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Abstract:

The use of ultrasonic welding for joining thermoplastic materials has also
attracted much interest as a precise and efficient method. This study
examines the application of ultrasonic welding in the production of casings
for power circuits in battery chargers, utilising Acrylonitrile Butadiene
Styrene (ABS) material. Systematic control experiments have been carried
out with energy, weld time, and hold time variations to investigate their
influence on weld properties. The weld test pieces were evaluated using
both destructive and non-destructive testing methods to determine their
quality and assess the effects of pressure and thermal gradients on the
microstructure of the weld. The analysis techniques employed are X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), and Atomic
Force Microscopy (AFM). Based on a detailed analysis of the experimental
results, the present study offers valuable information concerning the effect
of process parameters on the morphology of ABS material battery charger
casings. This study showed microstructural and thermal modifications in
ABS. Non-optimal parameters may result in localized chain reorientation
and nanoscale porosity at the weld interface. The welding procedure
preserved the polymer chemistry, but rapid heating and cooling caused
localized property alterations, owing to welding-induced phase separation.
The conclusions drawn from this research can guide future investigations
and advance industrial practices aimed at optimizing the ultrasonic welding
process for ABS materials in the context of specific device production.
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1. INTRODUCTION

Ultrasonic welding is a crucial process step in
the latest production methodology, offering a
significant balance of cost, accuracy, speed, and
reliability for joining polymeric materials. The
ultrasonic welding technique utilizes the frictional
heat created by high-frequency vibrations to form a
molecular bond in polymers [1,2]. The vibrations
are generated in the transducer, which is a stack of
piezoelectric discs subjected to a supply voltage.
The vibration amplitude can be used to estimate the

heat generated in the ultrasonic welding process.
This will help in establishing the correlation
between the heat generated and the weld strength.
The obtained correlation can be used to identify the
optimal parametric range for generating the
maximum heat and hence yielding the maximum
strength of the weld.

The ultrasonic-frequency vibrations produce a
localized rise in temperature and molecular
diffusion of particles, which results in the bonding
of the polymer components. Ultrasonic welding is a
preferred joining technique for manufacturing
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battery charger casings because it produces solid
and reliable welds with minimal thermal distortion
and high production rates [3,4]. The power source
provides electrical signals between 15 kHz and 70
kHz, depending on the crystal specifications [5,6].
The frequency of operation plays a critical role in
determining the performance and efficiency of
ultrasonic welding [1,2]. ABS is widely utilized for
both exterior and interior components in the
automotive industry because of its resistance to
mechanical loading and harsh climatic conditions.
Owing of its superior moldability, visual
attractiveness, and surface smoothness, ABS is
frequently used in consumer electronics to
fabricate casings, enclosures, and structural
components [7-10]. It must be highly resistant to
heat to function at the high temperatures produced
during  operation without deforming or
deteriorating. The battery converter must provide
sufficient electrical insulation to protect against
risks and ensure a safe working environment.
Testing and characterization techniques are
essential to test the properties of weld samples,
optimize the process and its parameters, and
ensure the reliability and quality of produced
products in  various applications. Weld
microstructure, shape, interface bonding, and
defects such as voids, pores, or incomplete fusion
can be analyzed through microscopic testing.
Fourier Transform Infrared Spectroscopy (FTIR)
analyzes the chemical structure in the surrounding
regions and the weld interface. It gives insights into
dynamics within the welding process and
performance of the material by helping to
determine molecular changes, chemical bonding,
and potential degradation or contamination.
Differential Scanning Calorimetry (DSC) was
conducted to determine the thermal characteristics
of the weld, including its melting point, crystallinity,
and thermal stability. Thermogravimetric Analysis
(TGA) was used to test the thermal stability and
degradation behaviour of the weld. It assists in
determining the decomposition temperature,
degradation rate, and residual mass, and can
indicate the weld's thermal performance and long-
term stability [11]. Atomic Force Microscopy (AFM)
has been used to investigate the roughness,
texture, and defects of the polymer weld. It shows
the degree of polymer fusion and any gaps, voids,
or phase separations at the interface [12].
Researchers have enabled advancements in
ultrasonic welding with various technological
innovations. The development of advanced control
mechanisms for controlling parameters such as

vibration frequency, amplitude, welding force, and
duration has enabled operators to tailor the
welding process to suit specific materials and
geometries [13-15].

