
Contents lists available at ScienceDirect

Journal of Manufacturing Processes

journal homepage: www.elsevier.com/locate/manpro

Investigation the effect of pulsed laser parameters on the temperature
distribution and joint interface properties in dissimilar laser joining of
austenitic stainless steel 304 and Acrylonitrile Butadiene Styrene
Yeping Penga, Azeez A. Barzinjyb,c, Abdullah A.A.A. Al-Rashedd, Afshin Panjehpoure,
Mehdi Mehrjoue, Masoud Afrandf,g,*
a Shenzhen Key Laboratory of Electromagnetic Control, College of Mechatronics and Control Engineering, Shenzhen University, Shenzhen, 518060, China
bDepartment of Physics, College of Education, Salahaddin University-Erbil, Kurdistan Region, Iraq
c Department of Physics Education, Faculty of Education, Tishk International University, Erbil, Kurdistan Region, Iraq
dDepartment of Automotive and Marine Engineering Technology, College of Technological Studies, The Public Authority for Applied Education and Training, Kuwait
e Department of Mechanical Engineering, Najafabad Branch, Islamic Azad University, Najafabad, Iran
f Laboratory of Magnetism and Magnetic Materials, Advanced Institute of Materials Science, Ton Duc Thang University, Ho Chi Minh City, Vietnam
g Faculty of Applied Sciences, Ton Duc Thang University, Ho Chi Minh City, Vietnam

A R T I C L E I N F O

Keywords:
Laser joining
Dissimilar materials
Acrylonitrile Butadiene Styrene
Adhesive zone

A B S T R A C T

Direct laser joining of metal to plastic materials is one of the cost effective methods of joining. The demand for
laser welding of stainless steels and thermoplastics is going on increase because of having many applications
such as automotive, aerospace and aviation industries. This paper presents the experimental investigation of
direct laser joining of stainless steel 304 and Acrylonitrile Butadiene Styrene (ABS). The effects of pulsed laser
parameters including laser welding speed, focal length, frequency and power on the themperature field and
tensile shear load was investigated. The results showed that excessive increase of the joint interface temperature
mainly induced by high laser power density results in exiting of the more volume of the molten ABS from the
stainless steel melt pool. Also, increasing the laser power density through decreasing the focal length or in-
creasing the laser power led to an increase in the surface temperature, higher beam penetration and high volume
of molten ABS. Decreasing the focal length from 5 to 2mm significantly rose the temperature from 150 to 300 °C.
By increasing the laser pulse frequency, the number of bobbles at the ABS interface surface remarkably increased
where the temperature increased from 120 to 180 °C. The X-ray spectroscopy results showed the existence of the
polymer elements on the metal surface at the joint interface zone. The tensile shear load clearly increased from
280 to 460 N with augmentation of laser average power from 180W to 215W. Applying higher levels of laser
power has clearly decreased the tensile shear load due to creating bigger bobbles and more cavities at the
adhesive zone.

1. Introduction

Contemporary products are not conceivable without interconnec-
tion between different materials, whether between different metals or
even metals-polymers and composites [1–4]. Laser joining of metal and
plastics has emerged as a promissing technique that has many ad-
vantages over the conventional methods of joining such as adhesive
bonding [5–7]. Dissimilar welding of metal and plastic materials has
composed of bonding or fusion zone which in turn can produce a
bonding zone or metals-polymer interconnection from very thin sheets

