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Abstract

The macroscopic and phenomenological stress-strain curves of various natural and synthetic fibers
have been analyzed without the need to consider microscopic mechanisms. A new concept involving the
“average stress-strain curve” or contour line for fibrous materials was proposed and used to successfully
analyze the extremely large data sets obtained for wool and PET (polyethylene terephthalate)-POY
(partially oriented yarn) fibers. This new method is necessary to quantitatively analyze the mechanical
properties of fibrous materials. Our method proved to be useful to eliminate the significant statistical
fluctuations that are usually attributed to sample deviations of fibers. Based on the relationship between
experimentally measured load-extension, the stress of at each point during the entire process of strain
development from 0 to &f was averaged. The need to truncate parts of the experimental data at fracture
proved to be crucial. From a purely mathematical point of view, two averaging methods for stress under
a given strain can be applied. One is to average based on sample size and the other based on sample
size immediately before fracture. The physical bases of the two methods are proposed. This concept and
method are expected to be extended to other types of materials to obtain their “average stress-strain
curve”.

Keywords: Mechanical properties; Stress-strain curve; Fracture strength; Elongation at break; Wool;
PET; POY

Introduction

The stress-strain curve is the fundamental and most used measurement of mechanical
properties of solid materials [1], including fibrous ones [2,3]. For example, the elongation at
break determines the specific application of all materials. Typically, a tensile test is used to
obtain the load-extension (load-elongation) curve of a sample, which can be converted into
a stress-strain curve based on the geometric dimensions and density of the material. In this
conversion, if the load of the sample is divided by its initial cross-sectional area, it is defined
as the nominal stress or engineering stress. When an instantaneous cross-sectional area is
utilized, a true stress can be obtained. Similarly, the linear elongation is generally referred
to as the nominal strain, and the logarithmic value of the tensile ratio is defined as the true
strain. Because the difference between load-extension and stress-strain curves is only a
numeric coefficient, it is then possible to plot them in the same graph. In solid mechanics the
stress is expressed usually in units of force (load)/ unit cross-sectional area, i.e.,, N/mm? or Pa.
However, the fineness (tex) of a fiber or yarn is expressed in terms of average linear density,
the definition of which is the mass in grams of one kilometer of the fiber or yarn [4]. So, the
tensile stress of the fibrous product is expressed in the system of N/tex. The conversion factor
between two system is 1 N/tex= (1 N/mm?) x1000p, where p is the density of fiber in the unit
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of g/cm?. This convention will be used in the following discussion.
The strength of fibers expressed in such a system of tex is often
referred to as tenacity. The following discussion in this article is
focused on the relationship between nominal stress and nominal
strain, but its concept and treatment method are also applicable to
the study of true stress-true strain curve in principle.

Generally, the significance of strength and elongation at break
of a material is very clear. Often the actual stress-strain curve
itself is not utilized. For wool fibers [5], its stress-strain curve is
readily available and often presented clearly as well-defined plots.
However, anyone who has performed this type of experiment
knows that each measurement cannot be completely identical to
the previous one. In other words, the reproducibility of the entire
curve is poor and varies from sample to sample, thus using an
average is a prudent strategy.

In fact, the tensile testing of fibrous materials has a history of
nearly a century. Engineers and scientists have recognized that,
due to the inherent non-uniformity of the sample, its measurement
exhibits probabilistic characteristics, and therefore they define
strength and elongation at break using average values. In some
existing literature [2] authors have noted this statistical character
and only provided “typical” stress-strain curves. However, how
to select “typical” curves is not clearly described. Based on our
experience with polymer fibers [5], the stress-strain curve, the
endpoint values of which equal the average strength and elongation
at break, can be defined as “typical” curves. We wish to establish
this hypothesis both theoretically and experimentally.

For natural or chemical fibers, because their generation or
manufacturing conditions cannot be completely uniform and
therefore their mechanical properties cannot be a single definite
value but in the various form of probability distributions. As the
simplest generalization, this non-uniformity can be divided into
two types:

A.  Geometric and size non-uniformity, primarily the non-
uniformity of cross-sectional diameters if the cross-section is
assumed to be circular.

