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Statistical dependences of influence of ultrasonic exposure time
on the strength and other parameters of a polypropylene welded joint
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Abstract: Polypropylene is one of the most popular thermoplastic materials used in industry. To produce goods from

this material, the ultrasonic welding method is often used. However, despite a large number of scientific papers, the influ-
ence of some parameters of the ultrasonic welding mode on the strength characteristics of polypropylene joints remains
unstudied. The paper presents the results of experimental studies of contact spot ultrasonic welding of plates 3 mm thick
made of 01003-26 grade polypropylene. The authors considered the process of gradual penetration of the ultrasonic tool
working face into polypropylene to a depth equal to the total thickness of the welded plates. Statistical dependences of
the depth of the tool face penetration into the material and the force of material separation on the ultrasound exposure time
are obtained. The influence of the depth of the ultrasonic tool working face penetration on the tearing force of welded
specimens is determined. A significant increase in the tearing force from 150 to 400 N was found at the tool penetration
depth of more than 3.5 mm due to an increase in the nominal area of mutual mixing of the material between the welded
plates caused by the flow of molten material into the gap. The authors proposed a hypothesis about the flow of the molten
material in the direction opposite to the direction of penetration of the working tool by forming traveling Rayleigh waves.
However, its confirmation requires additional studies of the influence of the ultrasonic welding mode parameters and

the size of the gap between the parts to be joined on the rate of the molten material flow into the gap.
Keywords: ultrasonic welding of plastics; polypropylene; welded joint strength; welding tool working part; ultrasonic

welding time; depth of penetration of an ultrasonic tool face.
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INTRODUCTION

Today, various polymeric materials begin actively
to displace metals due to some of their technical and eco-
nomic indicators. First of all, this refers to significant corro-
sion resistance, high mechanical properties at a relatively
low density and lower cost than that of metals and alloys [1;
2]. According to the scale of production, among thermo-
plastic polymeric materials, which are characterized by
the ability to pass when heated to a viscous and then liquid
state, polyolefins occupy the leading place. This group in-
cludes low-density and high-density polyethylene, polypro-
pylene, etc. In terms of the production growth rates, these
materials surpass all other polymeric materials, and at pre-
sent, polyethylene ranks first in world production, and poly-
propylene is the fourth [3]. The mass use of polyolefins for
manufacturing various products involves the improvement
of technological processes for their joining. Ultrasonic
welding of polymeric materials remains one of the most
popular methods for joining parts when assembling pro-
ducts and building structures [4; 5].

However, due to the complexity of ultrasonic equipment
and ignorance of the influence of various welding mode pa-
rameters and additional factors (welding time, welding force,
substrate material, soaking time, energy concentrator shape,
etc.) on the strength characteristics of a resulting joint, manu-
facturers of plastic goods made of polypropylene and poly-
ethylene encounter the problems of determining the ultraso-
nic welding optimal modes, which would provide the re-
quired strength indicators of a finished product.

The studies presented in [6] are aimed at searching
for optimal modes of ultrasonic welding of polypropylene.
The authors emphasize the influence of variable welding
parameters, namely, welding time, soaking time, and vibra-
tion amplitude, on the strength characteristics of H110MA
grade polypropylene specimens. Based on the results of
the experiments, the optimal values of technological varia-
bles were determined to ensure maximum tearing strength:
the welding time — 1200 ms, the soaking time — 900 ms,
and the vibration amplitude — 75 %.

In [7], the optimal modes for ultrasonic welding of
polypropylene filled with 10 % glass fiber were found.
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The results of the experiments showed that the maximum
breaking force of about 2.3 kN is achieved with a welding
force of 1.5 bar, a vibration amplitude of 32 microns, and
a welding time 0f 0.4 s.

The authors of [8] investigate the influence of the am-
plitude and welding time on the strength characteristics
of polypropylene, arguing that they are the most important
parameters of the weld joint strength. Ultrasonic welding
of the specimens was performed using a pyramidal energy
concentrator, which made it possible to ensure the welded
joint shear strength equal to 22.36 MPa (319 % of the initial
strength).

The authors of [9] state that it is the shape of the en-
ergy concentrator that has the greatest effect on the strength
of the joint, and the pyramidal energy concentrator al-
lows obtaining the most durable joint made of pure poly-
propylene.

In the work [10], the authors state that the main factors
affecting the strength of a welded joint made of polypropyl-
ene are the welding time and the welding force. According
to the results of the experiments, it was found that the welding
time of less than 2 s and the welding force of less than 2 N
do not provide a monolithic joint, and the welding time of
8 s and the welding force of 8 N lead to the formation
of pores and defects in the weld. The optimal modes
for ultrasonic welding of polypropylene specimens with
a thickness of 4 mm are: the welding time is 4-6s,
the welding force is 5—7 N.