thickness about 0.01mm to 50mm. Nowadays, the demand for direct
laser joining of metal-polymer materials has considerably increased for
many applications in different industries such as automotive, medical,
electronics, etc. Laser joining can remarkably increase efficiency of
hybrid metal-polymer joints to reduce the time of production and the
weight of the structures [8,9]. Laser welding of dissimilar materials
with the presence of protective gas such as helium, argon and nitrogen,
produces high quality joint with good performance, high speed, high
flexibility and low distortion. Numerous studies have been done to in-
vestigate the laser welding of dissimilar materials either metals or
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polymers. Ai et al. [10] studied the laser welding of polyethylene ter-
ephthalate (PET) and titanium alloys. They evaluated the geometric
dimensions using a fiber laser. A transient numerical model has de-
veloped so as to predict the molten pool geometry and fluid flow of the
melt pool and the possibility of porosity formation. Moreover, the
temperature field and molten flow have been evaluated by changing the
laser power and welding speed. The results demonstrated the frequent
formation of porosity in high temperature regions and the molten pool
was formed with a circular vortex flow pattern only in the PET. It was
shown that the welding process parameters have important effects on
the fluid flow thereby the heat transfer rate.Wang et al. [11] estimated
the dissimilar laser welding of titanium and polyethylene terephthalate
(PET). The results showed that welding speed plays a key role in order
to achieve higher strength of the joint. Noha et al. [12] have performed
optimization of the laser joint between stainless steel 304 and ABS
polymer using the continuous wave fiber (CW) lasers. It was shown that
a concentrated beam with power of 230W and welding speed of
16mm/s was known as optimal laser welding condition to obtain better
and more reliable welding. Furthermore, the welding speed and laser
power had the greatest effect on the weld strength. Cenigaonaindia
et al. [13] studied the laser welding of polyamide and stainless steel
304. In this study, the optimal process parameters such as process
speed, joint path and laser power were used to strengthen the bond
structure by increasing the amount of polymer seals in the metal surface
cavities. It was reported that adequate heat flow is of the essence to
achieve a reliable joint. In other words, the low temperature during the
process produces the low quality joint whereas the high temperature
can weaken the polymer. Pelsmaeker et al. [14] studied the joining of
different thermoplastic polymers through the laser welding. It was re-
ported that joining of transparent polymer layers has got feasible at
different wavelength range, which improves the sealing of micro fluidic
devices. According to the mechanical tests, some of the thermoplastic
polymers showed sufficiently strong bonding to allow the creation of
leak-proof micro fluidic devices by using the laser welding at a specific
wavelength.

Generally excessive laser heating may cause thermal damage at the
polymer or plastic side of dissimilar weld during laser joining process,
which deteriorates the mechanical properties of the metal-plactic joint
[15]. The porosity or bobble formation at the plastic-metal interface of
the laser joint may increases the possibility of the stress concentration
and thereby reduces the effective mechanical strength. As a result, the
joint may fail at the region of porosity concentration. Therefore, in-
vestigation the mechanism of porosity formation and effective control
of porosity formation has been investigated in different studies. Zhang
et al. [16] studied reduction of porosity formation in laser-joining of
carbon fiber reinforced polymer and steel through appling surface
modification method. They reported that by adopting this technique,
the porosity could be reduced from 7.13% to 1.26%. The temperatue
induced by laser heating at the joint interface has an important role on
creating porosities adjacent of the bonding interface because of high
temperature gradient of this region. [15,17]. Hussein et al. [18] con-
ducted an experimental study of dissimilar laser welding of PMMA and
stainless steel 304 by using ND: YAG pulsed laser. Due to the

transparency of polymer, both the stainless steel and polymer can be
irradiated when the welding is done. They reported that excessive in-
crease in the laser power density has caused the augmentation of
bubble formation in the polymer. Bhattacharya et al. [19] investigated
the dissimilar laser welding of Polycarbonate and acrylic. They also
evaluated the effects of welding process parameters including the laser
power, speed and frequency on HAZ and molten pool geometry using
an experimental study. It was concluded that the power and speed have
an important influence on the melt pool width. Also, increasing the
speed decreased the melt pool and HAZ width. Lambiase et al. [20]
conducted a research on laser-assisted metal to polymer direct joining
to validate finite element model. They concluded that the quality of the
joints is strongly affected by the temperature field produced during the
laser treatment because of the adhesion of the plastic to the metal sheet
and development of bubbles (on the plastic surface) which highly de-
pends on the temperature that polymer reached at the joint interface.
The suitable temperature ought to be higher than the softening tem-
perature, but lower than the degradation temperature of the polymer.
So, the temperature distribution is of a high importance for doing this
process. The Polycarbonate sheet and AISI 304 stainless steel were
treated by means of high power diode laser and the effects of the pro-
cess parameters (i.e. laser power and scanning speed) on the tempera-
ture were analyzed. Comparison of the experimental measurements and
the finite element model for prediction the thermal field shows that
there is a good agreement between the developed model results and the
experiments data.