Sophisticated monitoring and  recording
methods have been incorporated into ultrasonic
welding machines to record the values of
parameters and monitor the performance of the
weld process [12-14,16]. In addition, enhancements
in booster design and materials for the sonotrode
have improved the performance and consistency of
ultrasonic welding machines [11,17,18]. The study
by Rajkumar et al. [19] optimized the ultrasonic
welding (USW) parameters such as welding time,
amplitude, axial pressure, and holding time to
increase automotive ABS plastic lap joint tensile
shear fracture load (TSFL). Yang and Yang [20]
suggested that the energy absorption of ultrasonic
waves primarily targets material defects,
transferring energy to the crystalline lattices or
amorphous main chains. Villegas [21] reviewed the
main aspects of the USW process, including energy
directors and process parameters, and inferred that
Simplified solutions, such as flat energy directors,
can accommodate stiffness variations. Yang et al.
[22] examined the contact behaviour and
temperature characteristics utilizing the harmonic
balancing approach and observed that the contact
force rises during the horn plunging process.
Amplitude and welding time notably impact surface
temperature, with the effect of plunging speed
being minimal and the effect of trigger force being
negligible. Rogale et al. [23], in their study,
identified 44 key process variables for polymer
welding, divided into three groups: material-
specific parameters (12), acoustic/electroacoustic
parameters (11), and machine-specific parameters
(21). Kuo et al. [24] found that amplitude was the
most critical control element determining
ultrasonic weld strength, followed by weld
pressure, hold time, and trigger position. Vendan et
al. [25] conducted experimental work to study the
blends of PC and ABS sheets in a 60:40 ratio, which
are ultrasonically welded and used ANN and ANFIS
techniques to analyse tensile strength, with ANFIS
outperforming ANN.

In the current industrial practices, the trial-and-
error method is commonly employed to determine
the optimal parameters for any process. This can
lead to random attempts, time wastage, and energy
expenditure for the repetition of the weld
sequence. Further research is needed to optimize
the process parameters for specific materials,
geometries, and applications. This work is an
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attempt to address a few of the research gaps using
experimental trials with variation of process
parameters for obtaining optimal parametric range,
and assessment of welds to establish the protocols
and procedures for assessment. It also includes the
determination of power usage and analysis of
aspects leading to unwanted welds. The following
section  provides information about the
experimental work, results, testing and
characterization details, and the inferences drawn
from the experimental work.

2. MATERIALS AND METHODS

The main components of a typical ultrasonic
welding machine, as shown in Fig. 1, include
piezoelectric crystals as a converter, boosters, a
sonotrode (or horn), and an anvil [2]. A converter is
used to convert an electrical power signal into high-
frequency vibrations. The booster reinforces these
vibrations and passes them to the Sonotrode, which
causes bond formation in the workpiece with the
effect of heat and pressure [26]. Empirical values of
the frictional and viscoelastic heat generated per
unit area per unit time is given by Egs. 1 and 2 [3]:

— (a2 p-w-A-0,)

qy = {00 (1)

Vi
where are:
o - hammering displacement coefficient
(dimensionless),
U - friction coefficient (dimensionless),
A - average slippage amplitude (um),
w - vibration frequency (kHz),
0, - interfacial pressure (Pa);

g, =5 (@* w-E"-B?), (2)

where are:
E" - loss modulus (Pa),
B - strain amplitude (dimensionless).

As per the piezoelectric characteristics, the
displacement induced in the piezoelectric crystals is
in direct proportion to the applied motional voltage,

Eqg. [3]:
Amplitude 6 =d - Va, (3)
where are:

d - piezoelectric constant (um/V)
V, - applied voltage (V).

The configuration and parameter ranges of the
machine components are guided by the material
qualities, weld shape and geometry. Furthermore,

the selection of specifications for power converters
[3,4] and piezoelectric crystals directly affects the
effectiveness of ultrasonic welding processes that
need to be carefully considered during device
design and configuration.

