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Abstract: Of particular importance and interest are the effects of pulsed Nd:YAG laser beam
welding parameters on penetration and microstructure characterization of DP1000 butt joint, which
is widely used in the automotive industry nowadays. Some key experimental technologies including
pre-welding sample preparation and optimization design of sample fixture for a sufficient shielding
gas flow are performed to ensure consistent and stable testing. The weld quality can be influenced
by several process factors, such as laser beam power, pulse duration, overlap, spot diameter, pulse
type, and welding velocity. The results indicate that these key process parameters have a significant
effect on the weld penetration. Meanwhile, the fusion zone of butt joints exhibits obviously greater
hardness than the base metal and heat affected zone of butt joints. Additionally, the volume fraction
of martensite of dual-phase steel plays a considerable effect on the hardness and the change of
microstructure characterization of the weld joint.

Keywords: pulsed Nd:YAG laser beam welding; DP1000 steel; penetration; hardness;
phase transformation

1. Introduction

The need to reduce fuel consumption and greenhouse gas emissions motivates vehicle
manufacturers to utilize lightweight metals with better ductility and strength [1,2]. Nowadays,
dual-phase (DP) have already built a good reputation for performance and safety [3,4]. Meanwhile,
the application of DP steels unavoidably involves welding in the manufacturing process and
the properties of welded joints due to the integrity and safety requirements. Although such traditional
welding methods as resistance spot welding (RSW) [5], tungsten inert gas welding (TIG) [6], metal
inert-gas welding (MIG) [7], and gas arc [8,9] have been widely used, the advantages of laser welding
are also well known: energy efficiency, slight heat-affected zone, little heat input per unit volume, and
deep penetration [10]. The chief limitation, i.e., cost per watt, is swiftly falling with new advances
in laser technology [11]. Although in some cases a proper filler material may be demanded when
an interfacial gap attends to be filled [12], autogenous welding is still one of the most common forms
of laser welding.

Recently, many efforts have been performed to understand the sensitivity of the laser welding
process in advanced high-strength steels. Pulsed Nd:YAG laser welding has especially attracted
attention recently in many academic research and industry applications [13–19]. Tzeng [20]
used zinc-coated steel and attempted to make a laser welding joint without gas-formed porosity.
Xia et al. [21] used laser welding of DP steels and investigated the sensitivity of heat input and
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martensite on adjacent heat-affected zone (HAZ) softening. Several Nd:YAG and diode laser welds
were made on DP450, DP600, and DP980 steels over a wide range of heat input. Dong et al. [22]
studied the rate-dependent properties by means of a wide strain rate range, deformation, and fracture
behavior of DP600 steel and its welded joint (WJ) subjected to the Nd:YAG laser welding. Their
results showed that the DP600 WJ exhibits continuous yielding at quasi-static strain rates and develops
a yield point at higher strain rates. Baghjari et al. [23] paid attention to the Nd:YAG laser welding of
AISI420 martensitic stainless steel as well as the sensitivities of voltage, laser beam diameter, energy
frequency, pulse duration, and welding velocity to the size and deformation of the welded joint.
However, previous studies [24–28] indicated that the mechanical properties of DP steel butt joint have
effects evident in the process operation parameters. This may be due to the soft zone formed in the
adjacent heat-affected zone (HAZ). Then the question arises how the welding parameter manipulates
the mechanical properties of DP steel butt joints by using laser welding. Although many efforts have
been made to improve the tensile properties of DP steel butt joints, investigations into the penetration
and microstructure properties of this kind of weld are limited. Therefore, it is essential to characterize
the weld penetration and microstructure in terms of multiple welding parameters.

The purpose of this article is to experimentally investigate the influences of key process parameter
on weld penetration of the fusion zone during pulsed Nd:YAG laser beam welding, and to analyze
the hardness and microstructure evolution of DP steel butt joint. In Section 2, the base material
used, DP1000, was characterized by some general mechanical tests. Section 3 introduces the main
experimental procedures including cutting surface preparation for pre-welding sample, pulsed
Nd:YAG laser beam welding, optimization design of welding sample fixture and the microstructure,
and hardness testing method. Section 4 provides some corresponding process parameter dependent
theory for a better understanding of the interaction between weld quality and process parameters.
In Section 5, the influences of laser welding parameters on depth penetration and micro-hardness
are analyzed and discussed, as well as the microstructure evolution before and after welding process.

