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Abstract

Laser welding is distinguished by low heat input, low distortion, high travel speeds and accuracy. Traditional high-power
pulsed wave (PW) lasers are being replaced by high-frequency low-pulse energy fibre lasers. However, as these lasers operate
at very high frequencies, near continuous wave (CW) operation, it is not clear the benefit of such frequencies in comparison
to CW lasers for micro-welding. In this project, two lasers, one in high-frequency PW and another in CW are operated at
the same conditions, including average power, average peak power, spot size and travel speed, and the differences in mate-
rial response are investigated. It has been shown that frequency is one of the important parameters that affect the heat loss
between individual pulses, referred to as inter-pulse losses. At low frequency, the PW laser provided lower melting efficiency
and higher penetration efficiency than CW. On the other hand, at high frequency, the PW resulted in lower melting and
penetration efficiency than CW. In addition, a new definition of interaction time has been proposed to capture conduction
losses by travel speed and heat inter-pulse losses due to periodic lack of laser power. This allows a like-for-like comparison

of CW and PW lasers and can be used to predict penetration depth with processing parameters.
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1 Introduction

Product miniaturisation is leading to the development of new
techniques for the joining of micro-scale components, with
particular attention on electronic products and automobiles
[1]. Laser is one of the most commonly used non-contact
processes in micro-welding applications to join similar [2]
and dissimilar alloys [3, 4]. Its high accuracy and flexibility
of spatial and temporal energy resolution allows components
to be welded and parts to be 3D printed with low heat input,
leading to low thermal distortion and residual stresses in the
workpiece, when compared to other processes [5—7].

Fibre delivery of laser energy has several benefits for
industrial purposes, such as compact size, flexible beam
delivery, high efficiency, and low maintenance costs. The
relatively short wavelength (1 um) and good focus-ability
makes fibre lasers a suitable tool for micro-scale welding
applications [8]. One of the most important characteristics
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of these systems is the temporal mode: pulsed-wave (PW)
or continuous-wave (CW). In single-pulse PW (SPPW)
welding, the energy is delivered in relatively long pulses
(milliseconds) at low frequency, high peak power and
high pulse energy, with the processing speed generally
slow [9]. However, the old Nd-YAG flash pumped lasers
are being replaced by the new generation of multi-pulse
PW (MPPW) fibre lasers, which cannot provide such high
pulse energy in a single pulse as the flash pumped lasers,
but as they are operated at high frequencies (kHz) and
shorter pulse durations (nanoseconds), the energy appli-
cation for processing materials is highly flexible. The main
difference between SPPW and MPPW is that in MPPW,
the energy accumulates between pulses. This means that
the inter-pulse spacing has a major effect on the thermal
behaviour and resultant melt profile. The pulse shape plays
an important role in controlling the temperature distribu-
tion in the processed metal [10]. For low peak power, the
heat is transferred to the material by conduction, but if
it is increased above a certain threshold [11], a keyhole
is formed, enhancing the laser absorptivity in the mate-
rial and increasing penetration depth. For high peak power
and constant pulse energy, spatter and crack propagation
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can be an issue due to the rapid thermal cycle [12]. The
pulse duration is also responsible for the control of the heat
input into the metal, with the amount of molten metal being
reduced for shorter pulses.

CW lasers are less flexible than PW as the parameter’s
selection is shorter, but in general, offer higher maximum
average powers and can be applied to a wider range of mate-
rial thicknesses. The high penetration and good melt pool
stability and weld quality of CW mode are attributed to
the continuous delivery of energy to the metal since the
peak power is always constant and relatively low during the
irradiation time [13]. However, to minimise the high heat
input, which is necessary for micro-welding applications,
CW lasers have to be operated at higher processing speeds
than PW lasers to avoid the vaporisation of the alloying ele-
ments of the base materials, which is not always practically
possible [14, 15].

