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ABSTRACT. The aim of this study was to investigate the effect of thickness of  fibers, Fracture and Structural Integrity, 77
. . . (2026)281-297.
energy director (EDs) and ultrasonic welding (USW) process parameters on
structure formation and interlaminar shear strength (LSS) values of lap-joints — Received: 12.04.2026
. . . A d: 17.05.2026
of composite polyetheretherketone (PEEK) based plates reinforced with —popmmed: 2105200
40 wt. % short carbon fibers (SCF). The null hypothesis was the necessity of —Issue: 07.2026
complete melting and extrusion of the EDs from the fusion zones to ensure  copuright: © 2026 This is an open access
the minimal presence of discontinuities at reaching the maximum LSS value. article under the terms of the CC-BY 4.0,
. . g . . hich permits unrestricted use, distributi
During the USW with a flat anvil, frictional heating developed primarily along 5Crepfzgffgoi?;e::;fed;i prl;tvrild:;(;lé
the periphery of the fusion zones due to less strict constraint conditions. The  original author and source are credited.
rational process parameters were the ED thickness of 100 um and the USW
duration of 800 ms, which enabled the formation of the fusion zones over the
62.5 % of the contact region. The LSS values of >11 MPa with the load at
failure of >4500 N developed through the base material due to bending of the
adherends. The use of a spherical anvil localized frictional heating and fusion
in the center of the clamped region. Without EDs, the lap joints achieved the
maximum stress at failure of >60 MPa; however, the small fusion zone atrea
limited their load-bearing capacities to 3000 N. The multi-spot lap-joints of

the adherends from the PEEK/SCF composite formed without EDs were
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characterized by the structural integrity, while the stress at failure was equal to
~30.8 MPa, which were 2-3 times higher than those with the EDs 100 and
250 pm thick. The structure of the multi-spot-welded joints was determined
by the ratio of the ED thickness to the distances between adjacent spots.
Inserting the EDs significantly enlarged the fusion zone area, but uneven
distributions of the clamping force resulted in their different melting and
spreading patterns, giving rise to in discontinuities in the formed structure.
The optimization of USW procedures for fibrous PEEK/SCF composites
should be aimed at achieving a balance between the distances between
adjacent spots and the ED thickness to ensure control of melting the polymer
in fusion zones (outside the clamped region) and to eliminate the formation
of discontinuities caused by its deficiency due to squeezing out.

KEYwORDS.  Ultrasonic ~ welding,  Polymer  matrix  composite,
Polyetheretherketone, Short carbon fiber, Energy director, Interlaminar shear
strength

INTRODUCTION

carbon fibers (PEEK/CF laminates) exhibit improved strength properties, including at elevated temperatures,

which contribute to their widespread use in the aerospace and other advanced industries [1,2]. As a thermoplastic
polyether, PEEK is characterized by a melting point of ~343 °C and great chemical stability in aggressive environments [3]
that expand its industrial applications in both car manufacturing and medicine [4]. Another distinctive feature of the PEEK-
based composites is the ability to be multiply recycled due to their thermoplastic nature, distinguishing them from
thermosetting matrices. However, heterogeneous structure of the interfaces between layers remains a key factor
deteriorating their static and cyclic strengths [5]. Accordingly, such challenges have to be overcome in their manufacturing
and subsequent joining of parts (if necessary). In these cases, ultrasonic welding (USW) is one of the most suitable
techniques. This process involves applying US-vibrations of a working tool (sonotrode) to the surfaces of the parts to be
welded under application of clamping force. As a result, they are locally heated and fused without significant (thermally
induced) damage to the materials being joined [0, 7]. Typically, USW is implemented for thermoplastics and their composites
due to i) high productivity, as well as ii) formation of few discontinuities and iii) low residual stresses in welded joints [8].
USW enables the formation of permanent joints of the PEEK/CF laminates (adherends), ensuring high strength properties
while preserving their original structure [9]. The size of thermomechanically affected zones (TMAZs) can be minimized by
inserting and melting consumable energy directors (EDs) in fusion zones. Another important task is the optimization of
USW process parameters (amplitudes of US-vibrations, clamping forces and process durations), which determine the
strength properties and durability of welded joints [10]. Its solution allows to improve the quality of the formed structures
in the fusion zones of the PEEK/CF laminates. Accordingly, their application areas are widened due to the expansion of
technological capabilities and reliability in accordance with operating conditions [11, 12].
In addition to the commonly used PEEK/CF laminates, some other PEEK-based composites ate reinforced with short
carbon fibers (SCFs) [13—15], which unfortunately have received little attention so far. For example, USW was applied for
joining additively manufactured parts from PEEK and its composite containing 10 wt. % SCFs [16]. The effects of the
shape and size of EDs, as well as USW process parameters on the strength properties of welded joints were assessed. It was
found that the EDs with circled profiles and the optimized USW parameters (a clamping force of 250 N and an amplitude
of US-vibrations of 40 pm) ensured the process stability and great load-bearing capacity (up to 1.97 kN at energies of 300—
500 J). The most important result was the achievement of the cohesive fracture mode (i.e., outside the fusion zone),
confirming the key role of the strength properties of the welded joints of the additively manufactured parts (comparing with
the interlayer adhesion).
The formation of microreliefs on the surfaces of joined parts from the PEEK/CF composite (30 wt. % SCFs 200 pum long
and 7.5 pm in diameter) localized heat generation in USW, increasing loads at failure of their welded joints by ~30 % (up

l ] p-to-date layered composites (laminates) based on polyetheretherketone (PEEK) reinforced with continuous
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to ~8 kN) [17]. The optimal USW duration was 1.5 s for single-side surface microtexturing, which maintained the matrix
integrity preventing its structural degradation. Shortening the USW duration to 1s caused insufficient frictional heat
generation for the formation of US-welded joints, while its prolonging to 2 s led to thermal degradation of the polymer, the
presence of pores, and instability of the process.