2. Base Material Characterization: DP1000 Steel

The studied dual-phase steel (DP1000) sheet, a type of advanced high-strength steel (AHSS),
has been widely utilized in automotive or shipping structures such as frames, wheels, and bumpers.
DP steel contains a soft ferrite matrix with hard martensitic “islands”. It exhibits good performance
during the forming processes [29]. Figure 1 shows the microstructure of the experimental base material
by means of a Scanning Electron Microscope (SEM) (Hitachi, Tokyo, Japan). The selected DP1000 steel
with sheet thickness of 1.0 mm was supplied by the SSAB (Stockholm, Sweden) in as-received state.
Two identical sheets with dimensions of 40 mm × 14 mm (length × width) were in one butt joint
configuration after welding. The chemical composition is presented in Table 1.
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Table 1. Chemical composition of the studied DP 1000 steel in wt %.

C Si Mn P S N Cr Ni Cu Al V B Nb Cekv

0.14 0.20 1.46 0.013 0.003 0.002 0.03 0.03 0.01 0.051 0.01 0.0004 0.014 0.39

Cekv = C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15

In order to obtain the basic mechanical properties, as listed in Table 2, uniaxial tension tests along
the rolling direction (RD) were carried out with a nominal strain rate of 10−4 s−1. A Shimadzu universal
tensile testing machine (Schimadzur, Kyoto, Japan) was used with a top capacity 100 kN. All tension
samples were cut by a water-jet and the dimensions complied with the ASTM E8 standard [30]. The test
was repeated four times to verify the reproducibility of the tested results. In order to accurately measure
the strain, a digital image correlation (DIC) system was adopted to capture the displacement fields.
The ARAMIS-5M commercial code [31] was utilized to obtain the strain from numerous optical images.
More detailed descriptions on this measurement technology can be found in previous works [9,32–34].
The macroscopic hardness of the base material was obtained using a Vickers hardness tester, namely
Shimadzu HMV-2000 (Schimadzu, Kyoto, Japan).

Table 2. Basic mechanical properties of the studied DP1000 (RD: Rolling direction).

Direction Elastic Modulus,
E (GPa)

Poisson’
Ratio υ

Yield Stress
σy (MPa)

Ultimate Stress
σu (MPa)

Elongation
e (%)

Hardness
HV0.5

RD 210 0.3 779 1125 9.35 382

3. Experimental Procedures

3.1. Cutting Surface Preparation for Pre-Welding Sample

The sheet cutting processes usually involve heating and melting of a material. This can lead
to inhomogeneous microstructure changes and influence the performance of the materials used
in the subsequent welding process. For instance, Figure 2 illustrates a typical cross-sectional surface
cut by a guillotine, mainly including a cutting area, deformation area, rough area, and butt. This leads
to a significant anomalistic gap at the pre-welding sample inspection. In fact, laser beam welding
is seriously dependent on the position and surface quality of the prepared samples, especially when
a narrow laser beam is adopted. Thus, it is vital to cut precise edges for almost no gap between
the samples to be welded.
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Figure 2. Illustration of a typical cross-sectional surface cut by guillotine and the anomalistic gap at the
pre-welding inspection.

In this work, to ensure all the samples are welded under the same configuration,
the inhomogeneous cross section of the cut sample was firstly machined flat using computer numerical
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control (CNC) and then the burr was carefully removed with sandpaper. To remove oil or other
impurities, the machined samples were cleaned with acetone. Figure 3 illustrates this additional and
important experimental preparation work, namely cutting surface preparation. It can be observed that
there is almost no gap, which leads to consistency in pre-welding inspection.Metals 2017, 7, 292  4 of 18 
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Figure 3. Cutting surface preparation for pre-welding inspection by using computer numerical
control (CNC).

3.2. Pulsed Nd:YAG Laser Welding Set-Up

In this work, pulsed Nd:YAG laser tested system, i.e., SISMA SWA300, was utilized to perform
experiments. Figure 4 shows the experimental apparatus used. The main parameters of the control
system are as follows: maximum mean power of 300 W, wave length of 1064 nm, maximum peak
laser power of 12 kW, maximum pulse energy of 100 J, and the range of pulse range from 0.2 ms to
25 ms. To ensure the pool of the butt joint against the oxidation, argon shielding gas with high purity
(99.99%) was supplied to both bottom and top surfaces of the specimens at a gas flow rate of 10 L/min.
A solid state pulsed Nd:YAG laser with the above parameters is appropriate for fiber passing from
the resonator to the laser beam head. This ensures that little welding occurs far from the laser source.
It is particularly useful for large or complex structures. In this work, the distance between the laser
exit and the sample was set at a value of 105 mm with optimal resolution.
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3.3. Design Optimization of Welding Sample Fixture

