn UHMWPE fiber

specimens with DR values of (a) 1, (b) 5, (c) 20, (d) 40, (e) 100, and

(f) 150

Table 1 Crystallinities, orthorhombic crystals, and monoclinic crystals (%) of drawn UHMWPE fibers calculated from XRD data

Draw ratio Amorphous (%) Orthorhombic crystals (%) Monoclinic crystals (%) Crystallinity (%)

(110) (200) (001) (200) (201)

1D 21.3 60.4 17.3 1.0 – – 78.7

5D 16.6 63.9 18.7 0.8 – – 83.4

20D 5.5 68.5 25.4 0.6 – – 94.5

40D 4.4 67.6 26.5 1.5 – – 95.6

100D 3.0 66.6 27.3 2.1 1.0 – 97.0

150D 2.7 63.7 22.7 5.5 4.6 0.8 97.3
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specimens. However, at DR values higher than 20, most of

these UHMWPE crystals present in thedrawn UHMWPE

fibers were highly aligned along the drawing direction;

further drawing did not improve the crystal orientation

noticeably on the 2D X-ray patterns.

Birefringence, crystal orientation, and tensile properties

Figure 3 plots the crystalline orientation (fc) and the bire-

fringence (ft) values of as-prepared and drawn UHMWPE

fiber specimens versus their DR values. The ft values of the

drawn UHMWPE fibers initially increase rapidly from

0.005 to 0.04 as the DR values increase from 1 to 20. The

increasing rates of ft values reduce significantly, when the

DR values of the drawn fibers increase from 20 to 60. At

DR values higher than 60, the increasing trends of ft values

slow down to a relatively low but constant value. Similar

improvement of the fc values was found through

calculation of the Hermans orientation function of the

(110)o plane of the orthorhombic crystals present in drawn

UHMWPE fiber specimens. The fc values increase rapidly

from 0 to 0.95, as the DR values of the UHMWPE fiber

specimens increase from 1 to 20. In contrast, the fc values

of drawn UHMWPE fiber specimens remain relatively

unchanged at about 0.96 as their DR values are higher than

20. Apparently, both degrees of orientation of UHMWPE

molecules present in amorphous and crystalline phases of

drawn fibers improve rapidly as their DR values increase

from 1 to 20. However, nearly no improvement in the

degrees of orientation of UHMWPE molecules present in

the crystalline phases of the drawn fiber specimens can be

found as their DR values are higher than 20.

Figure 4 plots tensile moduli and strengths of as-pre-

pared and drawn UHMWPE fiber specimens versus their

DR values. Both tensile moduli and strengths of as-pre-

pared and drawn UHMWPE fiber specimens were found to

Fig. 2 2D X-ray diffraction

patterns of as-prepared and

drawn UHMWPE fiber

specimens with DR values of

(a) 1, (b) 5, (c) 20, and (d) 100

(the fiber axis is in horizontal

direction)
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improve consistently as DR values increase from 1 to 20.

The increasing trends of tensile moduli and strengths slow

down slightly at DR values between 20 and 40 and then

remain at a relatively low and constant value as the DR

values are higher than 40.

SEM analysis

Figures 5 and 6, 7 presents typical low- and high-magnifi-

cation SEM micrographs of the etched drawn UHMWPE

fiber specimens, respectively. As shown in Fig. 6a–6d, the

etched section areas shown on the surfaces of the drawn

UHMWPE fiber specimens reduce significantly as the DR

values increase from 3 to 20, wherein the etched sections

represent the amorphous phases of UHMWPE being etched

out after nitric acid treatment. At DR values equal to or

higher than 20, one can hardly see the etched spots on the

drawn UHMWPE fiber specimens. In contrast, the crystal

phases remain nearly intact on the surfaces of the drawn

UHMWPE fiber specimens, wherein the shish and kebab

crystals lie roughly parallel and perpendicular to the

drawing direction of the drawn UHMWPE fiber specimen,

respectively (see Fig. 6a and 6b). As shown in Fig. 6a,

20–50 nm thickness and 360–400 nm width values of the

kebab chain-folded lamellar crystals were found on the

surfaces of the drawn UHMWPE fiber specimens with a DR

value of 3, respectively. However, the kebab crystals

present in UHMWPE fiber specimens with relatively low

DR values were not well oriented in a direction perpen-

dicular to the fiber drawing direction (see Fig. 6a). The

orientations of kebab crystals gradually transform into a

direction perpendicular to the fiber drawing direction as

their DR values increase from 3 to 20 (see Fig. 6a–6c).