Experiments were conducted at Dayananda
Sagar University, Bangalore. The machine used for
joining the polymer was 25 kHz, 120 kVA ultrasonic
machine provided by Ultratechsonic Solutions,
Bangalore. Its components and other key
specifications are presented in Fig. 2 and Table 1.

Generator /!

Ultrasonic Transducer
( Piezoelectric crystal )

Booster ——»

Sonotrode —E

Hom > l
Specimen with energy
director 1

——
—> Specimen 2

Fig. 1. Schematic of USW machine and technique

-

Ultrasoni@

Transducer

Booster

Horn

(Sonotrode)

Fig. 2. Ultrasonic Welding Machine used for
experimental trials

Table 1. Ultrasonic Machine Details

Operating Maxim | Weight of | Weld generator- | Weight
frequency force machine max. power of horn
(kHz) (N) (ke) output (W) (kg)
20 3000 115 900/2000/3000 6

Welding was done for ABS material having the
form and shape as shown in Fig. 3a. The dimensions
of the battery charger casing, in Fig. 3b, are
5”x3”x1”. Experimental trials were made with the
variation of the following control parameters, Table
2.
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Table 2. Variation of Values of Process Parameter for the welding of Charger casing

Weld Observation on
Test D.elay Weld quding Current Clamp Power Status . repeatabili'ty
No identification time | time time (mA) pressure (W) based (Trlal§ made with th(?
(s) (s) (s) (bar) on DT* same input parametric
values)
1 1A 2 2 N.W
2 1B 0.5 2 1.5 0.2 3 2 N.W
3 1C 4 2 N.W
4 2A 2 3 N.W
Z ;E 0.5 2 15 0.2 i i Ex Achieved Repeatability
7 3A 2 4 N.W
8 3B 0.5 2 1.5 0.2 3 4 N.W
9 3C 4 4 P.W
10 4A 2 2 P.W
11 4B 0.5 2 1.5 0.5 3 2 P.W
12 ac 4 2 P.W Small Variations
13 5A 2 3 P.W
14 5B 0.5 2 1.5 0.5 3 3 G.W
15 >C 4 3 G.W.H Small Variations
16 6A 2 4 G.W.H
17 6B 0.5 2 1.5 0.5 3 4 G.W.V.H . .
18 oc 2 2 GWVH Achieved Repeatability

The pressure, time parameters of weld, delay,
and hold, as well as amperage and power input,
resulted in varied weld strengths for each case.
With reference to earlier experimental studies on
the ultrasonic welding of the same material in a
similar configuration, the operating ranges of
these parameters were estimated by trial and
error for the battery charger casing sample.

The weld status in Table 2 has the following
observations: N.W - No weld, P.W - Partial weld,
G.W.H - Good weld with high strength, G.W.V.H-
Good weld with very high strength.

CHARGING CASE PART 2
e

S -

i
v
i

CHARGING CASE PART 2

CHARGING
CASE PART 1

AFTER WELDING BEFOR WELDING

b)
Fig. 3. a) Battery Charger Casing, b) Weld specimens
tested and characterized

3. RESULTS AND DISCUSSIONS

Based on visual inspection, samples with Good
Weld and high strength were tested and
characterised. Testing and characterisation were
used to understand weld characteristics and find
welding process improvements.

3.1 SEM Analysis

Scanning Electron Microscopy (SEM) imaging
of various samples (Figs. 4-8) has enabled detailed
analysis of the effects of heat generated with
friction and viscous effects on the surface of the
ABS material at different positions along the joint.
An SEM image of an unwelded ABS sample was
considered as the reference image, for
comparison with the material microstructure
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post-welding, Fig. 4. The SEM image reveals a
smooth surface characterized by particle-like
features, possibly due to the sample preparation
dynamics and the surface finish of the molding die.
In Fig. 5, the white particles indicate the peaks,
with higher peaks signifying favorable melting
conditions of the energy directors.