In order to avoid accidental misalignment or movement during laser welding, a characteristic
welding sample fixture has been designed to ensure stable and consistent experimental tests.
It is a relatively simple but good enough sheet metal sample fixture. It includes three steps to assemble
the welding samples, as shown in Figure 5. The samples snap into place and clamp with screws along
the longitudinal and normal directions.
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For laser welding, the flow ways of assisted gas inlet are usually ignored or at casual placement
during the pre-welding preparation. In this work, a two-hole inlet structure design (see Figure 6) of
assisted gas flow was developed to ensure that both the top and bottom surfaces of the welding sample
have entire shielding gas during the welding process. Figure 7 compares three types of assisted gas
solutions, i.e., without assisted gas, one-hole inlet structure, and two-hole inlet structure. It indicates
that the design with a two-hole inlet structure allows the possibility of reducing the oxidation on both
the top and bottom weld surfaces.
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3.4. Microstructure and Micro-Hardness Testing

The microstructure examination was conducted by means of scanning electron microscope (SEM).
The etching condition was carried out through the immersion of the samples with 5% nital solution.
The first macro-hardness tests were performed with a holding time 10 s using a Vickers hardness tester,
namely Shimadzu HMV-2000 (Shimadzu, Kyoto, Japan). The test force of 20 mN can be used as well as
the application of 115◦ triangular pyramid indenter. The distance between the test positions is 0.25 mm.
The second is a CSM Nano-indenter (TTX-NHT, CSM Instruments, Neuchatel, Switzerland) used for
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the small-scale micro-hardness measurement. The tested samples were polished by emery particle
paper TTP2000 (Zebra Technologies, Lincolnshire, IL, USA). For the measurement of weld penetration,
a microscope, namely MitutoyoTM (Kanagawa-ken, Tokyo, Japan), was used. All the corresponding
experimental tests were sufficiently spaced to prevent any underlying obstruction of strain fields
giving rise to contiguous indentations.

4. Process Parameter Dependent Theory

4.1. Process Parameters Relationship of General Laser Welding

To obtain exhaustive penetrated high-quality joint after laser beam welding, it is essential to
study the optimal process conditions. Generally, they consist of three main groups: laser beam
parameters (diameter, wavelength, power, and divergence), sample capabilities (material density,
thermal conductivity, thickness, potential heat of melting and cooling), and key welding parameters
(velocity, shielding gas direction, surface absorptivity, and focusing element length). Compared to
absorptivity about 10–20% at room temperature for most steels, it is able to increase to 80–90% during
heating and leaps when the material’s melting point is reached. The basic relationship of necessary
heat Q and mass m can be explained by [35]:

Q = m[c(Tm − T0) + Lm], (1)

where c, Tm, T0, and Lm are the particular heat, melting and initial temperatures, and potential heat of
melting, respectively. For continuous laser beam welding, the above relationship can be transformed
as follows:

Q/t = ρDhυ[c(Tm − T0) + Lm], (2)

where Q/t denotes requested power for melting. ρ, D, h, and υ are the density, laser diameter,
penetration, and welding velocity, respectively. The depth of penetration is obtained by:

h =
Q/t

ρDυ[c(Tm − T0) + Lm]
. (3)

Including the absorption of weld surface and the losses of heat conduction, the calculation of
penetration is estimated as:

h = κ
P

Dυ
, (4)

where P and κ are the power and a constant associated with surface absorption and latent energy losses.
P/υ defines the ratio of heat input to a unit length. The penetration depth is related to the adopted
power and is proportionally opposite to laser spot diameter and welding velocity. More detailed
descriptions of pulsed laser parameters can be seen in the next section.

4.2. Pulse Welding Parameters

For a pulsed laser, the main conditions, i.e., flash lamp charging voltage U (V), frequency f (Hz),
and pulse duration t (ms) are three key process parameters in terms of laser source. The practical pulse
energy E (J) can be defined by the above parameters. Peak power Ppeak (kw) is given by a portion of
laser beam energy and pulse duration as follows:

Ppeak = E/t. (5)

For a given spot size, the laser beam intensity is dependent on peak power. Average laser power
P (W) is defined as a product of practical energy and frequency:

P = E f , (6)
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and gives the laser welding velocity. Nowadays, the first general pulsed laser welding method is spot
welding. It is also generally applied for rude fixing of structures to be subsequently seam process.
One typical advantage of this procedure is to mitigate dimensional distortions caused by high thermal
gradients with respect to power density. To obtain successive strict welds, pulse overlap (PO) must be
adopted as well as the appropriate combination of welding parameters. Thus, pulse overlap can be
given by:

PO = 1 − υ

D f
. (7)