In addition to the USW process parameters, the shape of elastic bases (the so-called anvils) greatly affects the formation of
welded joints. Conventional flat anvils do not provide sufficient heat localization in most cases, resulting in uneven fusion
of the welded parts and low strength properties of the formed joints. According to [18], the use of a ring-shaped anvil with
a bearing diameter of 10 mm in USW of parts from the PEEK/CF composite (30 wt. % SCFs ~100 um long) was more
effective than a flat one due to its circular support zone, which concentrated energy and localized Coulomb friction. Thereby,
heating and diffusion of the molten polymer accelerated improving the strength of the welded joint up to 7.4 MPa, which
was 2.1 times higher than that for the flat anvil. However, excessive expansion of the support zone contributed to thermal
degradation of the matrix, increasing porosity in the welded joints from 41.3 % up to 56.2 %. In turn, the authors of [19]
proposed an alternative approach to performing USW without EDs by replacing typical flat anvils with spherical ones. They
investigated the effects of both spherical tip radius and energy of US-vibrations on the structure and strength properties of
welded joints of parts from the PEEK/CF composite (30 wt. % SCFs with a length of ~200 um and a diameter of 7.5 pm).
The use of the spherical anvil ensured efficient energy concentration, enhancing the structural homogeneity of the welded
joints and minimizing the presence of discontinuities.

As noted above, there are still many knowledge gaps regarding USW of fibrous PEEK-based composites. In particular,
patterns of the structure formation in fusion zones were not identified in terms of the interaction of consumable EDs with
adherends, since the primary attention was focused on high-strength laminates (reinforced with fabrics or tapes of
unidirectional continuous fibers) [20]. An important aspect is understanding the characteristics of energy transfer from US-
vibrations towards fusion zones depending on the strength properties (elastic moduli) of the top adherend clamped with a
sonotrode (for particulate composites, they are lower than those for continuous fiber reinforced ones).

The aim of this study was to investigate the effects of ED thicknesses and USW process parameters on the structure
formation and interlaminar shear strengths of welded joints of a PEEK-based composite loaded with SCFs. The null
hypothesis was the necessity of complete melting and extrusion of the EDs from the fusion zones to ensure the minimal
presence of discontinuities at reaching the maximum shear strength.

MATERIALS AND METHODS

mixing. The 770PF PEEK powder (China) with an average particle size of 50 pm was used as a matrix. It was
dispersion mixed with as-received SCFs 2 mm long and 10 pm in diameter (ZUKM LLC, Chelyabinsk, Russia) that
were without prior annealing, i.e., with a sizing agent on their surfaces (for epoxy binders). In this way, both PEEK powder
particles and SCFs were dispersed using a Bosch paddle mixer (ErgoMixx, Robert Bosch GmbH, Germany) at a rotor speed
of 12,500 rpm for 5 minutes. Then, the obtained mixture was placed into a mold to form 170x125X2 mm?3 adherends using
a GT-7014-A 122 heat press (GOTECH Testing Machines Inc., Taiwan) at a temperature of 390 °C, a pressure of 10 MPa,
and a holding time at the maximum temperature of 30 minutes.
The adherends were cut out from the composite plate using a 3-axis CNC vertical milling machine (NPO "Putrelogic" LLC,
Russia). A 2 mm diameter solid carbide vertical tool was employed for the operation. To ensure high-quality edges and
minimize delamination, the following processing parameters were strictly maintained: Spindle speed — 15,000 rpm; Feed
rate — 600 mm/min; Axial depth of cut — 0.5 mm. Following the machining process, the milled edges of the adherends were
manually wet-polished using P1000-grit sandpaper. In accordance with ASTM D5868, the lap-joined adherends were
prepared with dimensions of 100X20X2 mm?3.
The ED elements used in this study were commercially available polyetheretherketone (PEEK) films with thicknesses of
100 and 250 um. These films were manufactured by Jilin Zhongyan High Performance Plastic (Changchun, China) under
the brand name ZYPEEK.
USW was performed with a UZPS-7 machine (SpetsmashSonic LLC, Russia) at an amplitude of US-vibrations of 10 um
and a frequency of 20 kHz. When using a flat anvil, the dimensions of fusion zones of the joined adherends were 20X20
mm?, determined by the sonotrode sizes according to Fig. 1, a.
The adherends were placed in a clamp, preventing their relative movement during USW (mode #1). According to previous
research by the authors [21], uniform melting and spreading of EDs were virtually impossible to achieve with these
sonotrode dimensions. Therefore, mode #2 was also utilized, namely, localized (“spot”) USW using a spherical anvil (Fig. 1,

