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Abstract: Nonwoven fabrics are widely used in the textile manufacturing industry due to their
advanced characteristics, such as their soft, water-repellent, recycle, ecological, and resilient functions.
Nowadays, one of the innovated technologies applied to bond nonwoven fabrics is the ultrasonic
welding method, due to the advantages afforded by its clean, fast, and reliable approach. In this work,
isotactic polypropylene (PP) nonwoven fabrics were bonded by a continuous ultrasonic welding
process. In order to consider the influence of the roller on the formation of welding joints and their
mechanical properties, different roller profiles were designed, fabricated, and tested. Eight types
of roller profiles corresponding to No. 1-No. 8 in the experiments were divided into four groups.
After bonding, the microstructure in a typical case (i.e., No. 1) was captured by scanning electron
microscopy (SEM) to examine the formation of the welding joints. Additionally, the load and the peel
strength of the welding joints of all eight roller profiles were analyzed. The results showed that no
welding defects, such as cracks or blowholes, were visible in the melted zone. The load depended on
the area ratio(s) of the welding area (Sy) to the cycling area (S;). Furthermore, it was found out that
the peel strength of the welding joints with brick structures were higher than the peel strength in the
case of solid line structures.

Keywords: roller; ultrasonic welding; nonwoven fabric; microstructure; peel strength

1. Introduction

Nonwoven fabrics are the most common single-fiber application for polypropylene usage in
terms of sheet or web structures. These fabrics are defined as web structures made by bonding or
interlocking fibers or filaments by mechanical, thermal, chemical, or solvent means. A thin layer of the
nonwoven fabrics is continuously formed by the deposition process on a web belt. The uniformity
and density of nonwoven fabrics can be controlled by adjusting both the velocity of the moving belt
and the deposition rate [1]. The properties and structures of spunbond fabrics depend on the process
parameters, such as the polymer throughput rate, the cooling and suction air speed, and also the
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bonding temperature [2]. Nowadays, in order to join nonwoven fabrics, various approaches such as
thermal bonding, adhesive bonding, and ultrasonic welding are adopted [3].

In the thermal bonding process, the initial morphology of the nonwoven fibers significantly affects
the structure and properties of the joints. For example, fibers with high molecular orientation and
crystallinity tend to form a weak and brittle bond due to the lack of polymer flow. On the other hand,
fibers with lower tenacity and higher elongation at break result in better bonding and higher fabric
tensile properties [4]. In order to clarify the issues related to the bonding temperature process, Gajanan
et al. investigated thermal bonding conditions, involving the welding area, size, and temperature.
The results showed that the strength of a thermal welding joint increased with the expansion of the
welding area and size. However, the welding strength and the bending length varied according to the
temperature distribution [5]. Nataliya et al. studied the strength of thermal calendared joints using
islands-in-the-sea (I/S) fibers. Nylon-6 (N6) and polyethylene (PE) of bicomponent structures were
used as the islands and the sea in the 1/S bicomponent fibers, respectively. The results indicated that the
strength of the thermally bonded N6-PE fibers was higher than that of the original fibers [6]. However,
the thermal bonding process is complex, and it is easy to cause a lack of the temperature for melting at
the central region of the bond [7].

In order to improve the quality of the bonding structures, adhesive bonding technology has been
applied instead of conventional thermal bonding processes. In adhesive bonding technology, ultraviolet
curable adhesive is utilized to obtain better properties than when using structural adhesives [8].
However, the quality of the bonding structure (i.e., the mechanical properties) still has some issues,
such as a low operating temperature and low shear stress [9].

