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An effect of strain rate on energy absorption during tensile testing of paper
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1. Introduction

Breaking energy is one of the parameters used for
estimation of paper properties. On a stress—strain curve, it
illustrates surface area under a curve depicting force
changes in elongation function.

In order to make breaking energy independent
from a size of sample, tensile energy absorption (TEA) was
introduced. It is expressed by the following formula:

W
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where W, is breaking energy, | is initial test span and s is
specimen width. In order to make TEA independent from
paper grammage, tensile energy absorption index (TEAI)
was introduced. It is expressed by the following formula:

TEAl = 1EA @)

9

where g is paper grammage. Due to distribution anisotropy
of mechanical properties in paper plane, breaking energy de-
pends on the direction in which the paper is stretched. Meas-
urements are usually made in main directions in paper plane,
that is in the machine direction (MD) which coincides with
the direction of the web and in the cross direction (CD),
which is perpendicular to the machine direction. Measure-
ments of paper breaking energy are a subject of numerous
research projects [1-4] however they are usually carried out
in standardized conditions, e.g. in accordance with 1SO
1924-2: 2008 using a given strain rate. When using, papers
can be stretched at different speeds what has a great impact
on a value of breaking strength. The literature, however,
misses this sort of information. Paper has properties of
visco-elastic bodies [5-7] and for this reason the time in
which a measurement is carried out affects a relationship
between the force and the strain in one direction tensile test.
It means that the shape of the stress-strain curve depends on
the speed at which paper is stretched. In order to avoid the
effect of dynamic loads on the results of paper tensile tests,
the tests are carried out in the range of quasi-static speed. In
papermaking science, the static tests are the tests made at
speed up to 3.3x10* m/s. The quasi-static tests are carried
out at speed of 0.1 m/s [8]. Fig. 1 shows the results of the
load-elongation relationship for sack paper (CD) at different
tensile speed [9].

In the initial phase of the test, when elastic strains

dominate, the stress—strain curves coincide, whereas the
curves obtained for higher tensile speed show higher forces
at the same strain. As a result, along with decreased tensile
speed the value of breaking energy drops. Similar relation-
ships were obtained in this research project (Fig. 2).
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Fig. 1 Load-elongation relationship for sack paper in CD at
different tensile speed [9]

Within the range of tensile speed below
100 mm/min, where the effect of inertia forces can be omit-
ted, the strain at the moment of breaking does not depend
from tensile speed. Regardless of tensile speed, paper sam-
ples break at similar strain unlike breaking force which
changes with variations in tensile speed. In each case de-
scribed here, variations in tensile speed cause differences in
surface area under the stress—strain curve and in the value of
breaking energy.

2. Methods and results

In order to verify the effect of tensile speed on
breaking energy, the tests with papers listed in Table 1 were
carried out.

Table 1
Characteristics of papers used in the tests
Designation Grade of paper Grammzage, Thickness,
of paper g/m mm
P1 Krafliner 090 0.15
P2 Fluting 090 0.14
P3 Printing paper 090 0.14
P4 Testliner 125 0.22
P5 Fluting 135 0.21
P6 Tracing paper 065 0.07
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In order to have representative results for different
papers, regardless of their fibrous composition and struc-
ture, the following grades were used in the tests: papers from
secondary fibres (testliner), primary fibres with 10% of sec-
ondary fibres (kraftliner), hardwood primary fibres with
30% of secondary fibres (fliuting), as well as papers with
large dosage of fillers (printing paper) and with high density
(trading paper).

For all the papers, breaking energy and tensile en-
ergy absorption index in MD and CD were measured after
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having conditioned them at temperature of 23°C and relative
humidity of 50%. Conditioning was carried out in the way
that moisture equilibrium was obtained in adsorption pro-
cess. Tensile tests were carried out with 15 mm wide paper
strips. Their initial clamping length was 180 mm. Different
tensile speed was used in the tests: 100 mm/min, 10 mm/min,
1 mm/min, 0.1 mm/min, 0.01 mm/min, 0,001 mm/min. Ten-
sile test results at different speed are shown in Fig. 2.
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Fig. 2 Tensile test results for paper P1 at different speed
Minor differences in values of breaking strain Al Al
obtained for different tensile speed in static tests are random Aal, = TR ®)

and they result from heterogeneous fibre structure of paper.
It can be concluded then that in the range of used static and
quasi-static tensile speed, the strain value at the moment of
breaking of a given paper does not change. In case of break-
ing forces, their values grow clearly with increased tensile
speed (Fig. 2).

Breaking energy W; can be determined theoreti-
cally from the following formula:

w, = ["F(alydal, 3)

where F(4l) is function depicting relationship between elon-
gation Al and force F in one direction tensile test and Al; is
elongation at the moment of breaking.

The calculations for breaking energy can be carried
out knowing a function depicting the stress—strain curve
F(Al), but for different tensile speed, these relationships are
different.

Force F and elongation 4l can be presented as di-
mensionless values Fy, Al expressed by the following rela-
tionships:

Fy=—: (4)

It allows to present all the curves obtained at dif-
ferent tensile speed in a co-ordinate system (4ly, Fp). In fur-
ther part of the article it is called a relative co-ordinate sys-
tem, where the curves have the same initial (0, 0) and final
(1, 1) points.