T he components of the studied PEEK (60 wt. %0)/SCF (40 wt. %) composite were preliminary compounded by dry
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b). In this case, the welded joints were formed locally, since the fusion zones were frictionally heated only at the clamping
area. This proposed USW procedure was rather a model one. On the one hand, it enabled to simulate the spot USW process,
including for the subsequent development (outside the scope of this study) of a technique for the formation of welded joints
with a sonotrode continuously moving relative to the adherends being joined [22]. On the other hand, since it was impossible
to uniformly focus US vibrations over the area of 20X20 mm, an analysis of the structures in the spot-welded joints allowed
to more accurately identify the specifics of the processes developing upon USW. Another trial option was a multi-spot USW
procedure (mode #3; Fig. 1, ¢), which involved step-by-step discrete movement of the adherends relative to the apex of the
spherical anvil. The applied USW parameters are presented in Tab. 1.
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Figure 1: The USW diagrams for modes #1 (a), #2 (b) and #3 (c)
USW mode USW duration, ms Clamping force, atm ED thicknesses, pm Nz i 0 siprceaseis
folngzgzgfil 800, 1000, 1200 1.7 0 (without EDs), 100, 250 >
2 Z?fgelrel_c:;jf“l’ 600, 800, 1000 1.0 0 (without EDs), 100, 250 >
0 (without EDs),
#3 spherical anvil, 800 10 spot pitch 4 mm 5
multi-spot ’ 100, spot pitch 2 mm

250, spot pitch 4 mm
Table 1: The applied USW parameters

For mode #1, the experiment was planned according to the full factorial technique with two variable parameters (USW
duration [#usw, ms| and ED thickness [3, um]) at three levels, while the clamping force of 1.7 atm and the holding time after
switching off US-vibrations of 2000 ms were constant. As shown below, the applied USW process parameters were suitable
for joining the adherends only with the EDs. Considering this fact and lower required input energy, the clamping force was
reduced down to 1 atm for mode #2.

Based on the results previously obtained by the authors in the aspect of the implementation of USW for joining adherends
from neat PEEK with PEEK/CF fabric prepregs [23], the clamping force was set at the minimum possible level in this
study (determined empirically in some trial experiments). The following considerations were taken into account: i) to
minimize the damaging effect on the top adherend, which was cyclically subjected to the hammering action of the sonotrode;
ii) to level out spreading of the molten EDs, since turbulent flows increased porosity; iii) the EDs were melted nonlinearly
in time, so the clamping force reduction had to accelerate this process ensuring the formation of US-welded joints.

The lap shear strength (LSS) tests of the welded joints were conducted with an Instron 5582 electromechanical tensile testing
machine at a cross head speed of 13 mm/min according to ASTM D5868. The LSS values were calculated using the
following expression:

P
LSS =— 1
F M
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where P was the load at failure, N; FFwas the contact area of the joined adherends, mm?.

The structures of the welded joints and their fracture surfaces were examined using a Neophot 2 optical microscope (OM;
Carl Zeiss Jena, Germany) equipped with a Canon EOS 550D digital camera (Canon Inc., Japan) and an Apreo 2 S
scanning electron microscope (SEM; Thermo Fisher Scientific, Waltham, MA, USA) at an accelerating voltage of 25 kV
and a e-beam current of 0.80 nA.

To quantify the fusion zone area, a digital image analysis of the failed specimens was performed. The boundaries of the
fusion zones, were manually traced, and the corresponding surface areas were calculated using Image] software (National
Institutes of Health, USA). To calibrate the pixel scale to absolute units (mm?), a reference scale included in the original
photographs was used. For each USW condition, measurements were conducted on all tested specimens to ensure statistical
reliability and determine the average values with standard deviations.

EXPERIMENTAL RESULTS

Mode #1
ig. 2 shows dependences of the LSS values and the loads at failure vs the USW durations for all nine combinations
F of the applied parameters (Tab. 1) without taking into account the fracture mechanisms. It should be noted that the
welded joints failed via the interlaminar shear mechanism not in all cases. Therefore, if failure was through the base
material (namely, due to bending of an adherend according to Fig. 3, b [23]), the actual LSS value was higher than that
shown in Fig. 2.

T T T T 5000
124 cohesive fracture due to bending
} 104 - 4000
a9 Z
= el
23 3
n —~
— g
interlayer shear mechanism - 3000
m without ED|
e ED 100 um
6 A ED 250 um
2000

800 1000 1200
USW duration, ms
Figure 2: The dependences of the LSS values and the loads at failure on the USW durations; USW mode #1

Figure 3: The OM images of the fractured USW-joints: along the fusion zone (by the interlayer shear mechanism) without EDs at
#usw=1000 ms (a) and along the base material (cohesive fracture due to bending) at =100 um and #zusw =1000 ms (b); USW mode #1

The welded joints formed with the EDs failed due to bending outside the fusion zones along one of the adherends (through
the base material), regardless of the USW duration. This fracture pattern was not reported previously in the literature on
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USW of laminates, as their reinforcement with continuous CFs eliminated its [24]. The LSS values shown in Fig. 2 were
proportional to the fusion zone areas (circled by red dotted lines in Fig. 4, a—c).

