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Abstract—The article presents the results of experimental studies of the elastic properties of the polymer poly-
lactide (PLA), which is widely used in 3D printing technology. The dependences of the mechanical stress on
the static deformation magnitude are measured, and the dependence of the hysteresis is found. The values of
the Young’s modulus in the linear sections of loading and unloading of the sample are estimated. It is estab-
lished that the periodic loading and unloading of the sample lead to its strengthening in the region of elastic
deformations. An equation that relates the change in the velocity of acoustic waves in a thin rod with the value
of its static deformation is obtained, which is suitable for describing the PLA sample under study. A linear
dependence of the relative change in the elastic wave velocity in the sample on the magnitude of its static
deformation is found. Based on the measurement results, the third-order elastic coefficients are determined
and the nonlinear acoustic parameter in the PLA polymer is calculated.
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INTRODUCTION

The 3D printing of various objects, widely used in
many fields of science and technology, has become
increasingly popular in the last decade. 3D printing
makes it possible to create composite samples both
from polymer materials [1—5] and various metal alloys
[6—8]. 3D printing is a potentially cutting-edge tech-
nology in a number of industries, including aerospace,
biomedical, and automotive industries. A 3D printer is
a machine with computer numerical control, in which
a layer-by-layer printing method is used for rapid pro-
totyping of models and objects. The gradual buildup of
components allows one to create parts with complex
geometry and fine tune the final product.

Polymer materials, such as thermoplastics capable
of reversibly transforming into an elastic state when
heated, are often used as printing material. The choice
of materials varies depending on both the required
melting point and the strength characteristics of the
final product. Polylactic acid (PLA) is among the
promising materials for 3D printing. It is a biodegrad-
able and biocompatible polymer that can be produced
from plant materials. PLA is a linear aliphatic polyes-
ter, the monomer of which is lactic acid (2-hydroxy-
propionic acid), which can exist in the form of opti-
cally active D or L enantiomers [9]. PLA decomposes
via hydrolysis followed by bacterial biodegradation
[10]. Currently, PLA is already being used in produc-
tion for the food industry, as well as for biomedical
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purposes. A review of the effects of the chemical com-
position, production methods, and material modifi-
cation on the physical (including mechanical) proper-
ties of the family of PLA-based polymers is given in
[11]. In the last decade, PLA has been also considered
as a basis for a number of biocomposite materials in
line with replacing synthetic materials with natural
ones [12].

The mechanical properties of PLA and materials
based on it were previously investigated mainly by
static methods. In [13], tensile and fatigue life tests on
pure and modified PLA samples were performed. It
has been found that PLA has a sufficiently high stiff-
ness and high strength compared to many synthetic
polymers, while modification can improve its
mechanical properties. In [14], the mechanical prop-
erties of thin PLA films made by hot pressing with
stretching were studied. The effect of strain rate on the
mechanical properties of PLA was also investigated. In
[15], the effect of shock loading on the elastic proper-
ties of PLA polymer samples was investigated. An
increase in the shear strength with an increase in the
impact stress was observed. Acoustic methods were
previously used to study the glass transition of PLA
and polylactic-co-glycolic acid (PLGA) polymers in
the temperature range of 0—70°C [16] and to monitor
the process of degradation of three biodegradable
polymers based on PLA [17]. In [18], the effect of
combined physical and thermochemical treatment



376

(addition of a modifying impurity, low-temperature
aging after quenching, and ultraviolet irradiation in
various combinations) during bending deformation of
the modified PLA samples on the value of the third-
order nonlinear acoustic parameter measured by the
harmonic generation method was studied. It is noted
that the largest increase in the third-order nonlinear
parameter occurs either with the introduction of a
modifying impurity or with the combined application
of all the applied processing methods.

This paper presents the results of an experimental
study of the elastic properties (both linear and nonlin-
ear) of a PLA sample by ultrasonic and static methods
with continuous variation of its internal structure
caused by periodic cycles of its mechanical loading—
unloading. The elastic properties were studied by the
pulsed method by analyzing the propagation of elastic
longitudinal waves in the sample with the simultane-
ous application of a mechanical tensile load.