Compared to conventional and continuous laser beam welding, higher pulse densities result
in higher thermal transformation rates. This could induce weld defects and inhomogeneous
microstructure. Thus, another important parameter, namely effective peak power density (Depp),
should be considered for the important contribution of weld quality. It can be defined by a product of
peak power density (Dpp) and overlapping factor O f :

Depp = O f × Dpp, with O f =
1

1 − PO
. (8)

4.3. Design of Experiments for Laser Welding

In order to explore the effects of each single process factor on penetration and microstructure
properties of DP steel, experimental design is performed. First, determine the parameters that ensure
fairly good laser quality. In other words, the full weld penetration should be obtained. Then, based
on the full weld penetration, further process parameters optimization can be performed to analyze
the effect of microstructure properties, e.g., micro-hardness. Additionally, the optimal weld should
ensure no cracks, high resistance, a suitable size and shape of melting fusion, and so on.

Table 3 presents the selected welding parameters of the experimental plan. More detailed lists of
each analyzed welding parameter are given in the Appendix A, Tables A1–A6. In each set of one-factor
experiments, only one parameter was varied, keeping all the other parameters fixed to identify
the sensitivity of the one tested parameter. Seven different types of pulse, i.e., a simple rectangular
pulse, a modular pulse with three sections, a rectangular pulse with a ramp start, a rectangular pulse
with a ramp end, a rectangular pulse with a ramp start and end, the emission of laser beam pulses with
three consecutive equal intervals of 1 ms, and a pulse with simple power divided to be better resolution
at low power, were analyzed and discussed. It should be noted that the first simple rectangular pulse
is the best and most widely used in real or experimental tests.

Table 3. Design of experiments for welding parameters.

Series Parameters Variation of Single Factor

A Power percent (%) 20, 40, 60, 80, 86
B Duration (ms) 0.3, 3, 6, 9, 12, 15, 18, 21, 23
C Overlap (%) 0, 20, 40, 60, 80, 95
D Laser beam diameter (mm) 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0

E Pulse type
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5. Results and Discussions

5.1. Effects of Laser Beam Parameters on Weld Penetration

5.1.1. Effects of Laser Beam Power on Weld Penetration

Laser beam power was changed in the interval from 20% to 80%. Figure 8 shows the weld surfaces
on the top and bottom and at the beginning (left side) and end (right side) of the perpendicular
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longitudinal section. It can be observed that the weld penetrations reach almost full when the power
percentages are higher than 60%. However, the 40% laser power is obviously insufficient. In addition,
there are some spatters on the top weld surface when the laser power percent is larger than 60%.
This might be due to the clamping force on the samples. The potential question of thermodynamic
instability in the welding pool arises.

As shown in Figure 9, it is possible to estimate that the ideal power for the welding of the studied
case should be between 40% and 60%. Weld penetration has a sharp rise in this range of laser power.
However, the sensitivity of the weld penetration to laser beam power greater than 60% becomes less
pronounced. In a word, the effects of power on penetration are significant and must be taken into
account during laser welding applications.
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5.1.2. Effects of Pulse Duration on Weld Penetration

Figure 10 reveals that the greater the pulse duration the deeper the weld penetration. The longest
pulse duration of 21 ms and/or 23 ms induces full penetration. By varying the pulse duration and
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keeping the energy constant, the longer the pulse duration, the lower the energy received by the part,
leading to a decrease in penetration. However, in reality, the high pulse duration is not recommended.
This is because too high a pulse duration can cause the pulse overlap to not be constant, especially
for continuous laser beam welding. Therefore, the experimental results of these samples over a long
time are not reliable, but only provide a trend or sensitivity reference. For the analyzed DP1000 steel,
the optimal duration of the pulse should be in the middle range, from 9 ms to 15 ms.
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5.1.3. Effects of Overlap on Weld Penetration

It can be understood from Equations (7) and (8) that overlapping is related to the selection of pulse
duration, spot size (diameter), and traverse velocity for a specific mean power. In this work, a series of
overlap values were tested experimentally to assess the effects on weld penetration. Figure 11 shows
that the overlap seems not to affect the weld penetration, but only up to the value of 80%. For the last
sample applied to an overlap of 95%, the laser pulse is similar to the continuous laser as the pulses
are almost constant. For this value of overlap, the samples are completely melted and crossed by
the beam. The suitable overlap should be less than 80%, although it hardly affects weld penetration for
pulsed Nd:YAG laser beam welding.