To overcome these troubles, an innovative bonding technology using ultrasonic vibration has
recently been researched and developed. In bonding by ultrasonic vibration, the mechanical vibrations
combined with the high pressure can create enough temperature for softening nonwoven fabrics,
causing molecular diffusions and cooling down to form welding joints [10]. In previous papers, the
tensile strength and elongation at break values of ultrasonic welding joints were investigated according
to the fabric’s area density and row rollers. The results implied that an increase of the area density
of the fabric and the row rollers can lead to an increase in the tensile strength. In addition, it was
highlighted that the elongation at break values are proportional to the density and row rollers [11].
In another work, Shi et al. estimated the possibility of ultrasonic welding on textile fibers. In this work,
an ultrasonic welding system with a longitudinal horn moving in the vertical direction was utilized,
after which, the mechanical force was applied on multilayers of the fabrics over the anvil. The results
presented that an increase in the welding time and pressure can increase the joint strength initially, but
afterward, the strength decreases further. Meanwhile, with an increase in the vibration amplitude, the
strength of welding joints can be enhanced [12]. In a recent study, ultrasonic welding was applied for
bonding sailcloth using different types of anvil wheels. Under the welding conditions of this paper, the
bonding strength of the bonding joints can be increased with suitable engraving, speed, and amplitude
of the ultrasonic system [13]. Meanwhile, in the case of polyethylene terephthalate fabrics, the sealing
time and welding pressure can also affect the bonding strength, as shown in [14].

For improving the quality of the ultrasonic welding process for fabrics, some of the key parameters
have been investigated. In a recent paper, the welding time, holding time, mechanical force, and anvil
gap were considered in detail [15]. Furthermore, because horn surface amplitude is one of the most
important factors that greatly affects joint quality, the uniformity of the amplitude of the horn has been
investigated by both simulations and experiments [16,17]. The results presented that the maximum
amplitude occurs at the nodal region, causing high stress levels and leading to horn crack. Thus, the
amplitude was controlled at less than 77 um within the safety region to prevent damage to the horn
and the welding apparatus [18].

One of the most frequently used polymer materials owing to its low price, good processability,
and mechanical properties is polypropylene (PP), which is semi-crystalline thermoplastic. As indicated
above, making nonwoven fabrics from PP materials requires to assemble staple fibers or infinitely
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continuous filament fibers on top of each other to be bonded via a mechanical, thermal, or chemical
process [19]. Recently, ultrasonic welding technology has been considered as an ideal approach to
bond PP fabrics. In a recent paper, Floyd et al. studied the ultrasonic bonding of various types of
fibers, which, for example, included PP materials and N6. They found that an impressive feature
of the many fabrics produced was their superior softness over comparable products produced by
calendar bonding. They also found that high melting point fibers such as N6 were difficult to bond in
comparison to PP [20]. In another study, it was reported that better bonding was achieved by using
polypropylene—polypropylene and polyester—polyester fabrics [21].

Even though ultrasonic welding is a promising technology for bonding nonwoven fabrics, there
are still very few research papers published in the open literature in this field, especially for PP
nonwoven fabrics. Furthermore, the mechanism of this technology is not yet understood fully. In order
to clarify these issues further, this experiment focused on determining the influence of the ultrasonic
horn shape on the formation of welding joints in the case of PP nonwoven fabrics using a continuous
ultrasonic welding approach. Scanning electron microscopy (SEM) images of the bonded joints at
different positions and directions were taken to investigate the interfacial microstructure and the bond
locations of the fabrics. Moreover, the effects of the roller engravings on the peel strength are also
discussed in detail.

2. Experimental Design and Materials

2.1. Common Welding Apparatus and Base Material

A real image and a schematic diagram of an ultrasonic welding equipment for bonding fabrics are
shown in Figures 1 and 2. Generally, this equipment consists of a welding source, a stepped horn, an
ultrasonic stack, a roller, and fabric (base material).

20 ~ 70 kHz
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Figure 1. A schematic diagram of a common ultrasonic welding equipment.

In this experiment, the main equipment was the continuous ultrasonic welding machine (Model
V52020, Viet Nam Ultrasonic Equipment Company LTD, Ho Chi Minh, Vietnam) with an inner roller
and pneumatic cylinder as portrayed in Figure 2a. The frequency and power of the machine were set
at 20 kHz and 1200 W, respectively. The maximum value of the mechanical vibration on the surface of
the ultrasonic horn was 60 microns. The roller speed was controlled at 6 m min™. The air pressure was
set up at 3 bar. The inner diameter of the pneumatic cylinder was 40 mm. The roller was mounted to
a mechanical frame and rapidly changed; its width was smaller than the diameter of the ultrasonic
horn. A schematic diagram of the ultrasonic welding process is presented in Figure 2b. In this case, the
ultrasonic horn is fixed and the roller is rotated directly on the horn surface under mechanical force F.
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Figure 2. Ultrasonic welding equipment and schematic diagram. (a) Ultrasonic welding machine,
(b) Schematic diagram of ultrasonic welding.