Figure 4: The OM images of the fracture sutfaces; USW mode #1 without ED: a — #5sw=800 ms, b — fusw =1000 ms, ¢ — fusw =1200
ms; 8=100 um: d — #usw =800 ms, € — fusw =1000 ms, f — fusw =1200 ms; 8=250 uwm: g — fusw =800 ms, h — #usw =1000 ms, i— #usw
=1200 ms;for cases d), e), f), h), i) the samples were fractured manually (mechanically) after the LSS tests.

The welded joints formed without EDs failed via the interlaminar shear mechanism at all the applied USW durations. The
maximum LSS value of ~9.3 MPa was achieved at fusw=1000 ms, decreasing with its prolongation up to 1200 ms. This
result was unexpected, since the generated frictional heat had to be increased with prolonging the USW duration.
Consequently, melting of the polymer within the adherends being joined had to be enhanced enlarging the fusion area.
However, this conclusion was more valid when using the EDs. Without them, excessive melting of the polymer matrix
could damage the surface layers of the adherends. In any cases, the achieved LSS values were low compared to previously
reported levels of 225 MPa |20, 25].

At =100 pm, all welded joints failed through the base material (Fig. 4, d—e), reflecting high intetlayer adhesion levels. The
LSS values (which were not actually considered as such due to the implementation of another fracture mechanism) were
11.520.5 MPa with the stresses at failure of ~115 MPa (Fig. 2), practically independent of the USW durations. Since
macroscopic bending of the lap joints could not be completely eliminated in the LSS tests, the above-described spot ones
were examined for understanding this parameter more objectively (the results are presented below).

Typically, the thicknesses of EDs used for USW of laminates did not exceed 250 pm [20], involving the formation of welded
joints reinforced with CF fabrics or unidirectional continuous fibers. In this study, the EDs 250 um thick were also inserted,
which reduced the LSS values compared to those for 8=100 pm, all other things being equal (Fig. 2). At fsw=800 ms,
failure occurred through the fusion zones with the (expected low) LSS values of 8.1£0.6 MPa caused by their small areas
(Figs. 4, f and 5). At longer USW durations, the welded joints failed through the base material apparently due to more
complete melting of the polymer matrix in the surface layers of the adherends being joined (Figs. 4, h, i and 5) at the LSS
values of 11.0£0.3 MPa and stress at failure of ~110 MPa.
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As noted above, the fracture mode of the lap-joints (through the fusion zones or the base material) was determined by the
interface area of the adherends being joined. This parameter was estimated based on the data presented in Figs. 4 and 5, a.
Similar to Fig. 2, the graph in Fig. 5, a is divided into two regions characterized by different fracture mechanisms. These
data indicated that the formation of the welded joints with the minimum acceptable LSS values was possible at the total

fusion areas of 2200 mm? (i.e., 250 % of that for the sonotrode size of 20X20 mm?).

According to the obtained results and previously reported data, thinning of the welded joints (measured integrally by the
sonotrode displacement during USW, for example) was a suitable control parameter, a critical change of which could serve
as an indicator for switching off US vibrations [20, 22, 23]. In this study, the authors also (integrally) assessed thinning of
the welded joints after the USW. For this purpose, a mechanical micrometer was used, taking at least five measurements
with subsequent averaging of the obtained values (Fig. 5, b). In these dependences, it was not possible to divide the results
into two non-ovetlapping areas, as in the graphs shown in Figs. 2 and 5 (due to uneven thinning of the welded joints across
the fusion zone areas, among other things).

®  without ED m  without ED
400 e ED 100pm 300 - e ED 100 um
A ED 250pm £ A ED 250 um
3
;
g £
€ 3004 2500
g 3
g =
v g
Q
R 2
N
2 -
g 20 “ 1004
E &
= g
=}
= z I
100 = " —
T T T 0 T T T
800 1000 1200 800 1000 1200
USW duration, ms USW duration, ms
(@) (b)

Figure 5: The dependences of the fusion zone areas (a) and thinning of the welded joints (b) on the USW durations; USW mode #1.

The dependences presented in Fig. 5, b are to be analyzed taking into account the initial thicknesses of the inserted EDs (or
their absence). In the latter cases, thinning of the welded joints occurred due to (partial) melting of the polymer matrix in
the surface layers of the adherends. Thus, the fracture surfaces shown in Fig. 4, a—c could visualize the development of the
melting processes at the interfaces. According to Fig. 4, c, the depth of cohesive fracture traces (via tearing out of fragments)
within the fusion zones increased with prolonging the USW durations. At the same time, both fusion zone areas and thinning
of the welded joints were virtually identical at 1000 and 1200 ms. Melting in the center of the interfaces between the
adherends did not occur (or was minimal) regardless of the USW durations. This phenomenon could be caused by the fact
that the fusion zone perimeters was less constraint fixed during the USW, since the outer edges of the adherends were not
rigidly attached to the sonotrode.

At 8=100 um and 7usw=800 ms, thinning of the welded joint was half the initial ED thickness (Fig. 5, b) with a fusion zone

area of 2250 mm?. These conditions were sufficient to achieve the acceptable LSS value (Fig. 2). With prolonging the USW
duration, thinning of the welded joint tripled (up to 150 um), amounting to one and a half ED thicknesses. Since this
phenomenon would be accompanied by melting of the adherends being joined, the implementation of these USW durations
could be impractical.