Laser assisted joining of dissimilar metal-polymer including Al-Mg
alloy and Polyetheretherketone has been experimentaly performed to
investigated the effect of the diode laser welding process parameters on
the mechanical properties of the joints. It was reported that the average
joint strength met the value of 30 Mpa at the optimum welding con-
dition [21]. Dissimilar laser joining of transparent Polyethylene

Nomenclature

Dp Pulse duration (ms)
f Frequency (Hz)
Fl Focal Length (mm)
I Current (A)
P Power (W)
T Temperature (K)
t Time (s)
V Weldingspeed (mm. s−1)

Fig. 1. Sketch of the welding configuration.

Fig. 2. Schematic diagram of the welding configuration.
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terephthalate to aluminum 7075 sheets has been studied by a diode
laser. The effeects of the laser power and scan speed were investigated
on the quality of the joint and the process parameters were optimized
using response methodology [22]. Chen et al. [23] studied the laser
transmission welding of fiberglass-doped polypropylene and ABS
through the experimental and numerical methods. Due to low laser
transmition of ABS, this material is welded more difficult than other
pure plastics. They proposed a relationship between the welding
parameters, molten pool area and shear strength in the welding fi-
berglass-doped PP and fiberglass-doped ABS. New hybrid heat source
model was developed to make three-dimensional finite element model
for predicting the temperature distribution and molten pool geometry.
Furthermore, a group of taguchi experiment was selected to assess the
accuracy of hybrid heat source model under various welding para-
meters to obtain the characteristics of welded joint.

Application of joining dissimilar materials such as stainless steel 304
and ABS has remarkably increased in different industries. Seemingly,
dissimilar direct laser joining of metal-polymer materials is one of the
most practical methods that could be taken into account because of
having much potential. Hence, experimental study of laser joining of
stainless steel 304 and ABS has been carried out in order to investigate
the effects of different process parameters on temperature field pro-
duced during the laser treatment which in turn directly influences the
phenomena of the adhesion the plastic to the metal sheet and control-
ling the amount of bubbles formed in ABS at the joint interface.
Analyzing the temperature variation during the laser joining process
can adequately control the effects of the process parameters on the
quality of the joint either mechanical properties or surface appearance
of the joint for industrial applications. Additionally, variation of tensile
shear load related to size of the adhesive region for the stainless steel
and ABS interface in welding zone have been investigated.

2. Experiments

Austenitic stainless steel 304 with 1mm thickness was selected with
dimensions of 50mm length and 40mm width. Also, ABS sheet with
2mm thickness and dimensions of 50mm length and 40mm width was
considered. For measuring the temperature by thermocouples, two
grooves created at the depth of 1mm for thermocouple placement on
the surface of stainless steel sheet. The best arrangement for welding of

these two materials was placing the metal above the ABS sheet (see
Fig. 1).

According to this placement, not only the welding process will be
more feasible but also measurement of the temperature will be per-
formed easier. For welding experiments, pulsed Nd:YAG laser model
IQL-10 was used. The maximum average power of the machine is
500W, the wavelength is 1.06 μm and the output frequency range is
1–250 Hz. Argon gas with pressure of 3 bars was utilized as means of
protective gas. A schematic diagram of the welding configuration is
shown in Fig. 2. One K type thermocouple with 1mm diameter has been
used to measure the temperature, with an operating temperature range
of −40 °C and +1260 °C and the accuracy between± 1%. The ther-
mocouple data was recorded using the data acquisition card (model:
Advantech USB 4718). The steel is mounted on the ABS plate by
through the fixture with four bolts and 60 N× cm torque for each bolt
to make a tight contact between plates.

Investigation of the molten pool microstructure and dimension were

Table 1
Laser welding parameters.

Test number Pulse duration Dp (ms) Frequency f (Hz) Welding speed V(mm/s) Current I (A) Focal length Fl (mm) Power (W)

1 8 15 4.2 130 5 215
2 8 15 4.2 130 2 215
3 8 15 6.2 130 5 215
4 10 10 6.2 130 5 192
5 10 15 6.2 130 5 250
6 8 15 8.2 130 5 215
7 8 20 6.2 130 5 225
8 6 15 6.2 130 5 178
9 10 20 6.2 100 5 209
10 8 15 6.2 150 5 256
11 8 15 6.2 150 1 256
12 8 15 6.2 150 4 256
13 8 15 6.2 100 5 185

Table 2
Welding parameters in tests 1, 3, 6.

