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ABSTRACT: To study the distribution of ultrahigh molecular weight
polyethylene fiber (UHMWPE) strength, three groups of UHMWPE fibers
were spun by the gel spinning method, which was undrafted raw fibers (with
high strain at break) and fibers with different prespinning and postspinning
draw ratios. It is found that even when the strain at break (εb) > 46%, the
tensile strength of the fiber still obeys the Weibull distribution. The draw ratio
has a great influence on the distribution of fiber strength, especially the draw
ratios of the spinneret in the prespinning process. It may be that different
drafting processes affect the fracture mechanism of the fibers. This paper
analyzes and discusses that and proves it by differential scanning calorimetry
and the taut tie molecules (TTMs) fractions. The parameters of the Weibull
distribution suggest the quality of the fiber. The Weibull modulus is closely
related to the dispersion of the fiber properties and processing parameters. The characteristic strength is similar to the test average
strength, which is more suitable for the judgment of fiber reliability in actual use. At the same time, the normality of the samples was
tested by Kolmogorov−Smirnov, Shapiro−Wilk, Jarque−Bera test, and quantile−quantile (Q-Q) plots, and the strength distribution
was visually displayed by the bell curve. The results show that the Gaussian distribution is not so suitable to describe the strength
distribution of the stretched fiber compared to the Weibull distribution.

1. INTRODUCTION
Ultrahigh molecular weight polyethylene (UHMWPE) fiber
has excellent mechanical properties and is the highest specific
strength fiber at present. As early as the 1930s, some scholars
studied the theoretical limit properties of polyethylene fiber.
Studies have shown that the theoretical modulus of UHMWPE
is 250−350 GPa,1,2 and its theoretical strength can reach 20−
60 GPa according to the molecular chain fracture mechanism.
Since the 1970s, researchers have proposed a variety of
preparation methods, including solid state extrusion,3 surface
growth,4,5 ultrahigh stretching,6,7 gel-spinning,8,9 etc. The
tensile strength of the fiber is constantly improving. The
tensile strength in the actual test of UHMWPE reaches 6.4
GPa,10 but this is far from the theoretical value.
In the structural model of UHMWPE fiber, microfibril

consists of folded chain lamellae and amorphous regions,11−14

and the fiber fracture process is controlled by molecular chain
fracture and interchain slip.15 For a long time, many molecular
explanations have emerged for the fiber fracture process.
Smook et al.16,17 and Sun18 et al. discussed the formation
process of chain entanglement in fibers. They believed that
during spinning, entanglement would be affected by external
conditions, especially slip entanglement. During stretching,
part of the entanglement would be opened, and chains would
be removed from topological entanglement. Finally, the
intermediate phase contains both topological entanglement

and aggregation entanglement, but the amorphous region
mainly contains topological entanglement. However, Balzano
et al.19 show that the crystalline phase has a discontinuous
nature, entanglements are likely to be the cause of the
interruption of the length of fibrillar crystals. In addition,
studies20,21 have shown that the number of entanglements is an
important factor in the transformation of shish-kebab to shish
crystal of fibers, which will affect the properties of fibers. These
entanglements, chain ends, and kinks form defect areas in the
fiber and cause microfibril breakage. However, Van Der Werff
et al.22 believe that the strain and fracture of existing
UHMWPE fiber have not yet reached the degree of molecular
chain fracture. Based on the microfibril model, it is proposed
that the properties of fibers are affected by the content of taut
tie molecules (TTMs) and the ratio of the length of the crystal
region to the random region.

However, in any case, the ultrahigh strength of high-
performance polyethylene fiber comes from its chemical
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structure and regular molecular chain arrangement. From the
phenomenological point of view, the fracture of fiber must
occur at the “defect”, which will become the “weakest link” of
fiber fracture. The strain of UHMWPE fiber (εb) is less than
10%, which is consistent with the characteristics of brittle
materials.23 Weibull distribution was originally used for life
analysis of brittle materials, such as ceramics,24 carbon fiber,25