The authors [11] believe that the level of deterioration
in the mechanical and thermal properties of polypropylene
goods after ultrasonic welding depends on the change in
the crystalline structure, glass transition temperature, and
the weight loss, since polypropylene undergoes crystal
reorientations during melting. As a result, a phase is
formed that has an intermediate crystalline order and dif-
fers from the normal phase. After welding polypropylene,
the glass transition temperatures tend to change from 5 to
10 K/min.

Studies allowing a more detailed understanding of the de-
gree of impact of ultrasonic vibrations on the polypropylene
structure are presented in [12]. The authors identified that
after ultrasonic welding, the strength of welded joints after
300-600 h of aging reaches 90—100 % of the base material
strength. However, significant strength instability is ob-
served, which can be traced even on one product, when
the strength of various sections of a weld ranges from 50
to 100 % of the base material strength. It is explained by
complex wave processes during the ultrasound propagation
in welded plastic parts, which leads to an uneven change
in the structure of the weld material [13].

A more detailed analysis of the effect of ultrasonic vi-
brations on the formation of a polypropylene welded joint
using modern techniques, such as differential scanning
calorimetry, thermogravimetric analysis, Fourier trans-
form infrared spectroscopy, and scanning electron micro-
scopy, was carried out in [14]. The analysis of the degree
of stretching of samples after ultrasonic welding allowed
concluding that an increase in the main parameters of
the process (pressure, time, and vibration amplitude)
leads to an increase in the strength of the weld, to the con-
trary, a decrease in plasticity was noted. Using scanning
electron microscopy, the authors revealed the formation

of voids, which is closely correlated with the amplitude
of vibrations.

The works [15-17] present evidence that the strength
of a welded joint during ultrasonic welding directly de-
pends on the amount of melt located between the contact
surfaces. In this case, the amount of melt is determined by
a whole complex of ultrasonic welding modes and depends
on the amplitude and frequency of vibrations, welding
force, the depth of the coupler end face penetration into
the material, the time of exposure to ultrasound, and other
parameters [18].

Based on the analysis of scientific publications, it can
be concluded that the influence of welding time, vibration
amplitude, welding force, energy concentrator geometry
on the strength characteristics of polypropylene samples
and the structure of the resulting weld is well studied in
the literature. All these factors directly determine the
amount of melt formed between the parts during the weld-
ing process. However, the amount of melt in the gap is also
influenced by the working tool end face penetration depth,
which directly depends on the time of exposure to ultra-
sound. This issue has not been addressed in the scientific
literature.

The study aims at the improvement of the strength
of polypropylene welded joints obtained in the process
of ultrasonic welding by adjusting the time of exposure to
ultrasound on the welding zone and the depth of penetration
of the welding coupler end face into polypropylene.

METHODS

Ultrasonic welding of samples was carried out using
a technological complex for ultrasonic welding of plastics
consisting of a welding device and an UZG-2M ultrasonic
generator. The device for ultrasonic welding consists of
an ultrasonic vibrating system (USVS) placed inside a me-
tal case. The ultrasonic vibrating system contains a magne-
tostriction converter of electrical energy into the energy
of mechanical extension vibrations and an ultrasonic cou-
pler rigidly connected to the end face of the converter.
The ultrasonic coupler working part has the form of a cy-
lindrical rod with a flat end 5 mm in diameter.

The ultrasonic welding technological complex was in-
stalled on an FHV-50PD universal milling machine using
specially designed equipment. The equipment includes:

— a device for orienting and fixing sample plates during
ultrasonic welding, made in the form of a prism with
a square base, on the upper end of which there are two mu-
tually perpendicular slots-lodgments for sample plates;

—a unit for fastening the USW device to the quill of
the machine is a bracket with two terminal clamps for
clamping the quill and USW device, respectively;

—a device for creating a constant static pressure of
the ultrasonic coupler working end face on the welding zone
includes a calibrated load mounted to the steering wheel
of the lever-rack mechanism of the machine spindle head;

— a device for measuring the pressing force of the ultra-
sonic coupler working end face to the contact surface of
the sample plates consists of a 7039-2023 spring according
to the TOCT 13165-1967 standard and a rectangular prism
with a blind cylindrical hole located in the center of one
of its faces.
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During calibration, the spring was installed in the prism
hole until it stops. The result of the calibration is a straight
line equation

AF)=b-F, (1)
where A(F) — is the dependence of deformation on the force
of compression of the spring;

b — is the proportionality coefficient, 5=0.122 mm/N;
F —is the spring compression force, N.

Rectangular plates cut from 01003-26 sheet polypropy-
lene 3 mm thick according to the TOCT 26996-1986 stan-
dard were used as samples (Fig. 1).