In this study, the modified Thurston—Bragger
method or quasi-static method—which measures the
parameters of elastic wave propagation in a solid when
exposed to constant external forces—was used to ana-
lyze the nonlinear elastic properties of solids. The
authors of [19] analyzed the propagation of low-
amplitude acoustic waves in solids subjected to uniax-
ial compression and obtained a system of linear equa-
tions making it possible to determine all third-order
independent components of the elastic coefficients
tensor by measuring the dependence of the elastic
wave velocity in a solid on the external static compres-
sive pressure applied to it. This is one of the most
widely used methods for studying the nonlinear elastic
properties of solids. In [20], samples of the B95 alumi-
num alloy and B95/nanodiamond composite with a
diamond nanoparticle impurity were studied experi-
mentally. In these materials, the second- and third-
order elastic constants were determined using a pulsed
ultrasonic method and the quasi-static Thurston—
Bragger method, respectively. A significant difference
was revealed in the third-order elastic coefficients in
the B95 alloy and B95/nanodiamond composite sam-
ples, while the second-order elastic coefficients prac-
tically coincide. This indicates a high sensitivity of the
nonlinear acoustic properties of the studied alloys to
the chemical composition and structure of the mate-
rial. In [21], an aluminum alloy of the AMg6 brand
was investigated and the third-order elastic coeffi-
cients were determined by the Thurston—Bragger
method from the results of experimental measure-
ments of the dependence of the velocity of shear and
longitudinal elastic waves on the magnitude of com-
pression. In [22], the effect of loading—unloading pro-
cesses on the mechanical, linear, and nonlinear prop-
erties of the AMg6 aluminum alloy was studied exper-
imentally. Nonlinear elastic properties in different
parts of the load curve were also studied by the Thur-
ston—Bragger method.
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In this study, the Thurston—Bragger method is
used for the first time to evaluate the linear and non-
linear elastic properties of a PLA sample of the eSun
brand under stretching up to deformations of 0.004.

EXPERIMENTAL

A sample of the eSun PLA polymer (used in 3D
printing) in the form of a thin cylindrical thread with a
length of L = 118 mm and a diameter of D = 1.8 mm
was used in the study. No additional thermal or other
treatment of the sample was performed. The rod
velocity of sound in the material of the sample in the
undeformed state was measured, which was V =
1630 £ 20 m/s; in addition, the density was p = 1.40 =
0.05 g/cm?. The Young’s modulus calculated from
these data was £ = 3.3 = 0.1 GPa, which agrees well
with the data obtained by other researchers [15, 23].

The PLA sample was rigidly fixed in the grooves of
two movable platforms, to which a force was applied
by means of a screw jack capable of creating a tensile
deformation in the sample. The sample was fixed in a
special device that made it possible to convert the
compressive force generated by the jack into tensile
force. To generate and receive elastic longitudinal
waves in the test sample, piezoceramic transducers
with a resonance frequency of 300 kHz were used,
which were attached with a spring-loaded clamp to the
ends of the sample. To eliminate parasitic high-fre-
quency components, the probe signal was passed
through a low-frequency filter. A similar experimental
technique that was previously used to study the
mechanical and elastic properties of the n-AMg6/Cg,
nanostructured composite [24], as well as to study the
peculiarities of propagation of elastic longitudinal and
torsional waves in polycrystalline copper in the range
of elastic and plastic deformations [25], showed itself
as an effective and reliable method to obtain informa-
tion on the elastic properties of the materials under
study.

To experimentally study the elastic properties of
the PLA polymer, an automated ultrasonic unit devel-
oped on the basis of the Ritec RAM-5000 automated
ultrasonic system was used. The block diagram of the
experimental setup is shown in Fig. 1. The pulse mea-
surement method was implemented in the ultrasonic
system.

An acoustic longitudinal wave was excited by upper
piezoelectric transducer /, passed through sample 2,
and reached lower piezoelectric transducer 3 and gen-
erated in it an electrical signal proportional to the
amplitude of the acoustic wave, which was subse-
quently amplified, entered ultrasonic acoustic com-
plex 4, processed by quadrature processing, and
recorded in personal computer 5. A four-channel dig-
ital oscilloscope (not shown in the figure) was used to
observe signals in real time. Information about the
change in the length of the sample and the force
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applied to it was recorded using analog sensors 6 and
7. The measurement results from the sensors were dig-
itized with an analog-to-digital converter (ADC) and
supplied to a PC for storage and further analysis.
During the experiment, the sample was subjected to
several periodic cycles of mechanical loading—
unloading.

A specially developed software package with a
graphics interface was used to control the course of the
experiment from a personal computer and to process
the obtained data. The interface made it possible to
simultaneously carry out static and ultrasonic mea-
surements with their further archiving and processing
in a personal computer.