and alloy materials.26 At present, many studies have extended
the application of Weibull distribution to natural fiber
materials, such as wool,27 spider silks,28 and plant fibers.29 In
the field of chemical fibers, Boiko et al.23,30−32 used the
Weibull model in several studies to analyze fiber, spinning
solvent, sample types (monofilament or multifilament), and
mechanical properties (strength, modulus, strain). The studies
involved materials such as UHMWPE fiber, polyamide6, and
polypropylene. In other papers, the researcher extended the
Weibull distribution to the self-bonding strength analysis of
amorphous poly(ethylene terephthalate) (PET)33 and amor-

phous polystyrene (PS).34 To help understand the mechanisms
of the self-healing interface. Schwartz et al.35 also studied the
influence of strain rate and gauge length on fiber properties
based on the Weibull model, and their research made a great
contribution to the application of the Weibull model in the
field of UHMWPE.

With the support of the “weakest link” theory, we speculated
that the UHMWPE fiber monofilaments with flexible macro-
molecular chains meet the Weibull distribution, which has
been proved by Boiko et al.,31,32 but it does not mean that the
fiber bundles will also meet the Weibull distribution.36,37 This
is important, especially when the filament bundle is the main
application.

In this paper, seven UHMWPE fibers with different
properties were prepared by gel-spinning. Whether the tensile
strength meets Weibull distribution was verified under
different spinning drafts ratios, multistage drafts ratios, and
strain (εb) > 10%. The Weibull distribution is based on the

Figure 1. Prespinning process (1: twin-screw extruder, 2: metering pump and spinneret, 3: cooler bin, 4, 6: five-roller machine, 5: drying box, 7:
winder).

Figure 2. Postspinning process (1: unwinder, 2: guide roller, 3: first draft box, 4: first seven-roller machine, 5: second draft box, 6: second seven-
roller machine, 7: third draft box,..., 8: winder)

Table 1. Process Parameters and Properties of All Fibers

tensile strength

group number
prespinning draw ratios
(λext*λpre)

postspinning draw ratios
(λ1*λ2*λ3)

total draw
ratios

linear density
(dtex) (cN/dtex) (GPa)

strain
(%)

A 1 6*2.5 15 3554 2.02 0.19 46
2 6*2 12 1896.8 2.69 0.26 71

B 3 22*1.2 5.2*1.3*1.1 196.3 76.68 24.72 2.35 4
4 34*1.2 5.2*1.3*1.05 289.6 70.67 33.19 3.16 3

C 5 6*2 7*1.5*1.2 151.2 173.7 29.04 2.76 3
6 8*1.5*1.2 172.8 141 32.54 3.09 3
7 11*1.5*1.2 237.6 100 36.84 3.50 3

Table 2. Linear Fitting of Weibull Distribution of Fibers and Weibull Parameters

group number regression equation correlation coefficient (R2) Weibull modulus characteristic strength (cN/dtex) average strength (cN/dtex)

A 1 Y = −33.69 + 46.99x 0.933 46.99 2.05 2.02
2 Y = −65.73 + 65.89x 0.897 65.89 2.71 2.69

B 3 Y = −37.59 + 11.59x 0.986 11.59 25.62 24.51
4 Y = −55.11 + 15.58x 0.825 15.58 34.37 33.2

C 5 Y = −46.49 + 13.66x 0.982 13.66 30.07 28.99
6 Y = −48.09 + 13.65x 0.972 13.65 33.89 32.64
7 Y = −36.75 + 10.04x 0.959 10.04 38.88 36.97
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“weakest link” theory.38 If the strength distribution of the fiber
conforms to the Weibull function, it means that its fracture is
affected by random defects,39 which may be surface cracks,31

interface defects,30,34 chain entanglement, and end points.16 In
addition, for brittle materials, on the one hand, fracture is
difficult to predict, and crack propagation rarely occurs; on the
other hand, the strength of fiber materials is very discrete, and
unexpected fractures are easy to occur when the average value
is used to describe the strength properties of the fiber.
Therefore, another aim of this article is to propose a method to
describe the strength properties of fibers and their reliability.
At the same time, it links the molecular and phenomenological
explanations of the fiber fracture process from a statistical point
of view.

2. MATERIALS AND METHODS
2.1. Materials. UHMWPE ascent powder (Mw = 6 × 106

g/mol) purchased from Shanghai Lianle Chemical Technology
Co., Ltd.). The solvent was decalin (cis-trans ratio 2:8,
purchased from Jiangsu Middle Energy Technology Co., Ltd.).