For the thick ED (8=250 um), thinning of the welded joint was ~120 pm (approximately half of the initial ED thickness;
Fig. 5, b) at the minimum USW duration of 800 ms. Fusion zones were observed only in two triangular-shaped regions
located along the lateral faces of the welded joint (Fig. 4, g), which were characterized by the minimal clamping force during
the USW. According to the authors, the ED was melted more intensively due to its facilitated mutual sliding (friction) with
the joined adherends. Nevertheless, the fusion zone area was insufficient to achieve the acceptable LSS value (Fig. 2). With
prolonging the USW durations to 1000 and 1200 ms, thinning of the welded joints increased nonlinearly, reaching ~240 um
in the latter case, that was comparable to the initial ED thickness (Fig. 5, b). This result, however, was not accompanied by

287



Q V. O. Alexenteo et alii, Fracture and Structural Integrity, 77 (2026) 281-297; DOI: 10.3221/IGF-ESIS.77.17 Q

neither a noticeable increase in the fusion zone areas (Fig. 5, a) nor the LSS values (as noted above, the fracture mechanism
differed from the interlaminar shear in these cases).

The obtained results enabled to draw the following preliminary conclusions:

- melting of the EDs was determined by their thicknesses and USW durations, but developed unevenly, both in time and
space;

- extrusion of the molten EDs could occur at the edges of the fusion zones only (to the periphery); the melt flow process
had to develop unevenly and be accompanied by the formation of discontinuities, pores, and changes in the thickness of
the solidified material;

- during USW of the adherends from the particulate composite, melting of both their surface layers and the EDs was
possible, accompanied by their mixing.

These considerations necessitated conducting the structural studies, taking into account the above-identified patterns of
changes in the mechanical properties and macrostructural characteristics (in particular, thinning of the welded joints).

Fig. 6, a shows the structure of the welded joint obtained at =100 um and #usw=800 ms, while some images captured at a
higher magnification in the center and closer to the fusion zone edge are presented in Fig. 6, b—d. In the center, the ED was
not melted practically (Fig. 6, b) and the adherends were damaged minimally (Fig. 6, a, left). Closer to the edges, melting of
the ED was expressed to a greater extent (Fig. 6, ¢). Accordingly, spreading of the molten ED was accompanied by the
formation of defects, predominantly located in the top adherend (since it transferred the energy of US vibrations into the
fusion zone).

| — 500 pm—] | —500 pm—

Figure 6: The SEM micrographs of the structure of the USW-joint at =100 um and #ysw=800 ms; USW mode #1.

Closer to the fusion zone edge, the original ED structure changed significantly. The reason was the fact that it was melted
to its maximum extent in this region (Fig. 6, b). Nevertheless, the molten ED was also extruded here from the central part,
accompanied by plastic flow and intense mixing. As a result, the structure was defective and less uniform.

According to Fig. 6, a, partial melting of the ED 100 pm thick occurred only in the central part of the fusion zone, while it
was extruded and spread closer to the edges. Due to the negligible ED thickness, the polymer extruded toward the periphery
was not damaged greatly the surface layers of the adherends (as at =250 pm, see Fig. 7, a below).

For the thick ED (6=250 pm), the patterns of the structural changes differed, especially at the fusion zone periphery (Fig. 7,
a). At the center of the welded joint, the ED was also melted minimally (Fig. 7, b). The adherends were reliably joined with
the minimum number of damages and discontinuities near the fusion zone. At greater distances from the center, the ED’s
melting intensity increased (accompanied by local thinning, Fig. 7, ¢). Some visible extended defects in the bottom adherend
(Fig. 7, a, bottom center) were unlikely caused by manual chipping of the sample for the structural examinations after
exposure to liquid nitrogen, but not due to melting and spreading of the ED in USW.

In a region adjacent to the edge of the welded joint, the structure was highly heterogeneous (Fig. 7, d), as in the previous
case. Spreading of the molten ED was accompanied by its mixing with the surface layers of the adherends. At the very edge
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of the fusion zone, the polymer flow was so intense that it significantly damaged the structural integrity of the welded joint
(Fig. 7, a, right).

Unlike USW of laminates reinforced with CF fabrics, when thinning the welded joints by the ED thickness was the criterion
for switching off US-vibrations to achieve the highest LSS values [20], it was not applicable for the particulate composites
in all the studied cases. The use of the ED 100 pm thick enabled to minimize damage to the welded joints, achieving higher
strength properties in the USW mode #1.

——500 um—] e = —— 500 um——|

Figure 7: The SEM micrographs of the structure of the USW-joint at §=250 um and #ysw=800 ms; USW mode #1.

USW mode #2

Since the patterns of the structure formation during USW with the flat sonotrode were affected by the numerous factors
(often in opposite ways), USW mode #2 was tested additionally with the variable parameters presented in Tab. 1. Fig. 8
shows the results of evaluating both LSS values and load at failure of the obtained welded joints. It should be noted that
smaller areas of the fusion zones made it possible to shorten the range of the USW durations to 600-1000 ms and to
decrease the clamping force down to 1 atm. When calculating the LSS values, the measured stresses at failure were
normalized to the actual areas of the fusion zones (Fig. 9). All these welded joints failed according to the interlaminar shear
mechanism.