However, at DR values higher than 20, the original kebab

crystals were transformed and merged into the shish core

crystals of the drawn UHMWPE fiber specimens, wherein

the kebab crystals could be barely found (see Fig. 6c and

6d).

The morphological, birefringence, and WAXD results

found above indicate that the amorphous phases present in

UHMWPE fiber specimens reduce and transform quickly

into the oriented orthorhombic crystalline phases as the DR

values increase up to 20. On the other hand, as evidenced

by morphological and WAXD analysis, the improved

crystalline orientations of UHMWPE fiber specimens is

due to the gradually transformed orientation of the kebab

crystals as their DR values increase from 1 to 20.

Thermal properties

The main melting endotherm with a peak temperature at

about 132 �C was found for the as-prepared UHMWPE fiber

specimen. It is worth noting that the peak temperature

associated with the main melting endotherm increases sig-

nificantly with the increase in draw ratio, which is generally

assigned as the melting temperature of the orthorhombic

crystals [13, 21, 29, 38]. On the other hand, at DR values near

20, two small but newly developed melting endotherms at

temperatures around 148 and 154 �C were found on the right

hand side of the main melting endotherms of the drawn

UHMWPE fiber specimens. The magnitudes and peak

melting temperatures of the two newly developed endo-

therms increase with further increase in the DR values.

However, in contrast to the endotherms with lower melting

temperatures, the peak melting temperatures of the newly

developed endotherms with higher melting temperatures

remain constantly as the DR values of the drawn UHMWPE

fiber specimens increase from 20 to 150. For instance, the

lower and higher melting temperatures of the two newly

developed endotherms increase by about 4 and 0.5 �C,

respectively, as the DR values of the drawn UHMWPE fiber
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specimens increase from 20 to 150. As reported by several

investigations [13, 21, 29, 38], the newly developed melting

endotherms with melting temperatures at around 148 �C are

associated with the transition of the constrained ortho-

rhombic crystals into the hexagonal or pseudohexagonal

crystal phases during the heat-scanning processes. The

Fig. 5 Low-magnification SEM

micrographs of the UHMWPE

fibers with DR values of (a) 3,

(b) 5, (c) 20, and (d) 40

Fig. 6 High-magnification

SEM micrographs of the

UHMWPE fibers with DR

values of (a) 3, (b) 5, (c) 20, and

(d) 40
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higher endotherms with peak melting temperatures at about

154 �C are then attributed to the melting of hexagonal

crystals, which are less dependent of DR values of drawn

UHMWPE fiber specimens.

In contrast, melting of monoclinic crystals was not

detected in the DSC analyses, although their presence in

the as-prepared and drawn UHMWPE fiber specimens was

confirmed by the WAXD analysis reported in the previous

section. However, the melting temperatures of the mono-

clinic crystals are roughly in the ranges of those of the

orthorhombic crystals, and less than 3.1% of monoclinic

crystals were found on the drawn UHMWPE fibers even

when their draw ratios approach 100. Based on these pre-

mises, the lack of distinguished melting endotherms of

monoclinic crystals is likely due to the overlapping the

relatively small melting endotherm of the monoclinic

crystals on the orthorhombic melting endotherms of the as-

prepared and drawn UHMWPE fiber specimens. Similar

results were found by Ratner et al. [13].