2.2. Preparation of UHMWPE Fiber Samples. Figure 1
shows the prespinning process in the experiment. In this
process, the UHMWPE powder (6 wt %) is fully swollen in
decalin. Then the mixture was fed to the twin-screw extruder
to dissolve completely. The product is extruded by the
metering pump through the spinneret, cooled, and draw-down
(λext) to obtain gel-fiber, and then the gel-fiber was fed to the
drying box for predrawing (λpre) and drying (80−100 °C), and
finally, the dry raw fiber was obtained.
Figure 2 shows the postspinning process (multistage

drafting) in the experiment. During the postspinning process,
the raw fiber went through a guide roller, the first draft box,
and the first seven-roller machine. The filaments were draw-
down (λ1) due to the difference in speed between the guide
roller and the first seven-roller machine. Then the filaments
were drawn in the second draft box between the first and
second seven-roller machines (λ2), in the third draft box
between the third seven-roller machine and......(λ3), and even
more. Finally, the fiber was fed into the winding machine for
performance testing. The drafting temperature at all stages is
within the range of 135 °C-145 °C. After postspinning
drawing, the performance of the fiber is greatly improved. The
process conditions are shown in Table 1.
The experiment was divided into three groups. In group A,

in order to analyze the effect of strain, the fibers were dried raw
fiber, that is, fibers that had not been postspinning drawing
(No. 1 was dried twice, the second time was dried at 120 °C,
and draw ratios was 2.5). In group B, in order to analyze the
effect of the draw ratio of the spinneret in the prespinning
process, the fibers had different draw ratios of the λext. In group
C, the purpose is to analyze the influence of multistage draw
ratios in postspinning, which is different for fibers.

2.3. Characterization of UHMWPE Samples. Tensile
strength was tested by an Instron 3343 tensile tester (USA).
The fibers (70 untwisted monofilaments) were carefully
wrapped around a dedicated cross head by the operator to
avoid breaking the fibers. The fiber initial gauge length was 500
mm (group A initial gauge length was 250 mm, because the
elongation of group A is particularly high and exceeds the
range of the test equipment), and the fiber was stretched at a
constant speed of 250 mm/min. Each fiber bundle was tested
30 times, and the average value of tensile strength was taken
(σ̅).

The DSC thermograms were measured by using a Perkin−
Elmer 8000 DSC differential scanning calorimeter at a heating
rate of 20 °C/min in a nitrogen atmosphere. An indium
standard was used for temperature calibration with an empty
sample pan as the reference. The samples (1−2 mg) were
heated from 30 to 175 °C.

Figure 3. Weibull plots and linear fitting of all fiber strength test
values ln σ0 and ln ln 1/ (1 − P) (A: No. 1 and No. 2, B: No. 3 and
No. 4, C: No. 5, No. 6, and No. 7).
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The crystallinity (Xc) of the UHMWPE sample after etching
is calculated in eq 1.

= ×X
H
H

100%c
m

m
0 (1)

The value of Hm
0 is the melting enthalpy for 100%

crystalline UHMWPE, which is assigned as 293 J/g.40 The
value of ΔHm is the melting enthalpy for the sample, which was
tested by DSC.
During the stretching process of the gel-fiber, crystals are

broken to form microcrystals, and at the same time, tie
molecules (TMs) are transformed into taut tie molecules
(TTMs) with continuous stretching. According to the theory
of Pennings et al.,41 fiber tensile strength and modulus are
positively correlated with the content of TTMs. The TTMs
content indicates the dynamic change of the crystal. The TTM
fraction (β) was calculated in eq 2.2,41

= ×
+

+ ×

i
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jjjjjjjj
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1 1
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where E represents the modulus of the fiber that is found in
tensile testing (1 cN/dtex = 0.09506 GPa), Ec represents the
theoretical modulus of UHMWPE, the value is 350 GPa, and x
represents the crystallinity (derived from DSC).

2.4. Weibull Distribution. The cumulative distribution
function (CDF) of the Weibull distribution is shown in eq 3,

which must be satisfied if the tensile strength obeys the
Weibull distribution.