= without ED 80001 = without ED
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Figure 8: The dependences of the LSS values (a) and the loads at failure (b) vs the USW durations; USW mode #2
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For the US-welded joints formed without EDs, a linear correlation was characteristic between the USW durations and the
LSS values. Its maximum level of ~106 MPa was achieved at #5w=1000 ms, while the load at failure of about 3000 N was
relatively low (Fig. 8, b). When using the EDs 100 um thick, the same dependence was rather extreme. The peak LSS value
of 52 MPa was also recorded at #sw=1000 ms, but a significant increase in the load at failure up to 4900 N was observed
(comparing to the previous cases). At 6=250 pm, the optimal USW duration shortened: the LSS value of ~41 MPa was
maximum at Zusw=800 ms, while the strength properties decreased then. Despite the lower LSS values, this group of the
welded joints showed the highest load-bearing capacity, since the load at failure exceeded 6000 N (Fig. 8, b).
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Figure 9: The dependences of the fusion zone areas (a) and thinning of the welded joints (b)vs the USW durations; USW mode #2

The differences in the obtained results were caused by variations in the fusion zone areas depending on the USW durations
(Fig. 9, a). The welded joints without EDs and with one 100 um thick exhibited identical character: the maximum fusion
zone areas were at fusw=800 ms (35 and 107 mm?, respectively), but they decreased at 7ysw=1000 ms. For the thick EDs
(6=250 pum), the trend changed to an upward one: the fusion zone areas enlarged monotonically in the entire range of the
USW durations, reaching their maximum of 250 mm? at 7ysw=1000 ms. It should be emphasized that the maximum loads
at failure and the fusion zone areas were enhanced up to the acceptable levels at =250 um, as determined previously using
the flat anvil. However, none of the welded joints failed through the base material, as their width was 30 mm (but not 20 mm
as in USW mode #1) to prevent the development of the edge heating effect when using the spherical anvil.

Fig. 9, b shows thinning of the welded joints measured at their centers. The obtained data differed somewhat from the
values typical for the flat anvil, but retained the general trend (the longer USW duration, the thinner the welded joint).
Without EDs, the maximum thinning of the welded joints was 160 pm. At 8= um, it increased up to 210 pm, reaching
340 um at =250 pm. In all the studied cases, the peak thinning values were caused by deformation and fracture of the base
material (adherends).

OM images of the fracture surfaces (Fig. 10) represent the spot-welded joints that reflected the shape of the spherical anvil.
Unlike the flat analog, which resulted in island-like melting, the spherical anvil localized the maximum clamping areas at its
center, ensuring the radial fusion zones.

Without the EDs, the sphere apex was heated maximally, resulting in the smallest fusion zones characterized by the adhesive
fracture mechanism (Fig. 10, a—c). At 3=100 um, the fusion zone areas increased proportionally with prolonging the USW
durations, and the fracture mechanism changed to a mixed one. In the latter case the centers of the fusion zones were
subjected to intense plastic deformation of the matrix due to the viscous flow of the molten polymer matrix (Fig. 10, d—f).
With the thick EDs (6=250 pm), the largest fusion zone areas were observed that fractured cohesively (Fig. 10, g—i). In
particular, SCFs were torn out while the welded joints failed through the base material, indicating superior adhesive strength
of the fusion zones.

Fig. 11 shows SEM micrographs of the structure of the welded joint formed in USW mode #2 at 8=100 um and
fusw=800 ms. A region located to the left of the center was characterized by partial melting of the ED, as pores were found
at the interface between the adherends (Fig. 11, b), which were absent in the initial PEEK film. The ED thickness was also
reduced locally, but no large discontinuities were observed in the adherends near the fusion zone (Fig. 11, a, left). Closer to
the center, melting and extrusion of the ED occurred (Fig. 11, ¢) due to the specificity of the clamping force on the circular
anvil. This process was accompanied by the formation of discontinuities/pores in heat-affected zones (HAZs) of the
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adherends (Fig. 11, a, right of center). To the right of the center, one more layer of the original (unmelted) ED was observed
at the interface between the adherends, the thickness of which corresponded to that of the initial PEEK film. The reason
for this phenomenon was a negligible clamping force in this area due to the absence of support at the sphere periphery, so
frictional heating was insufficient.

@

Figure 10: The OM images of the fracture surfaces; USW mode #2 without ED: a — #ysw=800 ms, b — #ysw =1000 ms, ¢ — fusw =1200
ms; ED 8=100 um: d — #ysw =800 ms, € — fusw =1000 ms, f — fusw =1200 ms; ED 8=250 um: g — fusw =800 ms, h — #ysw =1000 ms, i
— fusw =1200 ms.