The base metal for the bonding was polypropylene spunbond fabrics of 80 gsm. The mechanical
properties of the PP fibers and the PP nonwoven fabric are listed in Tables 1 and 2.

Table 1. The mechanical properties of the PP fibers (PA6-RM-14-030-supported by Lanxess energizing
Chemistry Co., Ltd., Cologne, Germany).

Density Elongation at Tenacity Fiber Crimp  Shinkage Yield Softening Melting
(kgm?) Break (%) (cN/tex) (cm) (%) Strain (%)  Point (°C)  Point (°C)

1140 160 19 14 1.16 20 140-150 160-175

Table 2. The mechanical properties of the PP nonwoven fabric fibers.

Calendar Temperature (°C) Calendar Speed Pressure

18~25 gm~3 at 200 m min~!

30 = 50 gm~3 at 140 m min~! 80

145

In this paper, a simple type of stepped horn was utilized, as shown in Figure 3. Here, the horn is
characterized by parameters D1 and D2, ], and R, where D1 and D2 refer the diameters of the two
ends of the bar, 1is the total length of the horn, and R is radius at the step. In this experiment, the
diameters D1 and D2 of the horn were selected as 90 mm and 70 mm, respectively. The values of
the main parameters of the horn, including the velocity of the sound in a continuous solid medium
of 500 m s, a Poison ratio of 0.28, a modulus of elasticity of 200 GPa, and a working frequency of
20 kHz, were set up. Under the strong friction between the horn and the roller, the working surface
of the ultrasonic horn in this case must have high wear resistance to reduce breaks and increase the
life. Therefore, SKD11 tool steel (Japanese industrial standards (JIS)) was selected for making the horn.
The chemical composition is described in Table 3.
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Figure 3. A model of the stepped horn.
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Table 3. The chemical composition of the SKD11 tool steel (JIS) for fabricating the horn.

Component C

Si Mn Mo Cr

Fe
% 1.4-1.6 0.17-0.37 0.5-0.8

0.9 8-11 Bal.

Figure 4 represents a typical example of the ultrasonic stack utilized in this experiment.

The untrasonic stack includes back mass (1), Piezoelectric rings (2), copper electrodes (3), front
mass (4), booster (6), bolt (7), and stepped horn (8).
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(a) Cross-section of ultrasonic stack

(b) Fabricated ultrasonic stack

Figure 4. An example of ultrasonic stack. (a) Cross-section of ultrasonic stack, (b) Fabricated
ultrasonic stack.
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2.2. Roller Design

In order to study the formation of the welding joints, the following patterns for the roller were
designed, from simple to complex, as indicated in Figure 5. Eight patterns corresponding to No. 1-No. 8
were fabricated in this work. The patterns were divided into four groups with different welding areas,
geometries, and symmetries. Group one was designed with the simplest shape, the smallest welding
area, and only one-line geometry (No. 1 and No. 2). Group two was designed with a simple shape,
a medium welding area, and nonsymmetrical geometry (No. 3 and No. 4), where No. 3 included a
solid line in order to test the continuous welding line. In group three, the number of rows and the
size of the welding area were increased (No. 5 and No. 6), and a solid line was intentionally inserted
between two dashed lines. Group four was designed with a complex shape, a large welding area, and
symmetrical geometry (No. 7 and No. 8).
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e IEEEE
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Figure 5. Designation of the roller patterns.
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3. Experimental Results and Discussion

3.1. SEM Images of the Welding Joints

The welding joint images of the front of the eight patterns (No. 1-No. 8) are shown in Figure 6.
As can be seen in this figure, the welding joints look sound without incomplete weld seams or deviation
of the welding profile in comparison to the designed horn profiles. The profile of the welding bead
is similar to the profile of the horn head. In order to examine the quality of the welding joints, only
No. 1 was considered in detail. Magnification images of the front side, backside, and cross-section
were captured by SEM. The results can be seen in Figures 7-10.