=P e( ) 1 ( / )m
0 (3)

P(σ) indicates the probability that the tensile strength is not
higher than σ. σ is the test value of the tensile strength. σ0 is
the scaling parameter of the Weibull distribution, also known
as the characteristic strength. m is the shape parameter of the
Weibull parameter, also known as the Weibull modulus.

After double logarithmic transformation of the left and right
sides of eq 3, we obtained eq 4.

Figure 4. DSC thermograms of the fibers.

Table 3. Melting Point, Melting Enthalpy, Crystallinity, and
TTM Fraction (β) of Fibers

group number
melting

point (°C)
melting

enthalpy (g/J)
crystallinity

(%)

TTM
fraction
(%)

A 1 140.84 223.19 76.17% 0.519
2 143.18 215.24 73.46% 0.539

B 3 144.39 225.39 76.92% 7.113
4 145.56 245.11 83.65% 9.348

C 5 146.16 251.75 85.92% 6.132
6 146.08 258.86 88.34% 7.004
7 146.82 271.55 92.67% 5.368

Figure 5. Quantile−quantile (Q-Q) plots of the fibers.
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=
P

m mln ln
1

1 ( )
ln ln 0

(4)

If we define =y ln ln
P
1

1 ( )
, x = ln σ, a = m, b = −m ln σ0,

we obtain a linear expression y = ax + b. It is clearly
represented in a coordinate system.
Therefore, the test values of tensile strength are arranged in

order from smallest to largest, that is, σ1 ≤ σ2 ≤ σ3 ≤..... ≤ σN.
The probability of the fiber breaking at a strength less than σi

(P(σi)) can be expressed in eq 5.32

=P i N( ) ( 0.5)/i (5)

σi represents the value ranked “i” in the sequence, N
represents the total number of tensile strength test values.
The scatter plots of ln ln 1/(1 − P) and lnσ are drawn on

the coordinate axes. If the data points show a linear
relationship, it indicates that the tensile strength of the fiber
follows the Weibull statistics, and the regression equation is
obtained by fitting the linear regression method. The slope is a
shape parameter, and the scaling parameter σ0 is obtained by
solving eq 4. The fitting equations and Weibull parameters of
the experiment are listed in Table 2.

3. RESULTS AND DISCUSSION
3.1. Analysis of Strain. The fibers in group A were

without postspinning process. Table 1 shows the process
parameters and properties of all fibers. It can be seen that the
strain of group A fibers was high (No. 1, εb = 46.24%; No. 2, εb
= 70.51%), and the strength is extremely low. Figure 3 shows
the scatter plot and linear fitting of all fiber strength test values
lnσ0 and ln 1/(1 − P). It can be seen from Figure 3a and Table
2 that although the breaking elongation of the group A fibers
was high, the data distribution in the Weibull plot is basically
close to a straight line, which indicates that the strength data of
fibers conform to Weibull statistics. Therefore, we believe that
the breakage of the fiber is caused by random “defects”
(entanglement, chain ends, etc.) in the structure of the
molecular chain. The correlation coefficient (R2) of the fitting
equation for group A fiber is small, especially for fiber No. 2. In
the part with higher tensile strength, the data deviate greatly
from the theoretical value. We believe that this may be due to
the relative slip of molecular chains in the fracture process of
group A fibers.22 This results in the transfer of defects that
occur randomly,42 and uneven distribution as the molecular
chain slips. This relative slip of the molecular chain is more
likely to occur at a strength of 1/10 of the theoretical
modulus,43 which explains the anomaly in fiber No. 2.

The Weibull modulus (m) of No. 2 fiber was high, which
indicates that the dispersion of fiber tensile strength was small,
and the reliability of fiber quality was good. This may be
related to the smaller draw ratio. It can be seen from Table 2
that the fibers with better fitting are consistent with this
conclusion, which is also consistent with our general cognition.