Metals 2017, 7, 292  9 of 18 

 

5.1.2. Effects of Pulse Duration on Weld Penetration 

Figure 10 reveals that the greater the pulse duration the deeper the weld penetration. The longest 
pulse duration of 21 ms and/or 23 ms induces full penetration. By varying the pulse duration and 
keeping the energy constant, the longer the pulse duration, the lower the energy received by the part, 
leading to a decrease in penetration. However, in reality, the high pulse duration is not 
recommended. This is because too high a pulse duration can cause the pulse overlap to not be 
constant, especially for continuous laser beam welding. Therefore, the experimental results of these 
samples over a long time are not reliable, but only provide a trend or sensitivity reference. For the 
analyzed DP1000 steel, the optimal duration of the pulse should be in the middle range, from 9 ms to 
15 ms.  

 
Figure 10. The effects of pulse duration on weld penetration.  

5.1.3. Effects of Overlap on Weld Penetration 

It can be understood from Equations (7) and (8) that overlapping is related to the selection of 
pulse duration, spot size (diameter), and traverse velocity for a specific mean power. In this work, a 
series of overlap values were tested experimentally to assess the effects on weld penetration. Figure 11 
shows that the overlap seems not to affect the weld penetration, but only up to the value of 80%. For 
the last sample applied to an overlap of 95%, the laser pulse is similar to the continuous laser as the 
pulses are almost constant. For this value of overlap, the samples are completely melted and crossed 
by the beam. The suitable overlap should be less than 80%, although it hardly affects weld penetration 
for pulsed Nd:YAG laser beam welding.  

 
Figure 11. Effects of overlap on weld penetration. 

5.1.4. Effects of Spot Laser Diameter on Weld Penetration 

Figure 12 shows that an increase of diameter decreases the weld penetration. This experimental 
result is consistent with the theoretical relationship in Equation (4). It is known that a greater diameter 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

0.3 3 6 9 12 15 18 21 23
Pulse duration (ms)

Pulse duration vs. Penetration

Pe
ne

tra
tio

n (
m

m
)

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

0% 20% 40% 60% 80% 95%

Pe
ne

tra
tio

n (
m

m
)

Overlap

Overlap vs. Penetration

Figure 11. Effects of overlap on weld penetration.

5.1.4. Effects of Spot Laser Diameter on Weld Penetration

Figure 12 shows that an increase of diameter decreases the weld penetration. This experimental
result is consistent with the theoretical relationship in Equation (4). It is known that a greater diameter
leads to smaller power density due to the larger area in the same laser beam power. The small power
density induces a decrease in the laser impact in the piece. In other words, when the diameter decreases
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or the power is channeled to a smaller point, the laser beam should be more concentrated and potent,
causing an increase in weld penetration.
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Figure 12 indicates that the penetration decreases sharply when the applied spot diameter
increases from 1.2 mm to 1.4 mm. To further observe the distinction, the weld surfaces under different
spot diameters are compared in Figure 13. Meanwhile, there are some significant fusion spatters on
the top and bottom weld surfaces when the spot diameter is smaller than 1.0 mm. This might be
because the thermodynamic behavior in the welding pool manifests shrinkage when a small laser
beam spot size is applied. These additional spatters imply that the weld penetrations are sufficient.
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5.1.5. Effects of Pulse Type on Penetration

Figure 14 compares the effects of seven different pulse types on weld penetration. It indicates that
the pulse type has no significant effect on penetration, with the exception of the last type, namely scale
expanded pulse. This special pulse type results in a low penetration (Height h = 0.3 mm) compared to
the others (between 0.5 mm and 1.0 mm). This is because the pulse with simple power is divided to be
better resolution at low power. However, this kind of pulse maintains a penetration that is virtually
constant throughout the cord. It should be noted that the “scale expanded” pulse is used mainly as
heat treatment.
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5.1.6. Effects of Welding Velocity on Weld Penetration

As shown in Figure 15, the penetration seems to be directly influenced by the welding velocity:
The higher the welding velocity, the deeper the weld penetration. In the case of DP1000 laser beam
welding, weld penetration has an obvious increase for the low bound of the acceptable welding velocity
that the welding velocities are less than 1.5 mm/s. The relationship between welding velocity and
penetration may be explained as follows: The greater the welding speed, the less time the material
has to cool, so the temperature of the material increases until the end of the weld. The fusion
material becomes “softer” and facilitates the penetration of the laser beam, especially for a thin
sheet. In addition, the cycle of heating and cooling makes a different change in the microstructure of
the material, e.g., causing an increase in the hardness of the material, hindering further penetration.
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5.1.7. ANOVA for Quadratic Model of Weld Penetration

According to the design of experiments for welding parameters listed in Table 3, the second-order
polynomial (regression) equation used to represent the response surface R̂(x) is given by:

R̂(x) = β0 +
n

∑
i=1

βixi +
n

∑
i=1

βi ixi
2 + ∑

i
∑
j>1

βijxixj + η, (9)

where β is the polynomial coefficient, η is the minor error, and n is the number of design variables
(six factors in this work). Statistical testing of the empirical models has been done by Fisher’s
statistical test for Analysis of Variance—ANOVA. Table A7 shows that the ANOVA tests applied
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to the individual coefficients in the model are significant. The F-value is the ratio of the mean square
due to regression to the mean square due to residual. The Model F-value of weld penetration response
is 12.94, which implies that the models are significant. There is only 0.36% chance in the weld
penetration response model that the “Model F-Value” could occur due to noise. The determination
coefficient of the regression analysis results is R2 = 0.966, indicating a high degree of correlation
between the experimental values and empirical calculated values obtained from the response models.