Test number Pulse duration (ms) Frequency (Hz) Current (A) Focal length (mm) Power (W) Welding speed (mm/s)

1 8 15 130 5 215 4.2
3 8 15 130 5 215 6.2
6 8 15 130 5 215 8.2

Fig. 3. Experimental results of temperature distribution versus time as a func-
tion of welding speed.
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performed by standard metallography methods. All the samples were
mounted, polished using the standard metallographic techniques (100,
200, 400, 600, 800, 1200, 2000, and 2500 grit) and etched using
Glysrzhya reagent. Finally, the SZ-X16 OLYMPUS stereoscope was used
to measure the molten pool dimensions. Materials phase identification
and qualification was conducted by X-ray diffraction with GNR X-ray
explorer and data analysis was done using SAX program.

3. Results and discussion

In the following, the effect of process parameters on the temperature
distribution and melt pool area is presented based on the experimental
tests results. Pulsed laser parameter are frequency, average power, focal
length and pulse duration. Welding speed is selected as means of other
variable. Table 1 shows the different process parameters and their le-
vels used in the experiments.

3.1. The effect of process parameters on the temperature distribution

3.1.1. Effect of welding speed
As shown in Table 2, in the first series of the experiments (1, 3, 6

test No) the welding speed was changed while parameters remained
constant.

By comparing the results, it can be noted that with increasing the
welding speed, the measured temperature values by thermocouples
decreased. As shown in Fig. 3, increasing the welding speed from 4.2 to
8.2 mm/s, clearly reduced the temperature around the molten pool
from 147 °C to 115 °C. Generaly, increasing the speed decreases the
time of interaction between the laser beam and the workpiece and the
total amount of input energy from laser beam to the substance evidently
diminishes per time unit. Moreover, the temperature of the joint at the
metal-plastic interface clearly changes by speed. In other words, at the
higher welding speed, the lower temperature is observed and thereby
the maximum temperature is lower. So the volume of the melted ABS or
bursting of ABS bobbles and cavitation of stainless steel molten pool
remarkably decreased during the welding process when the welding
speed increased from 4.2 to 8.2 mm/s. (see Fig. 4).

3.1.2. Effect of focal length
In the second series of experiments (No. 1, 2) the decrease in focal

length is observed in Table 3 while other parameter remained un-
changed. Generally, reducing the beam spot size via decresing the
nozzle gap from the workpiece surface results in increasing total laser
beam energy density. Not only it is expected that the surface tem-
perature grows remarkably but also the beam penetration in the sub-
stances is increased.

As shown in Fig. 5, the surface temperature of the metal in ex-
periment No. 2 significantly increased (from 150 °C to 290 °C). In-
creasing power density has direcly impact on augmentation of the beam
absorbtion. So, the beam is penetrated more into the molten pool or
even ABS subsurface layers. Investigation the images of the bonding
surface between metal and plastic (Fig. 6) reveals the fact that some
metal particles is seen on the plastic surface, as well as some plastic on
the metal surface, indicating a combination of metal and plastic in the
contact area of the two materials. In experiment No. 2 (Fig. 6), it was
observed that the laser energy has completely penetrated in the metal
and the molten region and even polymer surface. Cavities on the surface
of the metal and the polymer reveals this fact. Formation of the cavities,
bonding and adhesion of the particles of plastic and metal implies the

Fig. 4. Weld bead appearance on the stainless steel surface at welding speed.of a) 4.2mm/s, b) 8.2mm/s.

Table 3
Welding parameters in tests 1, 2.

Test number Pulse duration (ms) Frequency (Hz) Current (A) Focal length (mm) Power (W) Welding speed (mm/s)

1 8 15 130 5 215 4.2
2 8 15 130 2 215 4.2

Fig. 5. Experimental results of temperature distribution versus time as a func-
tion of focal length.
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effects of laser penetration on the surface of the both metal and plastic
at the interface zone. By going outward from the center of the laser
beam, the temperature was reduced and only the effect of melting and
heating of the plastic lower amount of bobbles were detected.

In Fig. 7, the appearance of a weld bead on the stainless steel is seen.
Due to decreasing focal length more fumes and plasma plume and
spatters were produced during welding at higher power density. By
decreasing the focal length, not only the bead width was reduced but
also more melted ABS is seen at the center of the radiation field. Hence,
it could be said that the beam has penetrated more deeper than inter-
face surface and meted ABS has exited from the steel molten pool (see
Fig. 7).