Figure 4 shows the DSC thermograms of the fiber, and
Table 3 shows the melting point (Tm), melting enthalpy
(ΔHm), crystallinity (Xc), and TTMs fraction (β) calculated
according to the spectrum data. Curiously, it can be seen from
Figure 3 and Table 3 that the Tm values of the two fibers in
group A are quite different. Fiber No. 1 has a lower Tm (No. 1,
Tm = 140 °C; No. 2, Tm = 143 °C,), but it has a higher
crystallinity (No. 1, Xc = 76.17%; No. 2, Xc = 73.46%), which
has also been observed in previous experiments.44 This is due
to the presence of solvent in the No. 1 fiber before secondary
drying. During the secondary drying, solvation crystallization
was produced under the action of a high temperature and
solvent. After drying and drawing, part of the crystallization
was transformed into the shish-kebab structure. This also
resulted in a partial unraveling of the TTMs, thus showing a
decrease of β in Table 3.

If TTMs are also regarded as a “defect”, we assume that
TTMs are randomly distributed in the fiber. It can be inferred
that the higher the TTM fraction, the more evenly dispersed
TTMs are in the fiber, the smaller the strength dispersion of
the fiber, and the higher the Weibull modulus. The data in
Tables 2 and 3 support this inference. However, it should be
noted that the Weibull modulus is not completely controlled
by TTMs, so in some cases, the Weibull modulus values do not
show a strict proportional relationship with the TTM fraction.

3.2. Analysis of the Draw Ratio of Spinneret. Group B
experiments were conducted to analyze the influence of the
spinneret ratio (λext). It can be seen from Figure 3b and Table
2 that the fiber tensile strength obtained by different λext has
different performances in the Weibull distribution. The
collinearity of the tensile strength data of the No. 4 fiber is
poor after processing, and the R2 of the fitting equation is
0.825. This is due to the excessive spinneret draw ratio of No.
4 fiber, and the high nozzle stretch will lead to the fiber
unwinding mainly by sliding unwinding, and at the same time,
the entanglement will form irreversible defects.18 Thus, in
Weibull statistics of the strength data, these defects cause the
test values to deviate from theory, which is consistent with the
phenomenon in Figure 3b. In addition, a higher tensile ratio
will also increase its TTMs fraction.2

In the DSC test spectrum in Figure 3 and Table 3, the fibers
of the group B experiment showed a weak melting peak in the

Table 4. Statistical Parameters of the Strength Estimated in Several Normality Testsa

test type

Kolmogorov−Smirnov Shapiro−Wilk Jarque−Bera Q-Q

group number statistic p-value statistic p-value p-value standard deviation (cN/dtex) average value (cN/dtex)

A 1 0.098 0.653 0.981 0.863 0.978 0.052 2.02
2 0.133 0.190 0.977 0.742 0.510 0.049 2.69

B 3 0.114 0.414 0.956 0.241 0.287 2.505 24.51
4 0.181 0.014* 0.923 0.032* 0.274 2.481 33.20

C 5 0.103 0.573 0.971 0.577 0.563 2.561 28.99
6 0.147 0.096 0.957 0.252 0.437 2.878 32.64
7 0.125 0.268 0.971 0.570 0.957 4.412 36.98

a“*” means “reject normality”.
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range of 150−155 °C, which reflected the transformation from
orthogonal to hexagonal crystals and was the result of high
multistage draw ratios.44−46 After high extension drafting, the
elongation chain component of the fiber is increased and the
Xc and Tm of the fiber are increased. Fiber No. 3 has a relatively
low draw ratio, its crystal is not perfect, reflecting a large peak
width on the spectrum.
It is worth noting that in all three sets of tests, the Weibull

characteristic strength (σ0) is still close to the test mean value,
which indicates that σ0 is physically meaningful. As statistical
data, they are more suitable for reliability indicators in actual
use than the tensile strength test mean.

3.3. Analysis of the Draw Ratio of Postspinning.
Group C experiments were conducted to analyze the influence
of the postspinning draw ratio. As can be seen from Figure 3c
and Table 2, the tensile strength value of group C fibers
showed good collinearity in the Weibull plots, and the curve
can be well-fitted (No. 5, R2 = 0.982, No. 6, R2 = 0.972, No. 7,
R2 = 0.959). This fully shows that the fracture mechanism of
the fiber is in accordance with the defect random principle in
this process. But we also found that the Weibull modulus was
different under different postspinning processes. This indicates
that the Weibull modulus is very sensitive to the properties of
the fibers. On the whole, it shows that the higher the
postspinning draw ratio, the lower the Weibull modulus, and
the higher the dispersion of fiber properties. This trend is
consistent with the fiber Xc and Tm shown in Table 3. The
TTMs fraction begins to decrease after reaching the peak,
because the high tensile stress causes TTM to open and
crystallize. It can be seen from Table 3 that the crystallinity of
the fiber reaches 92.67%.