5.2. Effects of Laser Parameters on Hardness and Its Microstructure Observation

In order to evaluate the microstructure evolution of the material before and after laser beam
welding, one of the optimal welding parameters, as listed in Table 4, can be obtained through the above
experimental sensitivity analyses. The tested sample had full penetration with almost no oxidation
and spatter on both top and bottom surfaces. Figure 16 shows the weld surfaces of fusion zone using
these optimal parameters.

Table 4. Optimal welding parameters of DP 1000 steel used.

Material Power
(%)

Pulse
Duration (ms)

Overlap
(%)

Diameter
(mm)

Velocity
(mm/s)

Energy
(J)

Pulse
Type

DP1000 57 9.0 60 0.6 0.3 45 Rec.
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5.2.1. Microscopic and Macroscopic Hardness 

The hardness is considered an important indicator of welded joint properties and performance. 
Too much hardness inside the fusion and the heat-affected zones require higher pre-heat temperatures, 
slower cooling, and more complicated hydrogen controlled welding procedures [16]. The laser 
Nd:YAG process gives higher hardness values compared to other processes [20]. Thus, the 
mechanism of formation of softening zones HAZ and fusion zone (FZ) of the welded joint should 
account for the high capability of the welds. In this work, the metallurgical properties of the welded 
joint of DP1000, including the variations of microscopic and macroscopic hardness of FZ and HAZ 
under optimal welding parameters, are observed experimentally. According to Taylor et al. [31], the 
microscopic and macroscopic hardness can be transformed into the same unit for comparison, as 
listed in Table 5.  

Table 5. Comparison of average measured hardness. 
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5.2.1. Microscopic and Macroscopic Hardness

The hardness is considered an important indicator of welded joint properties and performance.
Too much hardness inside the fusion and the heat-affected zones require higher pre-heat temperatures,
slower cooling, and more complicated hydrogen controlled welding procedures [16]. The laser
Nd:YAG process gives higher hardness values compared to other processes [20]. Thus, the mechanism
of formation of softening zones HAZ and fusion zone (FZ) of the welded joint should account for
the high capability of the welds. In this work, the metallurgical properties of the welded joint of DP1000,
including the variations of microscopic and macroscopic hardness of FZ and HAZ under optimal
welding parameters, are observed experimentally. According to Taylor et al. [31], the microscopic and
macroscopic hardness can be transformed into the same unit for comparison, as listed in Table 5.

Table 5. Comparison of average measured hardness.

Material Tested Micro-Indentation Vickers

Base DP 1000 steel 425 HV (10.7 GPa) 382 HV
Heat-affected zone 372 HV (9.36 GPa) 316 HV

Fusion zone of weld 504 HV (14.5 GPa) 449 HV

Figure 17 shows the micro-indentation hardness distribution and measured macroscopic hardness
of laser welded DP1000 steel butt joints. The fusion zone (FZ) of welded joints shows higher
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hardness than the base metal and HAZ of butt joints. Table 5 shows that the hardness in the HAZ
is lower compared to the base metal. The previous study indicates that the soft zone in the HAZ of
the dual-phase butt joints is caused by the tempering of pre-existing martensite [20].Metals 2017, 7, 292  13 of 18 
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Figure 17. (a) Micro-indentation hardness; (b) measured macroscopic hardness (HAZ: Heat-affected
zone; FZ: Fusion zone).

5.2.2. Microstructure Characterization of Nd:YAG Laser Welded Joint

The SEM examinations of HAZ and FZ regions, as shown in Figure 18, indicate that
the microstructure of DP1000 steel butt joints in FZ region is martensitic together with a few
encompassing ferrite and bainite molecules. The changeable hardness in the FZ of DP1000 butt
joints reveals the existence of a so-called multiple-ingredient microstructure. The quick-cooling process
of the weld butt pool during the laser welding should lead to the production of martensite in the FZ
region. Thus, the martensite volume fraction of dual-phase steels should play a considerable effect on
the change of microstructure characterization during the laser beam welding.
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Figure 18. SEM micrographs showing the microstructure change of laser welded DP1000 steel butt
joints: (a) HAZ; (b) FZ.