At 8=250 pm (Fig. 12), a structure similar to that described above was found. In the center of the USW-joint, the ED was
melted and extruded; its flows resulted in the formation of pores (Fig. 12, ¢). HAZs in the adherends were characterized by
some discontinuities (Fig. 12, a, center). At distances of 3—4 mm to the left, the ED was melted minimally since it was clearly
detected at the interface (Fig. 12, b). As expected, the adherends were not damaged (Fig. 12, a, left). Further from the center,
where the molten matrix was extruded (in addition to the ED) from the central part of the fusion zone, the structure was
not uniform and contained pores (Fig. 12, a, right). Near the fusion zone, the number of discontinuities was minimal. Finally,
at distances of >4 mm from the center, the original (unmelted) ED also maintained its integrity (Fig. 12, d). The reason was
the same, namely the insufficient clamping force in the USW process that minimized/eliminated the possibility of its melting.
Thus, under the same USW conditions, the length of the zone of complete melting of the thick ED (6=250 wm) was >8 mm,
while it was approximately two times shorter (~4 mm) at =100 um.
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Figure 11: The SEM micrographs of the structure of the USW joint at =100 um and #ysw=800 ms; USW mode #2.

—— 500 um——{ e —— 1500 um—] ——>500 um——]

Figure 12: The SEM micrographs of the structure of the USW-joint at 8=250 um and #ysw=800 ms; USW mode #2.

DiscussioN

sonotrode area during USW was not confirmed. The limited melting pattern was caused by the negligible amplitude

of US-vibrations (10 pum), which, however, did not prevent the formation of the welded joints. For USW mode #1
(fusw=800 ms, 8=100 um), the effective fusion zone area was 250 mm?, or 62.5 % of the contact region, ensuring high
mechanical properties (the load at failure of 4500 N and the LSS value of >11 MPa).
According to [26, 27], the amplitudes of US-vibrations could reach 80 pm with a typical level of ~30 um. Nevertheless,
previous studies were primarily focused on USW of high-strength laminates (reinforced with biaxial fabrics or unidirectional
continuous CFs), so complete melting of EDs was an important condition for the formation of homogeneous structures
and high strength properties of those USW-joints. In turn, they could be worsened if the surface layers of adherends melted
in addition to the EDs, damaging the reinforcing fillers inside them.

T he null hypothesis on complete melting and extrusion of the EDs from the fusion zones corresponding to the
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Fig. 13 shows schematic representations of the formation mechanisms of the welded joints with the EDs in USW. For
polymers and their composites, a typical fusion zone was divided into three major parts [28]: nugget zone (NZ), TMAZ and
HAZ. The dimensions and characteristics of all three parts were determined by the combinations of the applied USW
process parameters and the properties of the materials being joined. In a TMAZ, a high pressure with viscoelastic and
frictional heating caused intense plastic deformation that could result in both degradation of the structure and porosity [29].

@)

Figure 13: The schematic representations of the mechanisms of the formation of the welded joints in USW modes #1 (a) and #2 (b).

When the flat anvil was used in USW mode #1 (Fig. 13, a), primary heating and melting were concentrated at the edges of
the adherends, while their central parts were subject to significantly less thermal effect. The predominance of heating at the
periphery of the fusion zones was caused by less constraint conditions and, consequently, more intense frictional heat
generation in these areas. So, structural inhomogeneities were observed across the entire contact regions, emphasizing the
importance of the shape and size of the support in the formation of the welded joints.

The use of the spherical anvil drastically changed the pattern of the formation of the welded joints in USW mode #2 (Fig. 13,
b), as it concentrated heat generation in the center of the contact regions. Consequently, the surface layers of the adherends
melted directly at the contacts with the EDs, facilitating their spreading. As a result, the observed structures were more
uniform across all the fusion zones, even with the lower energy input (compared to the USW mode #1).

Since USW mode #2 was aimed at the development of production routes involving the formation of a sequential series of
spot-welded joints, such experiments were conducted next. Similar to the previous case, the spherical anvil was used at the
USW duration of 800 ms and the clamping force of 1 atm. The variable parameters were the ED thicknesses and the
distances between adjacent spots (2 mm at =100 um in contrast to 4 mm for the welded joints without EDs and at
3=250 um).

Tab. 2 presents the results of the LSS tests, as well as the measured fusion zone areas (based on the data shown in Fig. 14).
The multi-spot-welded joints formed without EDs were characterized by the highest LSS values of 30.8 MPa, which were
higher by 2-3 times than those with the EDs. However, the minimum fusion zone areas of 100 mm? limited their loads at
failure to 3080 N.

ED thickness, pm LSS value, MPa TLoad at failure, N Fusion zone area, mm?
100 10.4£0.5 24401150 235+11
250 14.8+0.7 4140%150 280t14
0 (without ED) 30.8+1.2 3080%120 100+10

Table 2: The mechanical properties and dimensions of the welded joints obtained in USW mode #3.

Fig. 14 shows OM images of the fracture surfaces, where the red dotted lines mark the total fusion zone areas while the
yellow ones highlight the contours of individual NZs. Thus, the implemented USW parameters ensured the spot-to-spot
expansion of the fusion zone areas (Fig. 14, left to right), similar to resistance seam welding. This pattern was observed for
both ED thicknesses, but the fusion zone areas remained virtually unchanged in the USW joints without EDs (Fig. 14, ).