To select the most optimum process for a given applica-
tion, it is important to consider whether a CW laser with
low peak power but operated at high travel speed is more
appropriate than a PW laser operated at lower speed and
frequency but at higher peak power. Most of the experi-
mental works, reported in the literature, presented results
for one type of processing mode only, and there is limited
knowledge on understanding which temporal mode has
higher penetration and melting efficiency due to the lack
of comparable parameters. Assuncao and Williams [16]
have studied SPPW and CW welding at the same interac-
tion time and power density and showed that the former
had a much higher penetration depth, resulting in a lower
heat input required to achieve similar penetration. They
attributed this to the difference in surface tension gradient
and its effect on fluid flows. Demir et al. have compared
MPPW and CW lasers [17]. They found that MPPW weld-
ing was more suitable for thin and precise applications due
to the high power densities, giving rise to vaporisation and
arecoil effect, and resulting in lower average power usage
[18], whereas the weld quality achieved with CW laser
was superior, with less porosity. Biffi et al. achieved finer
microstructures in MPPW welding, while the increased
thermal load in CW welding resulted in larger weld pools
and better mechanical properties [7]. However, most of
the reported studies were made based on different sys-
tem parameters, such as spot size and travel speed, which
resulted in completely different applied energies and power
densities, making the effect of temporal mode difficult to
unravel.

The fundamental laser-material interaction param-
eters (FLMIPs) can be used in CW [19, 20] and MPPW
[21] laser systems to achieve similar weld shapes through
the control of the weld thermal cycle. The weld width is
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controlled by the laser-material interaction time and the
thermal properties of the material. The total energy input
drives the heat conduction and convection downwards and
laterally, increasing the penetration depth and widening the
melt pool. Therefore, the weld width is much larger than
the laser spot size, being independent of it [22]. However,
similar weld shapes may not be replicated in other temporal
modes and different materials even if similar FLMIPs are
used. The material’s thermal properties and the thermal
losses created by different travel speeds, spot sizes, laser
duty cycles and frequencies affect the weld pool formation
and need to be captured in the formulae of laser-material
interaction time and applied energy. This work aims to
compare CW and MPPW modes under similar welding
conditions using a set of new parameters proposed to cap-
ture thermal behaviour due to the laser temporal mode and
material properties. A list of abbreviations of the process-
ing parameters used throughout this work is presented in
Table 1.

2 Fundamentals of welding regimes
and parameters

2.1 CW welding

In CW mode, the fundamental laser-material interaction
parameters are the laser-material interaction time (7; cy),
average power density (g,), and specific point energy (Egp
cw) [23]. Interaction time defines the time, in which a particular
point in the weld centreline is exposed to the laser beam,
whilst the beam is moving at a constant speed. This is simi-
lar to the pulse duration from the SPPW laser welding and
corresponds to discrete unit time [23]. The average power
density (g,) is one of the fundamental parameters that define
optical power per unit area and is given by Eq. (1), where P,
is the laser average output power, and Ag is the area of the
laser spot on the material’s surface.

q, = P, /A,(MW/cm®) (D)

Laser welding is considered a periodic process, whose
period is the interaction time. Therefore, the energy deliv-
ered to the laser spot, denoted as the specific point energy,
is given by Eq. (2) [23]:

Esp cw = qpti, ewAs(J) 2)

The energy rate transferred into the material depends on
the travel speed, which controls global thermal losses to the
periphery of the melt pool. A typical thermal cycle of a CW
weld is shown in Fig. 1.
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Table 1 List of abbreviations

Abbreviation Description Units

P Average output power w

v Travel speed mm/s
Beam diameter um

Ag Area of the laser beam size on the material surface mm?

PRF Pulse repetition frequency kHz

PRF, Pulse repetition frequency at maximum pulse energy and peak kHz

power

Locw Interaction time in CW mode ms

1 sppw Interaction time in single-pulse PW mode ms

L MPPW (old) Old interaction time in multi-pulse PW mode ms

b MPPW (new) New interaction time in multi-pulse PW mode ms

t Material characteristic thermal time s

Ppoak Average peak power kW

Epise Pulse energy mJ

Pywian Pulse width ns

qp Average power density MW/cm?

p, peak Average peak power density MW/cm?