The developed measuring unit made it possible to
study the mechanical and elastic properties of the PLA
sample by a quasi-static method, as follows:

1. The static method was used to measure the
mechanical stress 6—deformation € load curve under
conditions of applying several loading—unloading
cycles to the test specimen.

2. The modified quasi-static Thurston—Bragger
method was used to determine the elasticity coeffi-
cients of the third order. The method is based on mea-
suring the dependence of the elastic wave velocity in a
solid on the magnitude of the applied mechanical ten-
sile stress.

Propagation of longitudinal elastic waves in solid
isotropic cylinders (rods) in accordance with formula

U =U,sin(wf — kx) (1)

is described by the following equations of motion and
state:

°U _ do
ov _do 2
pO atz ax, ( )
o=Ee+ %ENez, (3)

where U is the displacement vector, G is the mechani-
cal stress, ® is the frequency of the elastic wave, k =

0)/ V' is the wave vector, € = (%—U) is the strain cre-
X £y =0

ated by the acoustic wave in the investigated cylindri-

0’

cal specimen, E, :( >

] is the third-order elas-
as £y =0
ticity coefficient that can be interpreted as the third-

order Young’s modulus in the case of an elastic rod,

and £ = (g_o) is the Young’s modulus. The expres-
€ €4 =0
sion below follows from Egs. (1)—(3):
(A_V) = Ey Ag,. (4)
V gﬁ:() 2E

Expression (4) is an analog of the Thurston—Brag-
ger formula used to determine the elastic coefficients
in three-dimensional solids and allows one to deter-
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Fig. 1. Schematic diagram of experimental setup: /, emit-
ting piezoelectric transducer; 2 sample; 3, receiving piezo-
electric transducer; 4, Ritec RAM-5000 automated ultra-
sonic system; 5, PC; 6, sample elongation sensor; 7, force
Sensor.

mine third-order elastic coefficient Ey from the results
of measuring the dependence of rod velocity V in a
one-dimensional solid rod on static tensile strain €, of
the rod.

To characterize the nonlinear elastic properties of a
thin cylindrical specimen, this study proposes to use—
by analogy with three-dimensional solids—the follow-
ing dimensionless acoustic nonlinear parameter:

N=Ev 5)
F

RESULTS AND DISCUSSION

In a series of experiments, information about the
linear and nonlinear elastic properties of the studied
specimen made of PLA of the eSun brand and about
the effect of periodic processes of mechanical load-
ing—unloading cycles on them was obtained.

Figure 2 a shows the results of measuring the
stress—strain dependence ¢ = 6(€) in the sample for
four cycles of periodic variation of the mechanical
stress applied to it. The cyclic application of force to
the PLA specimen in the loading—unloading mode
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Fig. 2. (a) Load curve 6(¢); (b) example of time dependence of applied static stress for fourth cycle.

performed by scheme (0—9.9—0—11—-0—12.9—0—14—
0) MPa. For each loading—unloading cycle, an insig-
nificant hysteresis of the dependence ¢ = G(g) was
observed. After the fourth cycle, residual strains of € =
0.0008 were found. As can be seen from the time depen-
dence of the voltage applied to the sample (Fig. 2b), the
experiment was carried out rather slowly to minimize
the influence of relaxation processes in the sample, so
the process was close to a quasi-static process.

Experimental measurements of the stress—strain
dependences made it possible to estimate the values of
the Young’s modulus in the PLA sample under study
in the linear sections of loading and unloading of the
sample according to the method described in [21]. An
example of the approximation of the linear part of the
loading—unloading cycle by the least squares method
is shown in Fig. 3. Table 1 gives the values of the
Young’s modulus calculated from the experimental
data. As Table 1 shows, a cyclic change in the loading
and unloading of the sample leads to an insignificant
increase in the Young’s modulus F; i.e., hardening of
the PLA sample under study occurs.

During the experiment, the dependences of the rel-
ative change in longitudinal wave velocity (AV/V) in
the sample on the value of its static deformation €

12 -
10

o, MPa

8
6
4
2

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
€

Fig. 3. Linear approximation of load curve in unloading
region by least squares method for determining Young’s
modulus.

under periodic loading and unloading were measured
simultaneously with the 6(€) load curve. The resulting
dependences are shown in Fig. 4.

A change in the elastic wave velocity in the sample
on the magnitude of its deformation was found, which
was approximated by a straight line (Fig. 5). Deviation
from the linear dependence of the rate change at
deformations of € < 0.0005 is associated with the pecu-
liarities of fixing the specimen.