B.  The non-uniformity of the microstructure of the fiber
polymer, particularly the non-uniformity of its semi-crystalline
and orientation structures, also has a fundamental impact on its
stress-strain behavior. To quantitatively characterize the various
relationships that affect the stress-strain behavior, a more in-depth
study of the stress-strain curve is required.

In material science research, many aspects of research on the
stress-strain curve have been carried out, especially focusing on its
relationship with the microstructure (e.g.,, degree of crystallinity,
segmental orientation...) of the material. It is believed that the
macroscopic and phenomenological theory of stress-strain curve
still needs investigation in depth. To investigate the statistical
distribution of mechanical behavior for materials that requires
over 10% experimental data points to average, fiber samples that
are easy to prepare and test for stress-strain curves, wool and PET
(polyethylene terephthalate)-POY (partially oriented yarn) fibers

are used as examples of fiber materials. This concept and method
are in principle applicable to averaging stress-strain curves for any
class of materials.

Experimental Results and Discussion

Measured stress-strain curves of wool and PET-POY
fibers

Samples: The wool fibers were provided by Xinjiang Tianshan
Wool Textile Co., Ltd. (natural wool fiber) with a linear density range
of 3.22-4.06 (average value of 3.64) dtex. The linear density testing
instrument used was an XD-1 fiber fineness meter manufactured by
Shanghai New Fiber Instrument Co., Ltd. The single fiber vibration
method was used for measurement. For stress-strain curves of
wool the testing instrument used was an XQ-2 fiber strength tester
manufactured by Shanghai New Fiber Instrument Co., Ltd. By using
this tensile tester, the gauge length of specimen fiber was 10mm
and elongation rate of 10mm/min. Testing conditions: the room
temperature was 25 °C and relative humidity 80%.

The PET-POY fibers were provided by the Fiber Materials
Innovation Center of Chengdu Textile College. The PET-POY
filaments are fabricated by melting spinning with winding velocity
of 3500m/min at the melting temperature of 28 °C. The linear
density of the single fiber is 6.19dtex (testing instrument same as
above). The testing instrument of stress-strain curve for PET-POY
fibers was the same as that above.

As the stress-strain curve is heavily dependent on the testing
speed and clamp length, this study selected a stretching rate of
20mm/min for wool fibers and 40mm/min for PET-POY fibers,
with a clamp length of 20mm for both.

Load / (cM)

1 1
20 30 40 50 60
Extension | (%)

Figure 1: Ten plots of load-extension curves for wool
fibers.

A sample size of N=10 was selected, and the test results of wool
fibersand PET-POY fiberswere plotted in (Figures 1&2), respectively.
This figure shows that for wool fibers, the experimentally measured
stress-strain curves have significant scatter, and itis difficultto select
a “typical” stress-strain curve; for PET-POY fibers, the obtained
stress-strain curves have less scattering and more consistent
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shapes. The reason for this difference is due to the complex fiber
formation conditions, including genetic and environmental. The
diameter and structure of natural fibers are very different from
each other, while differences in diameter and structure for PET-POY
fibers are relatively small. The method we provide is to eliminate
these differences and obtain a reasonable “average stress-strain
curve” for a certain type of sample.

Load f (cN)
Lt

1] 25 50 75 100 125 150 175 200
Extengion [ (%)

Figure 2: Ten plots of load-extension curves for PET-
POY fibers.

Calculating formula of the contour for average stress-
strain curve

Assuming the tensile tests of material samples are measured N
times, and the strength and fracture strain for the i-th measurement
are 0, and €, respectively, the arithmetic mean values 0 and € for
N measurements can be obtained by summing all the data and
dividing by N: 1 &

S S Z Gjr
N ")

1 N
&N Z @)

However, in many cases, data on only the average stress and
strain at fracture are not sufficient and more information is needed.
In solid mechanics, the stress-strain curve is the most important
characterization of the sample. Its definition is as follows:

o=f(e) ®
Where f is a certain functional relationship, which can
sometimes be approximated by a mathematical formula. Plotting

this relationship is what is usually referred to as the stress-strain
curve.