Esp e Specific point energy in CW mode mJ

Esp mppw (o1a) Old specific point energy in multi-pulse PW mode mJ

Esp mppw (rew) New specific point energy in multi-pulse PW mode mJ

Ig Inter-pulse spacing us

DC Duty cycle %

Op Overlap factor %

Mg Melting efficiency J/mm’®

Ppy Penetration efficiency J/mm

2.2 PW welding
2.2.1 Single-pulse

In SPPW welding, the energy is delivered in individual
pulses with a characteristic peak power (P,,,,), pulse energy
(E,,i5¢) and pulse duration (Py;yy). In the conventional milli-
second SPPW operation, the pulse shape can be rectangular,
with constant peak power which is significantly higher than
the average power [24]. The space between pulses is suf-
ficient to allow complete energy dissipation in the material
before the next pulse is incident on the surface. The weld
thermal cycle is shown schematically in Fig. 2.

Power
/
Temperature

Time (s)

Power

— === Temperature

Fig.1 Thermal cycle in CW mode

2.2.2 Multi-pulse

MPPW welding is more complex than SPPW due to energy
build up and transient thermal cycle between the pulses.
As shown in Fig. 3, the pulse shape of a nanosecond
MPPW laser can be modulated. The power distribution
is not constant and changes with the frequency, being the
peak power and pulse energy maximum at a certain fre-
quency (PRF,) and average power. For frequencies higher
than PRF, the peak power and pulse energy decrease,
becoming the pulse shape almost square. Since the peak
power lasts only a few nanoseconds, the average of the
power distribution within a pulse can be used to simplify
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Fig.2 Thermal cycle in millisecond SPPW mode
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Fig. 3 Nanosecond MPPW laser 7
temporal response for different

pulse repetition frequencies at 6
a constant average power of

100 W [25]
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the calculation of the pulse energy, as if the pulse shape ty = d*/16a(s) (5)

was always square for any frequency. Therefore, the aver-
age peak power (P,,,) of the nanosecond MPPW laser is
normally lower than the peak power, but higher than the
average power [25].

Both the average power and average peak power play an
important role in the weld shape of MPPW welding, and the
process is controlled through the average power density, like
CW mode in Eq. (1), and the average peak power density
(4, pear)» as given in Eq. (3) [25]:

qp,peak = Ppeak/As(MW/Cm2) (3)

There are several factors affecting the overlap between
pulses in MPPW welding, and consequently, the thermal
losses. First, the inter-pulse spacing increases as the frequency
and the laser duty cycle decrease, as shown by Eq. (4), with the
thermal losses more significant in this regime:

I, = (1 = DC)/PRF(us) 4)

Second, the higher the energy delivered in several con-
secutive pulses, the longer it takes for the material to cool
down back to room temperature, even if the overlap between
pulses is close. Third, the thermal losses will be lower if the
same energy is delivered faster to the material. And fourth,
the physical properties of the processed material will affect
the thermal losses since the time for the heat to diffuse over
a unit distance, referred to as characteristic length, depends
on the material’s thermal diffusivity (@) and is quantified by
the characteristic thermal time #, [26], as given by Eq. (5).
The MPPW laser welding regime features energy accumu-
lation between pulses, as represented by the thermal cycle
in Fig. 4:
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2.3 Laser-material interaction times for different
operating modes

To compare CW and PW processes, we need to have a way
of converting travel speed from CW to time-domain of pulse
duration from PW. Interaction time, a discrete unit time, can
be used for this purpose. For CW mode, the laser-material
interaction time (¢; o) is represented by the ratio of the
beam diameter (d) in welding direction to the travel speed
(v), as given by Eq. (6):

t; cw = d/v(ms) (6)