3.1.3. Effect of pulse frequency
The third series of experiments was performed to investigate the

effect of frequency on the temperature Welding parameters are ob-
served in Table 4. Increasing the pulse frequency led to the increase of
pulse repetition rate and thereby the rise in average power while other
parameters such as pulse duration, current and focal length were kept
unchanged.

Comparing the tests No. 4 and 5, shows that increasing the fre-
quency from 10 Hz to 15 Hz has increased the amount of laser emmited
energy per unit time and also the measured temperature by the ther-
mocouples (see Fig. 8). On the other hand, by increasing the pulse

Fig. 6. The detached surface apperance after welding in test 2: (a) stainless steel 304, (b) ABS.

Fig. 7. Weld bead appearance of steel surface at different focal lengths of a) 5mm, b) 2mm.

Table 4
Welding parameters in tests 4, 5.

Test number Pulse duration (ms) Frequency (Hz) Current (A) Focal length (mm) Power (W) Welding speed (mm/s)

4 10 10 130 5 192 6.2
5 10 15 130 5 250 6.2

Fig. 8. Experimental results of temperature distribution versus time as a func-
tion of laser frequency.
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frequency and the average power not only the penetration depth of the
laser beam at the interconction surfaces of ABS and the metal was in-
creased, but also the number of bobbles significantly increased as
shown in Fig. 9.

The main reason of this phenomenon could be higher number of
heating and cooling cycles induced by laser beam that results in higher
amount of bobbles and cavities at the ABS surface. Moreover, Cavities
on the metal surface represent the penetration of the laser beam inside
the molten pool in the metal and even the melting area of the plastic.
Therefore, there is a metal-plastic compound melting zone in the metal-
plastic bonding region. The plasma pulme fromed at the joint interface
due to interaction of laser beam with both the steel and polymer created
the holes at the fusion zone which vaporized the ABS surface (see
Fig10).

Thanks to diffusion of plastic and metal inside each other, a strong
bond was formed although the number of bobbles has increased clearly.
Fig. 10 depicts the cavities formed on the surface of the polymer. Also,
the particles of the polymer on the surface of the metal and the particles

of the metal on the polymer surface seen.

3.1.4. Effect of laser beam power
Usually, increasing the current leads to the rising the laser beam

power. By increasing the current from 130 to 150 amps (according to
the Table 5), the laser average power was increased from 215 to 256W.
Commonly, augmentation of laser average power has a direct influence
on the penetration depth in laser welding and the amount of the heat
input to the work piece. evidently, The most important effect of in-
creasing average power is increasing the pulse energy. In Fig. 11, the
comparison of the stainless steel temperature near the melt pool in
experiments No. 3 and 10 indicates a notable increase in temperature
with increasing the electrical current (from 125 °C to 250 °C).

In Fig. 12, the surface of metal and plastic showed that by increasing
the laser average power, the laser beam penetration in the metal and
even in the polymer has significantly increased and caused the forma-
tion of deep cavities on the surface of the plastic and metal interface.
The images of the metal represent the melting of metal and plastic

Fig. 9. Interface surface of the ABS after welding at different pulse frequency for (a) 10 Hz, (b) 15 Hz.

Fig. 10. Surfaces of metal and polymer after welding with different magnifications in the experiment 5: (a), (c) polymer ABS, (b), (d) stainless steel 304.

Table 5
Welding parameters in tests 3, 10.

Test number Pulse duration (ms) Frequency (Hz) Current (A) Focal length (mm) Average Power (W) Welding speed (mm/s)

3 8 15 130 5 215 6.2
10 8 15 130 5 256 6.2
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particles in the welding zone. Also, amount of melted ABS exited
through the steel molten pool surface remarkably increased because of
high pulse energy level.

As shown in Fig. 13, in high laser power density, bigger cavities
have been formed between metal and plastic. According to the Fig. 13,
the white color of sample in Fig. 13. implies that the interface tem-
prature was the highest among these samples.