The stress-strain curves obtained from multiple measurements
of similar samples can differ making it necessary to first define the
“average stress-strain curve”. For the relationship between stress
and strain, the entire process of developing strain from 0 to € (or
stress from 0 to 0;) must be averaged point by point. From a purely
mathematical point of view, there are two methods for averaging
stress at a given strain: one is to average by the total number of

samples, and the other is to average by the number of samples that
have not yet fractured.

1. Assuming N stress-strain curves have been measured, the
average stress-strain curve can be obtained by averaging over the
total number of samples:

s, (g)—ﬁifi (£)/A, (@)

where 4 is the initial section area of the sample and the g, (€) in
the above formula is the average of N measured stresses at strain €.
This type of averaging can be easily achieved in the Excel data output
by the stretching material testing instrument. Through theoretical
and experimental comparative studies, it has been proven that the
first averaging method has a clear physical meaning. If a single fiber
is taken as a sample, the result obtained according to equation
(4) is the stress-strain curve of the untwisted long filament yarn
composed of such single fibers, which has been fully verified using
PBO fibers as an example [6].

2. If the stress-strain curve is averaged based on the number of
samples that have not yet fractured, another type of average stress-
strain curve can be defined. In this case, the other averaging way
leads to:

1] &
o, (e)=— > f(g)/A
M - 0
( ) N—l p 1 ( )/ (5)
where A, is the initial section area of the sample and the
parameter 0, (€) is the average value of the N-i values that have not
fractured out of the N samples at the strain of € and can be easily

averaged using Excel data.

Contour of average stress-strain curve based on
experimental data

In the tensile stress-strain test, 500 single wool fibers and
500 PET-POY fibers were tested as one group. The raw data of
the elongation rate and corresponding load at each point in the
experiment were recorded using Excel. Based on this table, the
average stress-strain curve defined by equation (5) can be easily
calculated and plotted.

Based on the digitization of the tensile instruments, the fiber
stress-strain curve is composed of pairs of data points representing
the change in elongation value of 0.1mm and its corresponding
stress value. In this study, if the clamping length is 500mm and the
elongation at break rate is 40%, a curve will contain 2000 pairs of
data. With 500 samples, this involves 106 pairs of data. Although
it only involves elementary arithmetic. For early fiber scientists
who first proposed wool stress-strain testing in the 1920s, it was
obviously impossible to propose and solve such average problems
due to limitations of testing equipment and data processing
methods.

Since both wool and PET-POY fibers were tested 500 times, the
results were averaged according to sample size N=10, 50, 100, 250,
and 500 by using equation (5). The results are shown in Figures
3&4, respectively.
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Figure 3: Plots of the contour of the “average” stress-
strain curves for wool fiber according to equation (5)
with sample size N=10, 50, 100, 250, and 500.
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Figure 4: Plots of the contour of the “average” stress-
strain curves for PET-POY fiber calculated using
equation (4) with sample size N=10, 50, 100, 250, and
500.

As sample size increases, the data converge to a single curve
(use of equation (5)), but the tail end of the curve (5) fluctuates
significantly due to the sharp decrease in the size of samples that
have yet to fracture.

The physical meaning of eq. (5) is quite interesting. With this
averaging method in mind, it is found that curves that break at
lower strain contribute zero probability weight to the contour of
“average stress-strain curve” and therefore should be deducted
from the average, which is the underlying reason for using equation
(5). When calculating each point, samples that have fractured before
this point are no longer included in the sample set. This newly
calculated curve is called the contour line of the average stress-
strain curve. The segment of whole contour with the fluctuating tail
represents the highest strength and elongation at break, which lose
the validity of the average stress-strain curve, making it necessary
to incorporate or reduce the effect of the “tail” of each contour.