These interesting WAXD, birefringence, crystal orien-

tation, morphology, and thermal properties of the

as-prepared and drawn UHMWPE fibers suggest that many

of the UHMWPE molecules originally present in the

amorphous phases of as-prepared UHMWPE fiber

specimens were likely activated by stress crystallization

and transformed into oriented orthorhombic crystals or

highly oriented molecules as the DR values increase from 1

to 20. As a consequence, the crystallinity and birefringence

values of the drawn fiber specimens increase significantly

from 78.7% to 94.5% and 0.005 to 0.04, respectively, as

their DR values increase from 1 to 20. As evidenced by

SEM and WAXD analysis, the chain-folded molecules

originally present in kebab crystals of the as-prepared

UHMWPE fiber specimens gradually transformed into

shish-like crystals with relatively high orientation as their

DR values increase from 1 to 20 and hence result in a

significant increase in crystal orientation values during this

drawing period. In contrast, the crystallinity and crystal

orientation values of the drawn UHMWPE specimens

increase still significantly from 94.5% to 95.6% and 0.95 to

0.96, respectively, as their DR values increase from 20 to

40, wherein both crystallinity values of orthorhombic and

monoclinic crystals increase slightly with the increase in

DR values. The small (c.a. 1%) increase in crystallinity

resulted from a significant reduction of the amorphous

portion by about 20%. In fact, barely any oriented kebab

but only shish crystals were observed on the surfaces of

drawn UHMWPE fiber specimens with DR values higher

than 20. These interesting results suggest that only small

portions of UHMWPE molecules remained in the amor-

phous phases of UHMWPE drawn fiber specimens were

stress-induced and crystallized into either highly oriented

orthorhombic or monoclinic crystals and hence, result in

small but still significant change in crystallinity and crystal

orientation values as the DR values of the UHMWPE

drawn fiber specimens increase from 20 to 40. Finally, the

birefringence values increase only slightly with further

increasing DR values, while crystallinity and crystal ori-

entation values of the drawn UHMWPE fiber specimens

remained relatively unchanged as their DR values increase

from 40 to 150. In the meantime, it is worth noting that the

monoclinic crystals gradually grow at the expense of the

orthorhombic form crystals as the DR values of drawn

UHMWPE fiber specimens increase from 40 to 150. Pre-

sumably, very few UHMWPE molecules remained in the

amorphous phases of UHMWPE drawn fiber specimens

were stress-induced and crystallized into highly oriented

orthorhombic or monoclinic crystals as the DR values of

drawn UHMWPE fiber specimens increase from 40 to 150.

Small but still significant increase in crystallinity and

crystal orientation was observed by the transformation

process of orthorhombic UHMWPE crystals into mono-

clinic crystals during this drawing period. However, the

tensile properties of the drawn UHMWPE fiber specimens

still improve with the slightly improved birefringence

properties of the drawn fiber specimens as their DR values

increase from 40 to 150.

Fig. 7 DSC thermograms of UHMWPE fiber specimens with draw

ratios of (a) 1, (b) 5, (c) 10, (d) 20, (e) 40, (f) 60, (g) 80, (h) 100, and

(i) 150
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Conclusions

The anisotropic crystalline structure with full concentric

circular rings originally shown on the WAXD patterns of

the as-prepared UHMWPE fibers gradually transform into

oriented fibers with azimuthal spots on the equator as the

DR values increase from 1 to 20, in which their percentage

crystallinity, crystalline orientation, and the birefringence

values increase significantly from 78.7% to 94.5%, 0 to

0.95, and 0.005 to 0.04, respectively. As evidenced by

SEM and WAXD analysis, the chain-folded molecules

originally present in kebab crystals of the as-prepared

UHMWPE fiber specimens gradually transformed into

shish-like crystals with relatively high orientation as their

DR values increase from 1 to 20. In contrast, the ortho-

rhombic and monoclinic crystallinity and crystal

orientation values of the drawn UHMWPE fiber specimens

increase still significantly, as their DR values increase from

20 to 40. The abnormally high melting temperatures (148–

154 �C) found on the newly developed endotherms of the

drawn UHMWPE fiber specimens with DR values greater

than 20 are attributed to the transition of the constrained

orthorhombic into hexagonal crystals and the melting of

the hexagonal crystals. The birefringence values increase

only slightly with further increasing DR values of the

drawn UHMWPE fiber specimens from 40 to 150, while

crystallinity and crystal orientation values remained rela-

tively unchanged. In the meantime, the monoclinic crystals

gradually grow at the expense of the orthorhombic form

crystals as the DR values of drawn UHMWPE fiber spec-

imens increase from 40 to 150. However, the tensile

properties of the drawn UHMWPE fiber specimens still

improve significantly with the slightly improved birefrin-

gence properties of the drawn fiber specimens as their DR

values increase from 40 to 150.
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