Group

e e e e @ - >

| AR S P o A R TG TR g
PIRSNS RS PO BTN T B SR e G

No. 5

®..®

(a) Front side view (b) Back side view

Figure 7. Nonwoven fabric after ultrasonic welding of No. 1 case. (a) Front side view, (b) Back
side view.
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Figure 8. Scanning electron microscopy (SEM) images of the ultrasonic welding joints taken from the
front with magnification of (a) x30, (b) %200, and (c) x500.
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Figure 9. SEM images of the ultrasonic welding joints taken from the backside with magnification of
(a) %30, (b) X200, and (c) x500.
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Figure 10. SEM images of the ultrasonic welding joints taken at a cross-section with magnification of
(a) x100, (b) %200, and (c) x500.

Figure 7 shows the images of the front side and the backside, where the center zone is the welding
seam. Because the roller with its specific pattern rotated on the fabric, the front side of the ultrasonic
welding joints was compressed, as indicated in Figure 7a. Meanwhile, the fabric slid on the flat surface
of the horn, and thus, the backside of the ultrasonic welding joints was flat (Figure 7b).

It is well known that a mechanical vibration of ultrasonic frequency, with specific amplitude and
mechanical force, from the roller can create heat at the interface of two fabrics. The heat is increased
rapidly in the case that either the force increases or the welding speed decreases. As a result, the fabrics
at the interface melt and solidify quickly.

In order to investigate the welding quality, SEM images were taken at the boundary between the
welding area and the base metal (i.e., fabric fibers) of the welding joints, both of the front side (Figure 8)
and of the backside (Figure 9). Figure 8a shows the entire welding joint of the one-line engraving taken
from the front view. The boundary between the welding area and the base fabric is relatively clear.
The fibers in the welding area are compressed lower than the fabric surface. Welding defects can be
found in the welding zone, since the base fabric is not of a homogenous material. Some fabric fibers
are totally melted, but others still exist (as incompletely melted). This can be explained by the fact
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that the thickness of the fabrics is not uniform, and heat is not generated equally over the welding
area. Figure 8b,c presents the structure at the edge of the welding boundary, where half of it is the
welding area and the other half is the base metal (i.e., PP nonwoven fabric). A smaller size illustrates
the structure of the base metal fiber, while a larger size expresses the welding region. The shapes of the
welded fibers are changed due to the compression force and the ultrasonic heat. However, the fibers
are not broken or cracked, and remain as continuous media. As a result, these structures can support
the creation of the high strength required for welding joints.

Figure 9 exhibits the entire welding joint of the one-line engraving taken from the backside view.
As implied in Figure 9a, the rectangular shape is formed by the ultrasonic welding after using one-line
engraving pattern. However, the four diamond shapes are generated by the heat roller during the
fabric formation process. The edges of the rectangular shape between the welding area and the base
fabric are very blurry. This can be explained by the fact that the backside of the base fabric directly
contacted the fixed ultrasonic horn instead of the roller pattern. Inside the welding zone, some fibers
are melted, while others are not; however, the region of the melted fibers is larger. The fibers at the
boundary region are melted differently, which means that the heat caused by ultrasonic vibration
varied along the edges. However, other defects are not seen in the welding area. Figure 9b,c shows the
edge region between the welding area and the base fabric. The fibers on the left side are compressed,
melted, and bond together clearly. On the other hand, the fibers on the right side still retain their shape
and structure. Similar to the view from the front side view, the fibers in the edge region are not broken.
Therefore, they can form the high strength of the welding joints.

Figure 10 shows SEM images at a cross-section of the welding joints. At magnification X100
(Figure 10a), the concave shape caused by the roller engraving of the upper fabric can be clearly
observed. The curvature between the surface of the upper fabric and the surface of the welding area
can be seen. This structure increases the linkage between the fibers of the upper fabric and the fibers of
the welding region. In the welding area, some fibers are totally melted and solidified into a uniform
medium, while the others are compressed and partially melted, as indicated in Figure 10b. In addition,
the solidified region can be clearly seen with larger magnification (Figure 10c).

3.2. Peel Strength of the Welding Joints

Peel strength is generally used to measure the bond strength of a material, typically the adhesive
and the thermal bonding. Because the area ratio (s) of the welding area (Sp) to the cycling area (S;) is
an important factor when considering the relationship between roller patterns and peel strength, it is
presented first. The definition of the welding area (Sy) to the cycling area (S;) is as follows: The welding
area (Sp) is generally defined as the solid area in the pattern, while the cycling area (S1) is the rectangular
area covering the welding area in one cycle. For easy calculation, the cycle was set as 20 mm in length.
The area ratio of the welding area to the cycling area in the patterns was mostly different in the welding
area and the geometry. As a result, a matrix of all of the roller profile cases is listed in Table 4.