A prominent characteristic of the welded
samples is the distorted ridges in Fig.6. The
quantity and depth of these deformed ridges are
directly related to the welding time, temperature,
and weld pressure. The observations indicate that
no impurities or complex substances are present
that could compromise the welds. A fusion zone
with varying textures appeared on the surface,
owing to the melting and solidification dynamicsin
the material. The rapid cooling and localized
heating that occur during the ultrasonic welding
process can be attributed to be the cause of these
characteristics. Flow marks were visible on the
weld line, indicating that the polymer melted and
flowed before solidifying. Porous surface and
micro-voids are observed along the weld line.

$3400 5.00kV 10.9mm x250 SE

Fig. 5 SEM image of sample 2c at anomaly position 1

The microstructure showed the dispersed
phases, particularly the rubbery particles inside
the ABS. At lower magnifications, there were no
visible gaps at the interface between the welded
sections, indicating a successful weld with close
surface contact. Surface roughness variations
were observed throughout the weld, owing to the
uneven heating and cooling rates during the
welding procedure. Microcracks in Fig.7, were
visible in some areas, which may have been due to
the high-frequency vibrations during the welding
process. Next to the fusion zone, a clear heat-
affected zone (HAZ) is observed in Fig. 8. The HAZ
polymer appeared partially melted due to
ultrasonic  welding heat, showing thermal
deterioration. The welded sample had brittle
morphology, with fracture-prone spots in the ABS
polymer phase with increased styrene. The
increased melt flow thrust outward during
welding causes weld flash on the sample's surface.
Variation in the bond line thickness indicates
energy absorption and dispersion across the weld.
Beyond the HAZ, the overall micro-structure
remained intact close to the weld, indicating little
thermal degradation. Strong adhesion was seen in
some areas, which suggests effective energy
transfer and fusion. The wave-like patterns
observed on the surface are consistent with the
high-frequency oscillations in Ultrasonic welding.

$3400 5.00kV 10.5mm x100 SE

Fig. 7. SEM image of sample 3c at anomaly position 1
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$3400'5.00kV.10.0mm x1.00k SE

Fig. 8. SEM image of sample 3c at anomaly position 2

3.2 FTIR Analysis

FTIR analysis is employed to compare samples
with the reference image of the material. FTIR
analysis of the weld gives useful information on
chemical composition, additives, degradation
products, molecular structures, and interface
binding. The FTIR spectrum gives information
regarding weld heating-induced changes, assists in
identifying the influence of welding parameters on
weld characteristics, detects possible irregularities
or changes, optimizes the welding parametric
window, and thus enables consequent high-
quality weld seams of ABS polymer parts [27]. The
peaks in the FTIR spectrum are associated with

distinct vibrational modes of the functional groups.

They give significant details regarding material
composition and its molecular arrangements. The
broadened peak reflects the modulations that
occur in the material during ultrasonic welding.
The intensity variation in the FTIR plot indicates
the possibility of decomposition of components
that can happen as a result of high-energy inputs
by ultrasonic welding. The default peaks of the
ABS, C-H and C-C components, as well as other key
parameters, were measured for the unwelded ABS
samples.

The main peak in the FTIR spectra of ABS
sample 2c is found at a wave number of 800 cm™,
representing absorption due to the bending
vibration of aromatic C-H bonds. This indicates the
occurrence of aromatic CH out-of-plane bending,
as ABS is a mixture of cis, trans, and vinyl isomers
with both linear and cross-linked structures [28].

FTIR spectroscopy indicates the chemical and
physical changes induced by the ultrasonic
welding. Broadened peaks, variation in intensity,
and minor shifts are some of the observations that
reveal cross-linking and considerable thermal
degradation (Figs. 9-11).
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Fig. 11. FTIR Comparison chart for both samples

3.3 X-RAY DIFFRACTION

XRD scans were obtained for the base material
as well as for the samples selected for the weld
with varying parametric set values, Fig. 12-14. The
peaks obtained provide insight into the polymer's
crystallographic structure, crystallinity, phase
identification, and structural parameters after the
weld [29].