Comparison the surface of the ABS at the interface of the joint cleary
depicts different influences of various pulsed laser process parameters.
As shown in Fig.14, the quantity and dimensions of bubbles at the ABS
interface joint surface clearly changed. According to the Fig. 14.b, by
increasing the pulse frequency from 10 to 15 Hz, the number of bubbles
and the width of heat affected zone in the ABS surface remarkably in-
creased comparing to Fig. 14.a. As it is observed in Fig. 14.c, the di-
mensions, number and also depth of bubbles have evidently incresed
compared with Fig. 14.a. Agmentation of the laser current from 130 to
150A has risen depth of heat penetration due to higher level of pulse
energy and thereby laser average power.

3.2. Material characterization of polymer-metal surface interface
connection zone using the x-ray spectroscopy method

X-ray spectroscopy has been used to analyze the presence of various

elements on the surface of the metal (stainless steel 304). With regard to
the peaks in the X-ray spectrum in different regions, the presence of
different elements was evaluated. The purpose of this analysis is to
investigate the presence of ABS particles on the surface of stainless
steel. As shown in Fig. 15, X-ray tests was performed in three regions by
electron microscope in three regions A, B and C marked fusion area,
HAZ and base metal, respectively.

According to the Fig. 16, the largest peak is related to the carbon
element. according to the chemical percentage of the elements shown in
Table 6, it can be claimed that the lower surface of the molten pool
(which is in contact with the ABS part) has the highest carbon content
(up to 80% by weight) while the elemental analysis of the base metal
showed that it has only about 4% by weight of carbon (Table 7).

Also, it can be noted that hydrocarbon chains of ABS workpiece
were located on the bottom of the molten area and were joined and
combined to the metal surface. Therefore, it could be concluded that
there are some amounts of ABS material on the bottom of fusion zone
on the surface of the metal and ABS interconnection. Based on the re-
sults, it can be said that there is a definite connection between metal
and plastic in this area. In area B (heat affected zone), which is located
at a certain distance from the center of the molten pool, the amount of
carbon in the graph has dropped to about 24% by weight (see Fig. 17
and Table 8). ABS is a thermoplastic polymer made by polymerizing
styrene and acrylonitrile in the presence of polybutadiene. The pro-
portions of the monomer can vary from 15 to 35% acrylonitrile, 5 to
30% butadiene (petroleum hydrocarbon obtained from butane) and 40
to 60% styrene. The polybutadiene component of ABS is the weakest
part of ABS that could be easily degraded according to the heat treat-
ment [24].

Hence, the values of ABS elements in this region are lower than the
center of the molten pool because by getting away from the center of
the melt pool, the values of heat and temperature gradient were re-
duced and the melted polymer part was decreased. Thus, the joint in
this area is weaker than the center of the melt pool. Other elements in
the X-ray diffraction spectrum, including iron and chromium are the
elements in the stainless steel structure. It can be found that the ele-
ments of ABS and stainless steel were combined in the molten pool area
and the connection between ABS and stainless steel was established.

3.3. Microstructure analysis of the molten pool

The results of the microstructure study of the welded samples
showed the clear microstructure changes in the laser welding zone
(molten pool). The images obtained from the optical microscope pro-
duced from the etched samples showed the austenite microstructure of
the two-strand and delta ferrite strata which commonly observed in

Fig. 11. Experimental results of temperature distribution as a function of
electrical current.

Fig. 12. a) Image of the upper surface of metal and weld bead, b) Image of the lower surface of the polymer.
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austenite stainless steel samples (Fig. 18).
In the area of the molten pool, due to the increase of temperature

and reaching the melting point and rapid cooling, the dendritic-auste-
nite microstructure with particles of carbide and amounts of delta fer-
rite can be observed. Fig. 19 showed the formation of a dendritic mi-
crostructure in the molten pool due to the rapid heating, and melting
the stainless steel and then the high cooling rate of the molten pool.

Table 9 shows the relation between the laser power and the

geometry (depth and width) of the melt pool for stainless steel. In-
creasing the laser power not only extended the melt pool width but also
increased depth of melt pool more significant than width of the melt
pool. Therefor, the more weld penetration has produced the higher
interface temperature.

3.4. Effect of laser beam power on the shear force

The tensile shear load of the stainless steel-ABS joints was in-
vestigated at different levels of the laser powers. As shown in Fig. 20,
when the laser power increased from 185 to 215W, the width of bobble
formation area of melted ABS remarkably increased because of in-
creasing the joint interface temperature. Also, the behavior of tensile
shear load is observed in Fig. 20. It clearly increased from 280 to 460 N
when the laser power incrased from185 to 215. Further increase of the
laser power up to 256W led to reduction of tensile shear load about
15% (395 N).

