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Pulse wave (PW) welding technique has become a more adequate process to produce 
a deep penetration welding with smaller fusion zone and heat affected zone (HAZ) for 
automotive steel joint. A 1.6 mm thickness of N22CB boron steel from advance high 
strength steel (AHSS) type was welded by using PW mode from a low power Nd: YAG 
laser. The process parameters studied in this paper were pulsed energy, Ep, focal 
length, F, and welding speed, S. Bead-on-plate (BOP) welding was used in this 
experiment. The effect of parameters on the weld pool geometry was studied. Higher 
pulsed energy gave high weld penetration and higher weld width, contributing to the 
bigger weld pool size. The positive defocus position of focal length produced weld 
geometry with high penetration depth and smaller bead width compared to the 
negative defocus position. Lower welding speed was capable to produce deep 
penetration depth as the high heat input produced. 
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1. Introduction 
 

Laser welding has proved itself to be a versatile tool of power since it has been introduced since 
1970 [1]. Until 2018, the laser welding method gained great popularity as it has advantages of joining 
technology with high quality, high precision, high performance, high speed, better flexibility, low 
distortion defect, and ease of use with full automation access [2]. Laser welding is known as a fusion 
welding process in which two different or similar metals are joined together by a concentrated heat 
source produced from the laser beam light which gives a high power density of energy to concentrate 
heat at a small area [3]. The application of laser welding in many industries also increasing throughout 
the years.  

In laser welding application, there were two ways processes, which is by using continuous wave 
(CW) mode and pulse wave (PW) mode. Usually, the CW mode technique needs high power laser to 
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achieve high weld penetration depth since the average power of the laser was used directly as the 
processing power during the welding process [4]. Meanwhile, PW mode can increase the peak power 
of the laser even using low power laser to achieve high penetration depth with the setup of PW 
parameters such as pulse frequency, pulse duration, duty cycles, etc [5]. The study of parameters 
effects in all welding and joining process was very important since it affects the performance of the 
welded part itself [6]. 

At laser high peak power by using just a low power laser machine, deep penetration welding and 
defects free joint results can be achieved [7]. In addition to that, this PW mode technique could be 
applied by industry such as automotive sectors, where the cost could be minimized by installation 
low power laser. Automotive steel nowadays always upgrading to newer materials, where it comes 
to the high strength and minimizing the weight requirement following the needs of global energy 
transformation towards 2050 [8]. Advance high strength steel (AHSS) has established itself as a 
material that comply with the needs of the automotive industry, which is continually adapting highly 
stringent requirements on vehicle safety, reduction in vehicle mass, and strength increment after 
been hot stamped process [9].  

The application of laser welding was practically used in joining the AHSS for these recent years 
such as Dual-phase (DP) steel, transformation-induced plasticity (TRIP) steel, boron steel, etc [10-12]. 
The application of PW mode to weld AHSS is truly needed to produce deep penetration weld with 
free defects, resulting in high strength joining product. AHSS materials usually adapted to the 
structure of the vehicle where the need for a strong structure was required. The present article 
shows, discusses, and categorizes the results of the weld geometry for the effect of the variation of 
PW mode process parameters during BOP welding processes. The aim of this paper is to investigate 
the effect of PW mode process parameters on weld pool geometry of BOP welded Boron steel. 
Furthermore, a method was developed to present and collect the results in an easier way to 
understand the effect of process parameters on the weld joint geometry. 
 
2. Methodology  
 

The Material used in this experiment was uncoated N22CB boron steel with a dimension of 100 x 
100 x 1.8 mm thickness. Bead on plate (BOP) welding was applied in this experiment. The samples 
were cleaned with ethanol before the welding process was carried out. In this experimental work, an 
Nd: YAG laser machine with the maximum average power of 300 Watt was used with a 1064 nm 
wavelength. The focus beam diameter used for this machine was 0.2 to 0.3 mm. Pulse wave mode 
was applied in this experiment, where the significant laser parameters were varied through the 
process. The workpiece was placed at the jig, where the table was moved for the welding line and 
the head movement was fixed at the focus point position. The schematic illustration of the laser 
welding setup was shown in Figure 1.  

Figure 1(a) shows the front view of the laser setup for BOP welding. The specimen was placed at 
the jig base and clamped to avoid distortion during the welding process. Argon gas was used as 
shielding gas for this experiment. Figure 1(b) shows the illustration of the laser seam line at the parent 
metal where the pulsed laser beam was applied to the sample. After the welding process was done, 
the BOP welded sample was cut at the cross-section region for further weld geometrical observation 
as depicted in Figure 1(c). 
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All samples were then mounted using a hot mounting process and prepared for metallurgy 
sample preparations. Samples were ground using 180, 240, 320, 480, and 600 grit of sandpaper, and 
then were polished using 9 and 3 µm diamond extender and 0.5 µm of colloidal silica for mirror 
surface finish. For macrostructure reveal, the mixture of 10 ml of 30% Nitric acid with 15 ml of distilled 
water was used as the etchant solution. Figure 2 shows the schematic illustration of weld geometry 
analysis of the BOP weld at the cross-sectional area of stable welding region. 