3.4. Normality Analysis of All Fibers. Another common
tool in the statistical method of fiber strength is the Gaussian
distribution, which is followed by the strength statistics of
many bundles of fibers. If the fiber fracture strength conforms
to the Gaussian distribution, then it shows that the fiber
fracture is controlled by the addition of multiple factors with
the same weight.

We constructed the quantile−quantile (Q-Q) plots (Figure
5), and Kolmogorov−Smirnov, Shapiro−Wilk, and Jarque−
Bera tests were used to test the normality of the seven fibers.

Table 4 shows the parameters of several fibers in the
normality test. It can be seen from Table 4 that Kolmogorov−
Smirnov and Shapiro−Wilk tests show that fiber No. 4 has no
normality and the collinearity of this fiber is poor in the Q-Q
plots. However, the Jarque−Bera test combined with the
skewness coefficient and kurtosis coefficient found that all 7
fibers had normality.

Figure 6 shows the histograms of the probability density
function (PDF) of all fibers and their corresponding Gaussian
distribution. As can be seen from the figure, the fitting curve of
the group A fibers (undrawn) conforms to the typical “bell
curve”, which indicates that the strength of the unstretched
fibers conforms to the Gaussian distribution. However, the
curves fitted by the data of groups B and C (after drafting at
different ratios) have different degrees of deviation. We do not
know the reason for the above phenomenon at present, but it
still indicates that the Gaussian distribution is not suitable to
describe the strength of the fiber after drafting.

4. CONCLUSIONS
In this paper, we prepared 7 kinds of fibers by gel spinning
method, and they were divided into three groups, unstretched
raw fibers (group A), fibers with different prespinning drawn
ratios (group B), and A2 fibers with different postspinning
drawn ratios (group C). These groups represent several major
stages of the fiber in the gel spinning process. We tested the
tensile strength of these fibers 30 times and tried to describe
them in terms of the Weibull distribution.

For the first time, we found that the breaking strength of
unstretched fibers (group A) still conforms to the Weibull
distribution, despite the elongation at break being greater than
46%. The influence of prespinning and postspinning on the
strength distribution of the stretched fibers is discussed. Both
of them are consistent with the Weibull distribution. This

Figure 6. Histograms of the probability density function (PDF) and
their corresponding Gaussian distribution of the fibers.
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shows that the strength of UHMWPE fibers follows a Weibull
distribution regardless of the step in the fiber production
process (fibers that are undrawn and different draft ratios).
The characteristic strength of the Weibull distribution is very

close to the test average value of fiber strength, which indicates
that the characteristic strength of the Weibull distribution has a
physical significance. In addition, there is a huge difference in
the Weibull modulus (group A, m = 46−96; groups B and C, m
= 10−16) from the point of view of whether the fiber has been
through the postspinning process. From the point of view of
the drawn ratio (between groups or within groups), the
Weibull characteristic strength and Weibull modulus undergo
obvious changes. This shows that the change of the gel
spinning process has a significant effect on the Weibull model.
Since the Weibull distribution is a statistical model, the change
of Weibull modulus combined with Weibull strength can well
indicate the reliability of fiber strength in practical application,
to avoid unexpected fiber breakage.
There are many molecular explanations for the theory of

fiber fracture, but they have not been proven experimentally.
Based on the analysis of the fiber’s crystal degree and TTM
fraction, and combined with the currently accepted theory, we
guess that the fiber failure process includes the molecular chain
fracture and relative slip to explain the behavior of these fibers
in the Weibull model. It should be clarified that the Weibull
distribution, as a statistical model, can only help us understand
the molecular explanation of fiber breakage from a
phenomenological point of view.
We also tested the normality of several fibers and verified

their distribution in the Gaussian model. The bell-shaped curve
fitted by group A fibers was consistent with the typical
Gaussian distribution, while the drafted fibers (groups B and
C) were not so suitable for the Gaussian distribution.
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