Contact spot ultrasonic overlap welding of samples was
carried out according to the scheme shown in Fig. 2.

The welding cycle consisted of sequential execution of
the following actions:

—applying a constant static pressure P, equal to
1.32+0.10 MPa, which corresponds to a spring compression
force F equal to 262 N;

— exposure for 3 s for pre-compression of sample plates
under pressure Pg;

— turning on the ultrasonic vibrations (without relieving
pressure);

— switching off the ultrasonic vibrations after a time
t=1.2...3.6s;

— exposure of the welded joint sample under a pressure
Py, for 3 s;

— removal of static pressure P,;.

The static pressure Py is applied before the ultrasonic
vibrations are turned on (the pre-compression time #, is 3 s),
it is considered constant throughout the entire welding
cycle and is removed with a delay of #5. The delay time is
3 s. The time of exposure to ultrasound # varies from 1.2
to 3.6 s.
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Before the first cycle and every 15 USW cycles,
the spring compression deformation was measured and,
using the equation (1), the pressing force value was calcu-
lated, which was controlled within the specified limits
of 262 N.

Sample plates having glossy (with low roughness) flat
surfaces on both sides (Fig. 1) were installed in the corre-
sponding lodgments (Fig. 3), evenly fixed and pressed to-
gether with screws.

The USW mode: generator output power is 330£10 W,
amplitude and frequency of vibrations are 67+3 um and
21915+5 Hz, respectively; the force of pressing the welding
tool (WT) working end face to the samples was applied
in the direction perpendicular to their joint plane and was
maintained within the range of 26+2 N using a calibrated
load mounted to the steering wheel of the lever-rack mecha-
nism of the machine spindle head. After each completed
cycle, the WT surface temperature was controlled by
immersing it for two minutes in a container with cold
water, then blown with compressed air at a temperature
of 2242 °C and wiped with a napkin. The time of ultra-
sound exposure to the welding zone was set according to
the generator timer in the range of 1.2...3.6 s with a step
of 0.2s. At each time value, five experiments were per-
formed (five welded joint samples were created). The joint
samples were marked with Arabic numerals as they were
created (Fig. 3) and prepared for measuring the depth of
coupler working end face penetration into polypropylene.

The depth of ultrasonic coupler penetration into the ma-
terial was measured using a stand equipped with measuring
heads of the C-IV T'OCT 10197-1970 type according to
the scheme (Fig. 4). The welded joint thickness H was
measured with an ABSOLUTE Digimatic 547-401 thick-
ness gauge having a measurement range from 0 to 12 mm,
a resolution of 1 um, and a precision of £3 pm.

Fig. 1. A sample plate
Puc. 1. Obpazey-nracmuna

Frontier Materials & Technologies. 2023. Ne 1

59



Murashkin S.V., Selivanov A.S., Spiridonov N.G. et al. «Statistical dependences of influence of ultrasonic exposure time on the strength...

A
Pst | USV
usw
r T
| Pyt |
} }
| |
| |
| |
0 t t ts | t,S
ty

Fig. 2. “Static pressure — ultrasound” USW working cycle:
Py, — static pressure; USV — the ultrasonic vibrations, t,— the time of preliminary pressing of samples;
t; — the ultrasonic vibration exposure time; t;— the static pressure-off delay time; t,,— the welding time
Puc. 2. Pabouuii yuxn Y3C «cmamuueckoe dasnienue — yiompazeyky.
Py, — cmamuueckoe dasnenue; USV — yrvmpaseykoevle konebanus; t, — 6pems npedeapumenpHo20 Cocamus 00pasyos;
t; — epems gosoeiicmsusi Y3K; t;— epems 3a0epoicku cHAMUA cmamu4ecko2o 0asnenus; t, — 6pems c8apKu

Fig. 3. The creation of a sample of a polypropylene welded joint on a milling machine:
1 and 2 — the upper and lower plates-samples respectively; 3 — the heat insulating substrate;
4 — the welding tool; 5 — the overlap of a pressed-out melt;
6 — the lodgments’ prism; 7 — screws and washers for sample fixation; 8 — the machine-tool clamps
Puc. 3. Cosz0anue obpasya ceaprozo coeounenusi NOIUNPONULEHA Ha PPe3epHomM CmaHKe:
1 u 2 — eepxuuil u HUICHUL 0OPA3YbI-NIACMUHBL COOMEEMCMBEHHO, 3 — MEPMOUONAYUOHHASL NOOKNAOKA,;
4 — ceapounbili uHcmpymenm,; 5 — Hanivlg Gbl0AGNIEHHO20 PACNIABA;
6 — npuMa 10HCEMEHMO8; 7 — BUHMbL U WAaLiObl Ol KpenieHus 0opasyos, 8 — mucku CImaHouHble