SEM micrographs of the structure of the welded joint formed with the ED 100 um thick are presented in Fig. 15 that
confirm its complete melting. However, some discontinuities were found in the fusion zone due to intense spreading and
squeezing out of the molten ED under the clamping force. Its initially negligible thickness resulted in a shortage of the
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polymer binder in the areas subsequently exposed to US-vibrations. At =250 um, the ED was locally melted at the
maximally clamped regions (Fig. 16). In the spaces between them, some original (unmelted) fragments were observed (with
thicknesses of up to 180 um, comparable to that of the initial PEEK film). This pattern contributed to a specific “island”
(linear) structure of the fusion zone characterized by the maximum load at failure of 4140 N (Tab. 2).

; 10 mm

@) (b)
Figure 14: The OM images of the fracture surfaces; USW mode #3 (usw=800 ms): a — 8=100 pm, b — =250 pm, ¢ — 8=0 pm (without
ED).

- A =™

Figure 15: The SEM micrograph of the structure of the multi-spot-welded joint obtained with the ED 100 um thick at 4ysw=800 ms;
USW mode #3.

Figure 16: The SEM micrograph of the structure of the multi-spot welded joint formed with the ED 250 um thick at ysw=800 ms;
USW mode #3.

With the use of the ED 100 pm thick, the multi-spot-welded joints with the short distance of 2 mm accumulated sufficient
frictional heat for its complete melting and extrusion from the contact region. Due to overheating of the polymer, it was
impossible to control the formation of the welded joint. Given the short distances between adjacent spots, TMAZs and
HAZs overlapped, increasing partial melting of the surface layers of the adherends. However, this phenomenon was
excluded by enlarging the distances between adjacent spots to 4 mm when using the 250 pm thick ED. Consequently, the
island-like structure was observed, where isolated areas of the molten ED alternated with zones of the original (unmelted)
polymer. Without EDs, the USW joints were formed uniformly: NZs and TMAZs were not overlapped, while the numbers
of discontinuities were minimal.
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Based on the above, the distances between adjacent spots should be carefully selected for such welded joints considering
the ED thickness. Specifically, the following patterns were identified in this study:

- at =100 um, the distances between adjacent spots should be widened to prevent overlapping of HAZs and TMAZs;

- at 6=250 um, on the contrary, they should be shortened to ensure overlapping of NZs and eliminating island-like
discontinuities of the formed structures;

- for USW without EDs, localized heating of the contact regions could be recommended, since it would keep both NZs
and TMAZs “thermally isolated,” enabling to maintain the structural integrity of adherends (in such cases, the distances
between adjacent spots should be precisely calculated to ensure the required load-bearing capacity of welded joints).

Thus, the optimization of USW procedures for particulate PEEK/SCF composites should be aimed at achieving a balance
between the distances between adjacent spots and the ED thickness to ensure control of melting the polymer in fusion
zones (outside the clamped region) and to eliminate the formation of discontinuities caused by its deficiency due to melting
and squeezing out.

CONCLUSIONS

developed primarily along the periphery of the fusion zones due to the less constraint fixation. The rational

determined parameters include the ED thickness of 100 pum and the USW duration of 800 ms, which enabled the
formation of the fusion zones with the area of ~250 mm? (62.5 % of the contact region) and the LSS value of >11 MPa
with the load at failure of >4500 N. The proper quality of these welded joints was confirmed by their failure through the
base material (due to bending of the adherends).
The use of the spherical anvil (USW mode #2) localized frictional heating and fusion in the centers of the clamped regions.
Without EDs, the welded joints achieved the maximum stresses at failure of >60 MPa, but the small fusion zone ateas
limited their load-bearing capacities to 3000 N. With the ED 100 pm thick at #sw=1000 ms, the LSS value was about
52 MPa, but the load al failure increased up to 4900 N. The maximum load-bearing capacity of >6000 N was recorded with
the thickest ED of 250 pm at the “moderate” LSS value of ~40 MPa due to the largest fusion zone area.
The multi-spot-welded joints of the adherends from the PEEK/SCF composite formed without EDs were characterized
by the structural integrity at the stress at failure of ~30.8 MPa, which was 2-3 times higher than those with the EDs 100 and
250 pm thick. The quality of the multi-spot-welded joints was determined by the ratio of the ED thickness to the distances
between adjacent spots. Inserting the EDs significantly enlarged the fusion zone areas, but uneven distributions of US-
vibrations within the clamped region resulted in different EDs’ melting and spreading patterns, leading to
inhomogeneities/discontinuities in the formed structures.
The optimization of USW procedures for fibrous PEEK/SCF composites should be aimed at achieving a balance between
the distances between adjacent spots and the ED thickness to ensure control of melting the polymer in fusion zones (outside
the clamped region) and to eliminate the formation of discontinuities caused by its deficiency due to squeezing out.

D uring the USW of the adherends from the PEEK/SCF composite using the flat anvil (mode #1), frictional heating
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NOMENCLATURE

ED - energy director

HAZ - heat-affected zone

LSS - interlaminar shear strength

NZ - nugget zone

OM -optical microscope

PEEK - polyetheretherketone

PMC - polymer matrix composite

SEM - scanning electron microscope

SCF - short carbon fibers

TMAZ - thermomechanically affected zone
USW - ultrasonic welding

8 [um] - ED thickness

tusw [ms] - USW duration

P [N] - Load at failure

F [mm?] - Contact area of the joined adherends
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