Table 4. Welding area (Sp), cycling area (S1), and area ratio (s) of the designed patterns.

No. 1 2 3 4 5 6 7 8
Sp (mm?2) 34 50 373 68 88 102 407 971
S; (mm?2) 40 200 130 110 140 160 200 200

s = So/S1 (%) 85.0 25.0 28.7 61.8 62.9 63.8 20.4 48.6

In order to investigate the influence of the different roller profiles on the load and the peel strength
of the welding joints, a strength test of all of the designed patterns (No. 1-No. 8) was conducted.
Four samples of each pattern were welded and tested to obtain the average value of the load and
the peel strength. The average load and the average peel strength of the four groups were drawn,
and are presented in in Figures 11 and 12, respectively. According to the groups, the load and the
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peel strength can be compared, which shows that generally, the load distribution is opposed to the
strength distribution.
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Figure 11. Relationship between the load and the area ratio with different patterns.
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Figure 12. Relationship between the peel strength and the area ratio with different patterns.

In the case of the solid line of the welding joints in group one, the load of No. 2 is larger than
the load of No. 1. This is because the welding joint of No. 2 is larger than that of No. 1. The load
of No. 4 is significantly larger than that of No. 3. This can be explained by the fact that the solid
line in pattern 3 created a continuous welding area, and it can be seen in the SEM image (Figure 8a)
that inside the welding area, the fibers are mostly melted and solidified. Therefore, the linkage area
between the fibers and the solidified area around the edges of the No. 3 is smaller than that of No.
4. This explanation can also be used to describe the reason why the load of pattern 6 is larger than
that of No. 5. The load of No. 7 and 8 is almost same due to only a slight change in the thickness of
the pattern lines. According to area ratio as described above, No. 2 offers the highest load with the
smallest area ratio (s). Meanwhile, No. 7 provides the lowest load with a large area ratio (s). From the
results above, it can be considered that the load is proportional to the area ratio and it depends on the
roller profile. In summary, the maximum load of the ultrasonic welding joints can be obtained with No.
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2, and a brick structure (No. 4 and No. 6) offers a greater load than the other structures. Meanwhile,
patterns with a solid line (No. 3, No. 5, and No. 7) show less load than the others.

Generally, the peel strength is decreased from No. 1 until No. 5. In No. 5 and No. 6, it is mostly
unchanged. The peel strength is lower in No. 8 in comparison to No. 7. Even though the load is
maximal (230.39 N) in No. 2, the peel strength is maximal in No. 1 (6.22 MPa). This can be explained
by the fact that the welding area in No. 2 is much larger than in No. 1. The peel strength in the case of
No. 3 is higher than that in No. 4. This is because the welding area in No. 4 is much larger than in
No. 3. Even though the load is lowest (154.31 N) in No. 7, in comparison to the other cases, the peel
strength is higher than that in No. 4 to No. 6 and No. 8. From the above results, it can be considered
that the load and the peel strength interact with the welding area (Sp) and the area ratio (s); in other
words, they depend on the roller profile.

4. Conclusions

In this research, eight roller patterns divided into four groups were fabricated and utilized to
investigate the properties of welding joints. On this basis, the following main conclusions can be drawn:

(1) No welding defects were seen in the SEM images of the front side, the backside, or a cross-section
of the welding joints.

(2) The peel load distribution was opposed to the strength distribution in all cases of the fabricated
roller profiles.

(3) The area ratio (s) was highest in the case of No. 2 (approximately 89%) and lowest in the case of
No. 7 (approximately 27%).

(4) The maximal load (approximately 230.39 N) occurred in the case of No. 2, while the minimal
value (approximately 154.31 N) occurred in the case of No. 7.

(5) The maximal peel strength of 6.2 N mm~2 occurred in the case of No. 1, and the lowest tensile
strength of 1.8 N mm~2 occurred in the case of No. 8.

(6) Both the load and the peel strength were proportional to the welding area and the area ratio.

(7) In the case of No. 2, even though the load was the highest (approximately 230.39 N), the peel
strength was lower than that of No. 1.
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