Seemingly, the laser power has had a significant influence on the
shear load and mechanical properties of the joint. According to the
Fig. 13, the area of the steel adhered to the ABS surface clearly dim-
ished due to formation of more cavitation and bigger porosities at the
joint interface and escaping the molten ABS from the fusion zone of the
stainless steel due to excessive heating. Therefore, reduction of the
adhesive area of the steel-ABS interface decreased the tensile shear
load.

According to the experimental results, the test No. 2 (pulse fre-
quency 15 Hz, pulase duration 8ms, welding speed 4.2mm/s, current
130 A and focal length 2mm) represented the best results among all.
Not only the smaller laser beam dimeter iridiated higher power density,
but also created high tempreture gradient and narrow heat affected
zone in both stainless steel and ABS simultaneously. Seemingly, lower
welding speed level and beam diameter have risen the tempreture and
thereby produced good weld bead appearance. Additionally, the

Fig. 13. Cavities and porosities on the surface of the polymer in two magnifications a)20x, b)100×.

Fig. 14. The ABS interface surface for a) test No.2, b) test No.5, c) test No.11.

Fig. 15. A) Central region of the molten pool, B) heat affected zone (HAZ) and
C) the base metal region away from the welding zone and the molten pool.
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detached surfaces of the joint of test No. 2 reveals the fact that both
metal and plastic have existed on either sides of the AISI 304 and ABS
joint interface. Clearly, the porosity formation on the ABS surface was
observed at lower amounts in comparison to the other tests.

4. Conclusion

• The tensile shear load of the joint increased with laser power from
from 280 to 460 N. Increasing the laser power more than 215W or
creating very high interface temperature results in lower shear load

Fig. 16. Result of element analyses by XRD analysis in area A.

Table 6
Weight percentage of the elements in the area of A.

C% O% Ti% Cr% Fe% Total%

80.56 15.48 1.59 0.33 2.04 100

Table 7
Weight percentage of the elements in base metal.

C% Si% Cr% Mn% Fe% Ni% Total%

4.23 0.41 15.49 1.62 70.32 7.93 100

Fig. 17. Result of element analysis by XRD analysis in the area of B.

Table 8
Weight percentage of the elements in the area of B.

C% O% Si% Cr% Mn% Fe% Ni% Total%

24.37 5.24 0.38 12.4 1.43 51.1 5.08 100

Fig. 18. Base metal microstructure.
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due to creating bigger bobbles and more cavities at the adhesive
zone.
• By increasing the frequency, the number of bobbled formed at the
ABS interface surface was clearly increased. This could be due to
higher heating and cooling cycles per unit time.
• Examination of the images of the joint surfaces between the metal
and the polymer, revealed the amount of ABS polymer elements at
the metal surface which implied that the there is a metal-polymer
interface fusion zone.
• According to the results of X-ray analysis, the highest carbon content
(up to 80% by weight) at the interconnection zone on the stainless
steel surface compared to the base metal carbon content (only about
4%) implys the existance of ABS elements at the fusion zone.
• According to the experiments, it was found that increasing the
welding speed, leads to reduction of the temperature because of
reducing the interaction time between the laser beam and the
amount of molten ABS exited from the steel melt pool decreased due
to lower interaction and penetration of laser beam with the ABS.
• By decreasing the laser nozzle gap from the workpiece surface, the
laser energy density increased and thereby the surface temperature
and the amount of penetration in the metal was significantly

increased. Hence, the volume of melted ABS evidently increased and
thereby led to formation of plasma pulme, cavitation, spattering and
the high amount of melted ABS at the steel melt pool.
• Laser power has a significant influence on the laser beam penetra-
tion depth. Hence high power and high energy density leads to the
formation of deeper and bigger cavities between metal and plastic.
Also the volume of melted ABS clearly increased at higher levels of
laser power.
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Table 9
Geometry of the stainless steel melt pool at different laser powers.

Test number Pulse duration (ms) Frequency (Hz) Average Power (W) Welding speed (mm/s) Melt pool Depth (μm) Melt pool Width (μm)

3 8 15 215 6.2 75 300
10 8 15 256 6.2 125 350

Fig. 20. Tensile shear load variation and adhesive width at different laser beam
powers.
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