The XRD pattern shows characteristics of the
amorphous nature of ABS with the broad, diffuse
peaks (Fig. 12). A typical amorphous halo is
observed around 26 = 16-20° in the base sample.
A broad, peakless hump in the low-angle region
(typically below 20° 28) indicates the amorphous
content of ABS. This suggests that there is disorder
in the molecular structure at lower intervals.
Reduction of peaks may indicate a smaller
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crystallite size or a larger structural misalignment
of the polymer matrix. Narrow peaks with good
definition in the high-angle region (typically above
20° 20) are attributed to the crystalline phase of
ABS in Figs. 13 and 14. These summits are owing
to ordered molecular orientation in areas that are
crystalline.
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Fig. 12. XRD plot for Base Material ABS
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Fig.14. XRD plot for Sample 3c

The following observations were made from
the XRD analysis done for two selected samples
(Sample 3c and Sample 2c):

1. Exposure of the material to high-frequency
vibrations causes changes in crystal
orientation, grain size, and the formation of
new crystalline phases.

2. Changes in peak intensity or broadening can
indicate defects caused by the welding
process and fluctuations in crystallite size or

orientation. A decrease in crystallinity may
indicate thermal degradation, chain scission,
or disruption of polymer chains by welding-
induced forces of thermal or mechanical stress.

3. Peaks or shifts in peak positions compared to
established reference  materials give
information concerning the composition and
nature of secondary phases present in the
weld sample. There are other crystalline
phases, like fillers, additives, or impurities, in
addition to the ABS polymer.

4. Variations in peak intensities or broadening
could be due to changes in crystallographic
texture resulting from the welding process,
e.g., preferential orientation along particular
axes or planes. Texture analysis can provide a
weld sample's mechanical properties,
anisotropy, and structural integrity.

3.4 SIMULTANEOUS THERMAL ANALYSIS

For the reliability of using welded ABS
materials, due to their poor thermal stability and
high flammability, there is a need to evaluate the
fire behaviour of ABS, specifically the ignition
temperature, heat release rate, and flame spread.
Simultaneous thermal analysis (STA) involves two
kinds of tests run simultaneously:
thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC) [7,27,29].

When a thermal gradient occurs in the ABS
material, the onset temperature for samples 2c in
Fig. 15 and 3c in Fig. 16 is 357.7°C and 330.3°C,
respectively. The thermal decomposition is
observed to happen in two steps: 250°C and 480°C.
The DTA curve reveals at least two overlapping
peaks during the initial degradation step,
indicating that this first degradation process
involves multiple co-occurring reactions rather
than a single chemical reaction.

BTAmWImE) e s TG
1 exo Onset; 357.7°%C o

Mass Loss (M arsh):
Onset:  357.7°C 80
Mid: 414.7°C
Inflection:427.1 °C
End:  471.0%C

- Mass Change: -97.44% [ 80

Complex Peak :
5 Area: -287.61/g

Peak®: 430.0°C

Onset:  426.4°C

-10 End:  534.7°C

Width :  63.9°C (37.000 %}
Height: 1.259 mW/mg

100 200 300 400 500 600 700 800
b i Temperature °C

Fig. 15. TG DTA Curve for sample 2c
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Fig. 16 shows slight variations in the results, that
may stem from variations in process parameters
such as weld time and static pressure.

DTA /(mW/mg) [1] SAMPLE- 3G ngb-sot TG Pe

0 G
Ons}e{(. 3303 °% oTA

8 100
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Fig. 16. TG DTA Curve for sample 3c

TG/DTA curves for ABS material battery
charger casing yield the following conclusions.

1. Low-onset thermal deterioration is indicated
by a decrease in onset temperature. This may
be due to polymer matrix deterioration,
contamination, or changes in material
composition. Under thermal stress, thermal
stability decreases and degradability
increases.

2. Changes in TGA or DTA curve maximum
positions indicate ABS polymer degradation
dynamics. Different material composition,
thermal history, or production conditions
may cause it.

ABS polymer typically undergoes multistage
decomposition, characterized by distinct weight
loss steps corresponding to the degradation of
different polymer constituents

3.5 ATOMIC FORCE MICROSCOPIC (AFM)
ANALYSIS

AFM scans a sharp probe (or cantilever) across
the material's surface. The interactions between
the probe and the surface (van der Waals forces,
electrostatic forces, etc.) cause the probe to
deflect, and this deflection is used to generate a
highly detailed topographical map of the surface
at a nanometer scale. The following in Figs. 17-19,
are the AFM images obtained for the samples that
are characterized as Poor weld, Partial weld and
Complete Weld.