Truncation of contour for average stress-strain curve
based on experimental data

As demonstrated by the previous experimental data plot,
equation (5) can simulate the contour of the average stress-strain
curve, but in the latter half of the curve obtained by averaging the
data, most of the fibers have already been broken reducing the size
of the data set, making it impossible to accurately represent the
behavior of most samples. Therefore, it is necessary to truncate the
calculated contour curves. In this study we propose a reasonable
conjecture: using the strain corresponding to a 50% fracture
fraction on the fracture probability elongation curve as the fracture
elongation of the fiber (Figures 5&6), and then using this fracture
elongation, the corresponding fracture point can be obtained from
the calculated average stress-strain curve.
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Figure 5: Fracture probability distribution curve of 500

wool fibers.
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Figure 6: Fracture probability distribution curve of 500
PET-POY fibers.

As mentioned earlier, there is a semi empirical method
of placing the coordinate points of the average strength and
elongation at break obtained from tensile experiments on the
stress-strain diagram. As shown in Figures 7&8, this point happens

Trends Textile Eng Fashion Technol

Copyright © Dacheng Wu



TTEFT.MS.ID.000695. 8(4).2023

992

to be located at a certain point on the convergence contour with a
large sample size, which can be considered as the endpoint of the
“average stress-strain curve”. For wool fibers and PET-POY fibers,
this fracture point coincides with the fracture point corresponding

Load f (cN)

Strain J (%)

Figure 7: Plots of 500 stress-strain curves for wool
fibers and their “average stress-strain curve,” where o
is the fracture point for 50% fracture probability and

A is the experimental average values of tenacity and

elongation at break for wool fiber.

to the 50% fracture probability mentioned above (Figures 7&8),
indicating that the calculated average strength and elongation at
break are almost identical to the experimental results (Table 1); the
difference in calculated and experimental values is less than 5%.
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Figure 8: Plots of 500 stress-strain curves for PET-POY
fibers and their “average stress-strain curve,” where o
is the fracture point for 50% fracture probability and

A is the experimental average values of tenacity and
elongation at break for PET-PQOY fiber.

Table 1: Comparison of experimental average strength and elongation at break with calculated values based on 50%

fracture probability for two fiber materials.

Parameters Wool PET-POY
Fineness of fibers (tex) 3.64 6.19
Calculated load value corresponding to 50% probability (cN) 4.32 4.89
Calculated elongation at break for 50% probability (%) 38.9 161.8
Experimental average value of elongation at break test (%) 36.6 156.8
Calculated value of fracture strength (cN/dtex) 1.18 0.79
Experimental average value of fracture strength (cN/dtex) 1.14 0.81

The above discussion shows that this statistical method is
reasonable, and the resulting curve of contour truncation can then
be considered as an “average stress-strain curve”, which represents
a typical value of the many curves obtained in experiments.

Conclusion

A new method is presented to define the average stress-strain
curve obtained for many fiber samples. This method averages the
curves obtained from multiple experimental measurements of
similar products. When calculating each point, samples that have
been previously fractured are no longer included in the sample set.
This newly calculated curve is called the contour line of the average
stress-strain curve. On the fracture probability-fracture elongation
curve, taking a point with a probability of 50%, the corresponding
fracture elongation can be used as the cutoff point of the contour
line. The truncated contour line is the so-called average strain
stress curve, and the stress corresponding to this cutoff point is the
fracture stress or load.

From the experimental data of measured stress-strain curve,
the average strength and fracture elongation can be obtained. The
experimental error between them and the truncation point of the
above average stress-strain curve is less than + 5%. Experimental
workers previously utilized a semi- empirical method in which
the stress-strain curve where the crack point basically coincided
with the measured average value could be identified as a typical
curve. This work proves that the selection of this typical stress-
strain curve is reasonable and basically consistent with the
average stress-strain curve defined in this article. The theoretical
and experimental methods in this article can be extended to the
averaging of the stress-strain curves for other types of materials.
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