This may be explained as follows: Firstly, the peak temperature experienced in the soft zone during
laser beam welding seems to result in a partial disappearance of pre-existent martensite. It is likely that
the peak temperature in the soft zone can be high enough to stimulate partial martensite-to-austenite
solid state transformation. Meanwhile, the subsequent cooling phase might not provide a trigger
of the backward austenite-to-martensite solid state transformation, or full martensite-to-austenite
transformation in the heating phase and partial austenite-to martensite transformation in the cooling
phase, or both partial transformations in the heating and cooling phases during the welding thermal
cycle. Actually, the occurrence of the microstructure change depends on the location within the welded
joint, in terms of the complexity of the temperature field changes. Secondly, if there was no occurrence
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of the abovementioned solid-state phase transformations, the presence of a higher amount of martensite
in the DP steels might cause greater tempering of pre-existing martensite in the HAZ, giving rise to
more severe softening in this material.

6. Conclusions

The pulsed Nd:YAG laser beam welding of dual-phase DP1000 steel is addressed using
theoretical and experimental methods. Some key experimental technologies, including cutting surface
preparation for pre-welding sample and optimization design of welding sample fixture for a sufficiently
shielding gas flow, are performed to ensure consistent and stable testing. For a better understanding
of the interaction between weld quality and process parameters, a parameter-dependent theory
is introduced. The main conclusions are as follows.

1. The ideal laser beam power for welding in the studied case should be between 40% and 60% with
a sharp rise. However, the sensitivity of the weld penetration to the greater than 60% laser beam
power becomes less pronounced.

2. The greater the pulse duration, the deeper the weld penetration.
3. The overlap seems not to affect the weld penetration, but only up to the value of 80%.
4. The weld penetration has a sharp decrease when the applied spot diameter increases from 1.2 mm

to 1.4 mm.
5. The pulse type has no significant effect on penetration, with the exception of the scale

expanded pulse.
6. The penetration seems to be directly influenced by the welding velocity, i.e., the higher

the welding velocity, the deeper the weld penetration.
7. The ANOVA tests applied to the individual coefficients in the regression model show that

the Model F-value of weld penetration response is 12.94, which implies that the models
are significant. The determination coefficient of the regression analysis results indicates that
a high degree of correlation between the experimental values and empirical calculated values
is obtained from the models.
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Appendix A

The detailed design of experiments on the effects of each analyzed welding parameter on weld
penetration are presented in this section.

Table A1. Experimental plan for the effects of laser beam power on weld penetration.

Series Power
(%)

Duration
(ms)

Overlap
(%)

Diameter
(mm)

Pulse
Type

Energy
(J)

Velocity
(mm/s)

Max. Velocity
(mm/s)

A1 20

- - - -

24.0

-

6.3
A2 40 43.5 3.5
A3 60 66.1 2.2
A4 80 91.6 1.6
A5 86 100.0 1.4
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Table A2. Experimental plan for the effects of pulse duration on weld penetration.

Series Power
(%)

Duration
(ms)

Overlap
(%)

Diameter
(mm)

Pulse
Type

Energy
(J)

Velocity
(mm/s)

Max. Velocity
(mm/s)

B1

50

0.3

50 1.3
Simple

rectangular

1.3

1.4

10
B2 3 13.0 10
B3 6 26.1 5.8
B4 9 39.1 3.9
B5 12 52.2 2.9
B6 15 65.2 2.3
B7 18 78.3 1.9
B8 21 91.3 1.6
B9 23 100.0 1.4

Table A3. Experimental plan for the effects of overlap on weld penetration.

Series Power
(%)

Duration
(ms)

Overlap
(%)

Diameter
(mm)

Pulse
Type

Energy
(J)

Velocity
(mm/s)

Max. Velocity
(mm/s)

C1

50 12.5

0

1.3
Simple

rectangular 54.3 0.2

5.5
C2 20 4.4
C3 40 3.3
C4 60 2.2
C5 80 1.1
C6 95 0.2

Table A4. Experimental plan for the effects of spot laser diameter on weld penetration.

Series Power
(%)

Duration
(ms)

Overlap
(%)

Diameter
(mm)

Pulse
Type

Energy
(J)

Velocity
(mm/s)

Max. Velocity
(mm/s)

D1

50 12.5 50

0.6

Simple
rectangular 54.3 1.2

1.2
D2 0.8 1.7
D3 1.0 2.1
D4 1.2 2.5
D5 1.4 3.0
D6 1.6 3.4
D7 1.8 3.8
D8 2.0 4.3

Table A5. Experimental plan for the effects of pulse type on weld penetration.