Using the method described in the article, the
stress—strain curves can be presented in a relative coordinate
system, in which forces and elongation are divided by
breaking force and strain at the moment of breaking (Fig. 3).

As Fig. 3 shows, in the relative co-ordinates sys-
tem, the curves obtained at different tensile speed of the
same paper have not only the same initial point (0, 0) but
also the final one (1, 1). They also have similar shape allow-
ing to describe them with one relationship.

As Fig. 3 shows, in the relative co-ordinates sys-
tem, the curves obtained at different tensile speed of the
same paper have not only the same initial point (0, 0) but
also the final one (1, 1). They also have similar shape allow-
ing to describe them with one relationship.

On the basis of the analysis of the measurements
results of all the papers tested it was concluded that suffi-
cient mapping accuracy of the stress—strain curve can be ob-
tained using a polynomial of degree 6.
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Fig. 3 Stress—strain curves for paper P1 presented in the relative coordinate system
6 : Coefficient of correlation R between measured val-
F, = Z g Al (6)  uesand the values determined by the trend line was 0.991 in

where a; is constant determined on the basis of tensile test
results.

For any tested paper, coefficient of correlation R
between measured values and the values determined by the
trend line fits in machine direction in the range of 0.991 and
in cross direction in the range up to 0.987.

Alike for each paper, a common trend line for the
stress—strain curve of all the papers tested, and the result ob-
tained for the machine direction is shown in Fig. 4.

the machine direction and 0.964 in the cross direction.
Using constants a; determined in the relative co-or-

dinate system and returning to the co-ordinate system of the

force and elongation, the following formula is obtained:

)
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After substituting (7) into (3), the relationship al-
lowing to calculate breaking is obtained:

6 a,
W, FZAIZE‘Hl' (8)

In order to calculate breaking energy from relation-
ship (8), it is necessary to know the co-ordinates of the
breaking point.

For all the papers tested, similar variations of
breaking force in the function of tensile speed were ob-
tained. The relationships between these values for the ma-
chine and the cross direction are presented in Fig. 5.

Variations of breaking force F; in the function of
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tensile speed V, can be described by logarithmic relation-
ship:

©)

where a and b are constants determined experimentally on
the basis of results of breaking tests carried out with differ-
ent tensile speed.

Knowing values of breaking forces F,; and F, ob-
tained at two different tensile speeds Vi1 and Vi, breaking
force F, obtained at any tensile speed V, can be calculated
from the following relationship:

F,=a-In(V,)+b,

le _ FZZ .

z

F [In(v,)=In(v,,)]+F,. (10)
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Fig. 4 Stress—strain curves of tested papers, obtained for different tensile speed
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Fig. 5 Variations of breaking force in function of tensile speed shown in logarithmic scale for paper P1

Due to the fact that the strain differences at the mo-
ment of breaking for different tensile speed in the static and
quasi-static range are random and minor and result from het-
erogeneity of paper and measurement errors, elongation at
the moment of breaking Al, can be described as an average
value of strain obtained for different tensile speed. Accord-
ing to the method described in the article, the coordinates of
breaking points were determined, breaking energy of tested
papers was calculated from relationship (8)
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determining constants a; in two ways:

— on the basis of tensile tests of all the papers, data
from Fig. 5;

— with the trend line determined on the basis of two
tensile tests of a given paper at the speed of 10 mm/min and
0.1 mm/min.

Fig. 6 compare the measurement and calculation
results for tensile energy absorption (TEA) of selected pa-
pers.
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Fig. 6 Tensile energy absorption for paper P1 depending on tensile speed: *a; calculated on the basis of tensile tests of all

papers; **a; calculated with two tensile tests

The tests proved that the suggested calculation
method for paper breaking energy gives the results that cor-
respond with the measurement results. The main advantage
of the method is a possibility to anticipate breaking energy
for a given paper at any speed based on the results of the
tensile tests for this paper for two different speeds.

3. Conclusions

In case of the static one direction tensile tests, the
energy absorbed during the tensile stress of papers gets

smaller with decrease of tensile speed. Comparison of the
measurement and calculation results proves that the pro-
posed method for theoretical calculation of breaking energy
reflects its variations caused by changes in tensile speed of
papers and it can be used in the speed range in which an
effect of inertia forces on measurement results can be omit-
ted.

In case of the papers of similar structure (e.g. pack-
aging grades), the use of constants a;, describing the shape
of the stress—strain curves, determined for different papers
than the tested ones does not cause a significant calculation



error. The use of these coefficients for calculation of paper
with different structure can increase the calculation error
and in such cases better results are achieved by determina-
tion of constants aj, on the basis of two tensile tests of tested

paper.
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W. Szewczyk, M. Lapczynska, J. Piwnik

AN EFFECT OF STRAIN RATE ON ENERGY
ABSORPTION DURING TENSILE TESTING OF
PAPER

Summary

The article analyses an effect of paper strain rate
on energy absorbed during tensile testing. The tests were
carried out in the range where the effect of inertia forces
could be omitted. A new calculation method is proposed to
predict variations in breaking energy caused by changes in
strain rate. The method was verified by laboratory tests and
calculation results and its practical usefulness was con-
firmed.
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