Significant surface irregularities like fractures,
cavities, or delamination are visible in AFM
pictures in Fig. 17, of poor welds, indicating

inadequate bonding at the polymer interface.
Higher RMS values for weak welds indicate poor
surface cohesiveness, which may be brought on by
contamination, insufficient pressure, or
overheating during the welding process. Areas of
irregular surface topography with gaps or seams
are revealed by AFM analysis of incomplete welds.

Height

Fig. 17. AFM for poor weld

Height

Fig. 18. AFM for partial weld

These flaws point to either inadequate heat
application during welding or incomplete fusion.
Higher roughness values and localized regions of
heightened surface features are characteristics of
partial welds in Fig. 18, which are suggestive of
incomplete polymer interdiffusion.

AFM is particularly useful in determining
whether the welding process has achieved
sufficient intermolecular bonding. The AFM image
of a complete weld sample in Fig. 19 displays a
consistent surface shape with low levels of surface
roughness.
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Height
Fig. 19. AFM for full weld

4. DISCUSSION

The SEM microstructure showed the dispersed
phases, indicating the rubbery particles inside the
ABS. At lower magnifications, there were no
visible gaps at the interface between the welded
sections, indicating a successful weld with close
surface contact. SEM Images indicated a
reorientation of the polymer chains close to the
weld, which influences the joint's structural
characteristics. At the weld, some porosity was
found, which could be the result of trapped air or
insufficient melting.

FTIR Analysis indicates that the polymer
structure remains unaltered, but localised heating
affects mechanical and thermal properties. As per
the XRD Analysis, shifts in peak location or
broadening of peaks are indicative of the
existence of residual stresses due to the welding
operation, e.g., thermal expansion, contraction, or
mechanical deformation.

TGA analysis noted differences in weight loss
profiles, such as rates and extents of degradation,
which reflect variations in the thermal stability
and decomposition kinetics of different polymer
components within the ABS polymer matrix. Since
AFM offers nanometre-scale resolution, which is
superior to other microscopy techniques. These
observations are significant for the optimization of
weld parameters and to ensure the required
material performance in applications.

5. CONCLUSIONS

This study has thoroughly analysed the
influence of welding parameters on the quality of
ABS parts for the battery charger casing, joined
through ultrasonic welding. The investigation has
yielded significant findings using a combination of
non-destructive characterization techniques.

Observations made using several
characterisation techniques reveal that ultrasonic
welding induces microstructural and thermal
modifications in ABS. Analysis based on SEM and
AFM identified localized chain reorientation and
nanoscale porosity at the weld interface, which
indicated incomplete polymer homogenization.
Thermal cycle residual stresses were established
by XRD and SEM interfacial discontinuities. FTIR
indicated maintained polymer chemistry but
localised property changes, whereas TGA
demonstrated variable thermal degradation
kinetics in ABS components, possibly aggravated
by welding-induced phase separation.

Unoptimized Ultrasonic welding can impair the
weld material in three ways:

e Reduced joint durability due to porosity

and partial fusion.

e Thermal-mechanical welding cycles
increase internal residual stresses and
strains, reducing dimensional stability.

e Altered breakdown kinetics reduce
thermal resilience.

These factors explain the necessity for
optimised amplitude, pressure, and cooling
parameters to reduce flaws and stress. To avoid
porosity-induced failures in ultrasonic welded
materials, welding energy must be precisely
controlled. This will result in limited residual
stress, which helps in ensuring dimensional
accuracy. Thermal stability with controlled
welding results in minimal device warping.

Further research work on ultrasonic welding
(UW) should involve the use of advanced
optimization techniques to minimize trial-and-
error processes, which will further reduce time
and energy consumption in the welding process.
Real-time digital twin monitoring is one technique
that can be explored to dynamically modify
parameters to suit the weld characteristics.
Standardization of testing and characterization
methods is essential for consistent assessment of
weld quality and performance.
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