To determine the third-order Young’s modulus
with formula (4), the [AV(g)/V] dependences under
conditions of periodic loading and unloading were
analyzed by the least squares method. The values of
third-order elastic coefficients € are given in Table 2.

Using the obtained values of the second- and third-
order Young’s moduli, acoustic nonlinear parameter
N was determined by formula (5), the values of which
are given in Table 2. It was found that cyclic loading of
the sample leads first to an increase in the nonlinear
acoustic parameter N and then to its decrease. We
have found no published data on the absolute value of
the nonlinear elastic parameter of PLA. The nonlinear

0.0035
0.0030
0.0025
~ 0.0020
N
< 0.0015
0.0010 |-
0.0005 p~~

1 1 1 I
0.002  0.003 0.004 0.005

€
1 cycle 2cycle — 3cycle — 4 cycle

Fig. 4. Change in longitudinal wave velocity in PLA sam-
ple as function of its static deformation for four mechanical
loading—unloading cycles.
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Table 1. Young’s modulus values of investigated PLLA sample in linear sections of loading and unloading of the sample

E, GPa, Cycle 1

E, GPa, Cycle 2

E, GPa, Cycle 3 E, GPa, Cycle 4

2.91£0.01
2.71 £ 0.01

Loading region

Unloading region

3.36 £ 0.01
2.83£0.01

3.16 £ 0.01
2.98 £0.01

3.09 £0.01
2.82+£0.01

Table 2. Values of third-order elasticity coefficient £, and acoustic nonlinear parameter VN in investigated PLA sample

Cycle 1 Cycle 2 Cycle 3 Cycle 4
Ey, GPa 3.97 £0.03 5.11 +0.03 5.12+0.02 4.71 £0.02
N 1.41 £0.02 1.65 £ 0.02 1.73 £ 0.02 1.53£0.02
second-order parameter of a number of widely used CONCLUSIONS

polymers was measured by the focused ultrasound
method [26]. Typical B/A values for polymers, such as
polystyrene, acrylic polymer, polyethylene terephthal-
ate, polyvinyl chloride, and polycarbonate, are about
9—11. In [27], second-order nonlinear parameter

B, = _BI;_(s) / V' was measured by the second har-
I3

monic generation method for pure and glass-fiber-
reinforced polypropylene under stretching. At the ini-
tial stage of deformation, the value of this parameter
for pure polypropylene varies from 5 to 10.

(@)
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Techniques for studying the elastic properties of
threads made from a sample of polymer PLA of the
eSun brand using a Ritec RAM-5000 ultrasonic sys-
tem with the static and ultrasonic methods have been
created and developed.

The dependences of mechanical stress G on the
value of static deformation € in a PLA polymer sample
during its cyclic loading and unloading up to the
deformation region of 0.004 are investigated. A hyster-
esis o(€) dependence was found.

Using the measurement results of the 6(€) depen-
dence by the least squares method, the values of the

(b)
0.003 y=0.8259x — 0.0003
R%>=0.9833

. 0.002 ’

N
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0 0.002 0.004
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€

Fig. 5. Linear approximation of dependence of relative change in longitudinal wave velocity in PLA sample on value of its static
deformation for (a) first, (b) second, (c) third, and (d) fourth loading—unloading cycles.

ACOUSTICAL PHYSICS  Vol.67 No.4 2021



380

Young’s modulus F were estimated in the linear sec-
tions of loading and unloading of the sample. It is
found that periodic loading and unloading of the sam-
ple lead to its hardening in the region of elastic defor-
mations and, as a result, to an increase in the value of
the Young’s modulus F.

Acoustic waves propagation in a thin rod subjected
to static tensile deformation is analyzed. An equation
that relates the relative change in the velocity of acous-
tic waves in the sample with the value of its static ten-
sile deformation is obtained. This equation is an ana-
logue of the Thurston—Bragger formula and makes it
possible to determine third-order elasticity coefficient
E\in thin rods and thread-like samples.

Together with the measurement of load curve ¢ =
o(¢€), the relative change in the velocity of longitudinal
waves in the deformable PLA polymer sample from
the value of its static tensile deformation is measured.
Linear change dependence V(g) of the elastic wave
velocity in the sample on the value of its static defor-
mation was found. From the results of these measure-
ments, third-order elastic coefficients Ey in the PLA
polymer are determined.

Nonlinear acoustic parameter N = (Ey)/E is calcu-
lated in PLA for different tensile load values.

The results provide information about the mechan-
ical, linear, and nonlinear elastic properties of PLA
and can be used to create composite samples using 3D
printing technology.
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