 

 
Fig. 1. Schematic Illustration of (a) front view of laser welding setup, (b) 3D view 
of laser BOP welding, and (c) cross sectional cutting line of the BOP weld 

 

 
Fig. 2. Schematic illustration of weld 
geometrical analysis 

 
The optical microscope was used to capture the images of the weld pool geometry. The crucial 

parameters that affect the weld geometry of N22CB boron steel samples used in this experiment 
were pulsed energy, Ep, focal length, F, and Welding speed, S.  
 
2.1 Variant Pulsed Energy, Ep 

 
The pulse energy (Joules) parameters are shown in Table 1. To get the pulse energy value, the 

other pulse wave modes of Nd: YAG laser parameters, such as voltage, pulse frequency, and pulse 
width need to be set accordingly. The constant parameters used in this experiment are welding speed 
(S) at 50 mm/min, focal length (F) at focus point (defocus at 0 mm), argon shielding gas at 10 L/min. 
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Table 1 
Parameters setup for variant pulsed energy 

Sample Voltage, (V) Pulse Frequency, (Hz) Pulse width, (ms) Pulse energy, Ep (J) 

1 250 80 2.5 1.56 
2 220 20 10.0 3.62 
3 230 20 10.0 5.08 
4 240 20 10.0 6.65 
5 250 20 10.0 8.50 
6 260 20 10.0 10.4 
7 310 20 10.0 12.7 
8 310 15 6.5 13.4 
9 310 15 7.0 14.6 

 
2.2 Variant Focal Length, F 
 

For this experiment, only one fixed laser parameters were chosen, which is; 310V, 15Hz, 7 ms (at 
14.6 Joules of Ep), 50 mm/min of S, and 10 L/min of Ar shielding gas. The focal position was varied 
from negative defocused to positive defocused. Table 2 shows the parameters set up for variant focal 
length position setup. 
 

Table 2 
Parameters setup for variant focal length 

Sample Focal Position, F (mm) Fixed parameters 

10 -2  
11 -1 Ep = 14.6 J 
12 0 S = 50 mm/min 
13 +1 Ar = 10 L/min 
14 +2  

 
2.3 Variant Welding Speed, S 
 

For this experiment, selected laser parameters were; 310 V, 15 Hz, 7 ms (at 14.6 Joules of Ep), and 
+2 mm of the focal position. Scanning speed used were; 100% (50 mm/min), 80% (40 mm/min), 60% 
(30 mm/min), and 40% (20 mm/min). Table 3 shows the parameters set up for this experiment. 
 

Table 3 
Parameters setup for variant welding speed 

Sample Weld speed, S (mm/min) Fixed parameters 

15 20 Ep = 14.6 J 
16 30 F = +2 mm 
17 40 Ar = 10 L/min 
18 50  

 
3. Results  
3.1 The Effect of Pulsed Energy, Ep 
 

The macrograph of the cross-sectional area for this experiment is shown in Figure 3. From this 
figure, it was observed that the pulsed energy from 1.56 until 10.4 J (sample 1 to sample 6) created 
shallow weld penetration, compared to the results from sample welded with 12.7 to 14.6 J (sample 
7 to sample 9). However, underfill defects presented at samples welded with 12.7 to 14.6 J. The weld 
width and penetration depth were measured, and the data were tabulated in Table 4. 
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From Table 4, it was observed that sample number 9, which possessed pulsed energy of 14.6 J 
produced the highest penetration depth, 0.58 mm. The lowest weld penetration was produced by 
sample welded with 3.62 J of pulsed energy with the 0.64 mm of bead width size. For a clear 
observation of the effect of pulsed energy on the N22CB boron steel, the graph of the relationship 
between pulsed energy and weld penetration and bead width was constructed based on the results 
as shown in Figure 4. 
 

 
Fig. 3. Effect of variant pulsed energy on the weld pool geometry 

 
Table 4 
Results for variant pulsed energy experiment 

Sample Pulse energy, E (J) Bead width, mm Penetration depth, mm 

1 1.56 0.42 0.15 
2 3.62 0.64 0.12 
3 5.08 0.72 0.17 
4 6.65 0.83 0.22 
5 8.50 0.97 0.24 
6 10.4 1.14 0.29 
7 12.7 1.23 0.46 
8 13.4 1.26 0.58 
9 14.6 1.28 0.58 

 
The bead width size and weld penetration depth show an increasing trend as the pulsed energy 

increased (as depicted in Figure 4). Highest weld penetration produced at the highest energy (14.6 
J), which is 0.58 mm. In addition to that, the weld depth produced was not sufficient to produce a 
butt weld joint for a 1.6 mm thick of N22CB. As observed from this experiment, pulsed energy plays 
an important in producing a deeper weld penetration. Higher pulsed energy creates higher heat input 
at a constant welding speed for a weld, which is increasing the weld pool size [13]. The bead width 
and penetration depth increase as the pulse energy increases. 
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Fig. 4. Effect of pulsed energy changes on weld pool geometry 

 
3.2 The Effect of Focal Length, F 
 

The macrograph images of the weld pool geometry for different focal length are shown in Figure 
5. Five samples produced at five different focal positions to observe its effect on the weld geometry. 