Series Power
(%)

Duration
(ms)

Overlap
(%)

Diameter
(mm)

Pulse
Type

Energy
(J)

Velocity
(mm/s)

Max. Velocity
(mm/s)

E1

50 12.5 50 1.3
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B2 3 13.0 10 
B3 6 26.1 5.8 
B4 9 39.1 3.9 
B5 12 52.2 2.9 
B6 15 65.2 2.3 
B7 18 78.3 1.9 
B8 21 91.3 1.6 
B9 23 100.0 1.4 

Table A3. Experimental plan for the effects of overlap on weld penetration. 

Series Power 
(%) 

Duration 
(ms) 

Overlap 
(%) 

Diameter 
(mm) Pulse Type Energy 

(J) 
Velocity 
(mm/s) 

Max.
Velocity 
(mm/s) 

C1 

50 12.5 

0 

1.3 
Simple 

rectangular 
54.3 0.2 

5.5 
C2 20 4.4 
C3 40 3.3 
C4 60 2.2 
C5 80 1.1 
C6 95 0.2 

Table A4. Experimental plan for the effects of spot laser diameter on weld penetration. 

Series 
Power 

(%) 
Duration 

(ms) 
Overlap 

(%) 
Diameter 

(mm) Pulse Type 
Energy 

(J) 
Velocity 
(mm/s) 

Max.
Velocity 
(mm/s) 

D1 

50 12.5 50 

0.6 

Simple 
rectangular 

54.3 1.2 

1.2 
D2 0.8 1.7 
D3 1.0 2.1 
D4 1.2 2.5 
D5 1.4 3.0 
D6 1.6 3.4 
D7 1.8 3.8 
D8 2.0 4.3 

Table A5. Experimental plan for the effects of pulse type on weld penetration. 

Series Power 
(%) 

Duration 
(ms) 

Overlap 
(%) 

Diameter 
(mm) 

Pulse 
Type 

Energy 
(J) 

Velocity 
(mm/s) 

Max.
Velocity 
(mm/s) 

E1 

50 12.5 50 1.3 

 54.3 

2.6 

2.7 

E2  54.5 2.7 

E3  59.0 2.6 

E4  59.0 2.6 

E5  56.9 2.6 

E6  53.4 2.8 

E7  28.5 5.3 

  

53.4 2.8

E7
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Table A6. Experimental plan for the effects of velocity on weld penetration.

Series Power
(%)

Duration
(ms)

Overlap
(%)

Diameter
(mm)

Pulse
Type

Energy
(J)

Velocity
(mm/s)

Max. Velocity
(mm/s)

F1

50 12.5 50 1.3
Simple

rectangular 54.3

0.1

2.7
F2 1.0
F3 1.5
F4 2.0
F5 2.7

Table A7. ANOVA for quadratic model of weld penetration.

Source SS DF MS F-Value p-Value Evaluation

Model 1.446 14 0.13 12.94 0.0036 Significant
A 0.115 1 0.12 10.37 0.0181

-

B 0.010 1 0.010 0.88 0.3839
C 0.379 1 0.379 34.13 0.0011
D 0.014 1 0.014 1.30 0.2976
E 0.003 1 0.003 1.02 0.3505
F 0.008 1 0.008 2.59 0.1587

AB 0.074 1 0.074 6.65 0.0419
AC 0.138 1 0.138 12.40 0.0125
AD 0.003 1 0.003 0.28 0.6188
AE 0.060 1 0.060 5.36 0.0599
AF 0.045 1 0.045 4.02 0.0919
BC 0.099 1 0.099 8.91 0.0245
BD 0.073 1 0.073 23.42 0.0029
BE 0.020 1 0.020 6.48 0.0437
BF 0.065 1 0.065 20.66 0.0039
CD 0.079 1 0.079 25.35 0.0024
CE 0.040 1 0.040 12.73 0.0118
CF 0.009 1 0.009 2.81 0.1447
DE 0.007 1 0.007 2.40 0.1724
DF 0.019 1 0.019 5.93 0.0508
EF 0.154 1 0.154 49.40 0.0004
A2 0.001 1 0.001 0.09 0.7744
B2 0.001 1 0.001 0.05 0.8341
C2 0.013 1 0.013 1.13 0.3293
D2 0.002 1 0.002 0.17 0.6938
E2 0.080 1 0.080 25.61 0.0023
F2 0.007 1 0.007 2.30 0.1798

Residual 0.067 6 0.011 - -

Total 1.512 20 - - -

R2 = 0.966; SS—sum of square; DF—degree of freedom; MS—mean square.
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