 

 
Fig. 5. Effect of defocusing position on weld pool geometry 

 
From Figure 5, it was observed that negative defocus of the focal length produced less 

penetration at 14.6 J of pulse energy used. The shape of the weld pool indicates the conduction weld 
where shallow penetration with a wider bead width distance produced [14]. The weld width and 
penetration depth measurements were collected in Table 5. From this table, it was observed that the 
bead width was large at negative defocus position, which is at 1.61 mm and the width is reduced at 
the focus position, which is at 1.21 mm. 
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Table 5 
Results for variant defocus position experiment 

Sample Defocus (mm) Bead width, (mm) Penetration depth, (mm) 

10 -2 1.61 0.29 
11 -1 1.61 0.28 
12 0 1.21 0.4 
13 +1 1.234 0.65 
14 +2 1.355 0.82 

 
When entering the positive defocus region, the bead width was slightly increased again compared 

to the negative defocus with an increment of 0.02 to 0.145 mm. The penetration depth keeps 
increasing from 0.29 to 0.82 mm as the laser focal length increased from the negative to positive 
defocus position. The smallest bead width was recorded at the focus point section. The graph of weld 
width and penetration depth against the defocus position of the laser beam is presented in Figure 6. 
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Fig. 6. Effect of defocus position on weld pool size geometry 

 
From Figure 6, it was depicted the increasing trends of weld penetration depth as the defocus 

position entering the positive defocus region from the focus point (defocus position at 0 mm). At the 
negative defocus region, the weld depth was found to be approximately similar depth. It was found 
also that the negative defocus position produces the same size of weld width. The weld width became 
smaller as the focal length was positioned at the focus point.  

A slight increment was observed as the defocus position was in the positive region. For a better 
weld size analysis, smaller bead width with high penetration depth was considered a better weld 
characteristic as possessing a lower aspect ratio, where a lower aspect ratio indicating that the weld 
geometry produced was more toward the keyhole characteristics [12]. The positive defocus position 
produced a weld pool geometry with high penetration depth and a smaller weld width compared to 
the negative defocus position. 
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3.3 The Effect of Welding Speed, S 
 

Welding speed used in this experiment were; 100% (50 mm/min), 80% (40 mm/min), 60% (30 
mm/min), and 40% (20 mm/min). Figure 7 depicts the macrograph images of welded samples for 
variant scanning speed at fixed 14.6 J of Ep and +2 mm of F. 

All samples produced underfill defects (as depicted in Figure 7) and higher penetration depth was 
observed from the macrograph images as the welding speed was slower from 50 to 20 mm/min. At 
40 mm/min, a hot crack was found at the weld zone region. This is due to the rapid cooling process 
that occurred in the fusion zone during the laser welding process, which creates surface tension 
during the solidification of the fusion zone [15].  

 

 
Fig. 7. Effect of welding speed on weld pool geometry 

 
The bead width and penetration depth measurement were collected as shown in Table 6. From 

this table, it was shown that the highest penetration depth (1.2 mm) produced at the utilization of 
20 mm/min of welding speed. Meanwhile, a faster welding speed at 50 mm/min only produced 
penetration depth at 0.85 mm. For the weld width measurement, there were not many effects as the 
width distance was approximately similar (1.25 to 1.3 mm width). The graph of weld width and 
penetration depth against the welding speed is presented in Figure 8. 
 

Table 6 
Results for variant welding speed experiment 

Sample Weld speed, mm/min Penetration depth, mm Bead width, mm 

15 20 1.20 1.25 
16 30 1.01 1.24 
17 40 0.98 1.28 
18 50 0.85 1.30 
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The weld width was approximately similar size as the welding speed increased as shown in Figure 
8. However, the penetration depth has a large difference as the weld depth became shallower as the 
welding speed increased. The cause of this reason was due to the insufficient heat input absorbed by 
the parent metal during the welding process as the speed of welding increases [16]. For this variant 
welding speed experiment, it was found that the penetration depth decreases as the welding speed 
increases. Meanwhile, there is no large effect on the weld width for variant welding speed 
parameters. 
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Fig. 8. Effect of different welding speed on weld pool size geometry 

 
4. Conclusions 
 

From the finding of the laser welding parameters effect on the AHSS boron steel, the effects of 
pulsed energy, defocussing features, and welding speed on the weld pool geometry produced with 
pulse wave (PW) mode of low power Nd: YAG laser were examined. The findings from this paper are 
summarized as follows 

i. The bead width and penetration depth increase as the pulse energy increases. 
ii. Positive defocus position produced a weld pool geometry with high penetration depth and a 

smaller weld width compared to the negative defocus position. 
iii. Penetration depth decreases as the welding speed increases and there is no large effect on 

the weld width for variant welding speed parameters. 
iv. For a better high penetration and smaller weld width, higher pulsed energy at positive defocus 

position and slower welding speed can be applied. 
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