The laser-material interaction time in single-pulse PW
mode (¢; gppy) is equal to the pulse duration, as given by
Eq. (7):

1 sepw = Pwigyn(ms) @)

Power
-
4
Temperature

Time (ns)
—— === Temperature

— Power

Fig.4 Thermal cycle in nanosecond MPPW mode
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However, in MPPW processing, the pulse duration needs
to be converted back into the space domain where cumula-
tive exposure time of multiple spots over a unit length can be
calculated. This should consider the overlap factor and the gap
between individual pulses. In a definition proposed by Banat
etal. [21], interaction time in MPPW mode (#; y/ppw (o14) T€P-
resents the summation of the duration of each emitted pulse
with a certain overlap factor (Oy), as given by Egs. (8) and (9),
respectively. At 0% overlap factor, the interaction time is equal
to pulse width, and at 100%, the equation is not applicable
since the beam is stationary:

t mppweoldy = Pwian/ (1 — Op/100)(ms) ®)
0r = (1~ Zoigp ) 1000 ©

In Eq. (9), it is possible to have the same overlap factor
achieved at different processing speeds, hence different fre-
quencies, and in such a case, the inter-pulse spacing will be
different. The laser-material interaction time in Eq. (8) does
not capture the thermal losses created by the inter-pulse spac-
ing and material properties. A new definition that captures
global losses due to processing speed and thermal losses due
to the absence of power in between the pulses is proposed in
Eq. (10), the new MPPW interaction time (Z; y1ppw (new))- 1f
there is no inter-pulse spacing, #; yppyw () 1S €qual to the ratio
between beam diameter and travel speed, like in Eq. (6) for
CW mode. The larger the beam diameter used, the longer the
characteristic thermal time, being smaller the ratio between I
and f,,. This ratio also gets smaller for short inter-pulse spac-
ing, and in both cases, #; yppw (sew) @pProximates to the nor-
mal definition of #; ., in Eq. (6) for CW mode. The overall

effective applied energy in MPPW welding delivered for a
certain interaction time is given by Eq. (11):

L MPPW (new) = (d/V)/(1 + I /15)(ms) (10)

Esp vippw (new) = dpli, mppw (new) As = Prli yppw newy@) (11)

From Figs. 5 to 7 are compared the two different defini-
tions of interaction time for MPPW mode, the old defini-
tion proposed by Banat et al. [21] and the new definition
proposed in this paper, and a standard definition from CW
mode. Figure 5 shows the effect of different travel speeds on
I; cw at a constant beam diameter, and on #; yppw (new) and
1; MPPW (ola) &t @ constant overlap factor, beam diameter and
pulse width. As the travel speed increases, #; yppw (sew) and
t; cw decrease. The overlap between pulses is kept constant
as I; yppw (new) decreases since the frequency increases in the
same proportion of travel speed. However, for similar travel
speed, % yppw (rew) DEEINS at a higher value than 7 yppy (1)
as it allows for energy accumulation between pulses and
consequently, reduction of thermal losses. Thus, the new
definition #; yppw (ney) @pproaches that of 7; -y, much more
quickly since the gap between pulses decreases. As the travel
speed becomes higher, the difference between #; yppw (e
1 MpPW (olay @0d 1; oy becomes much smaller. The #; yppw (o)
remains constant and below the other two definitions as it
only considers the summation of pulses delivered in a certain
spatial domain, without capturing either the inter-pulse spac-
ing or the material properties’ effects on the heat accumu-
lation. Therefore, the ratio between inter-pulse spacing and
the characteristic thermal time from #; y/ppy (s 0 EQ. (10)
represents the local thermal losses characteristic from MPPW
operation lasers.

Fig.5 Interaction times versus 10.00
travel speed for a constant
overlap factor of 99%, beam
diameter of 35 um and pulse
width of 500 ns
®  1.00
E
(4]
E
c
:g 0.10 :
8 00-0—& @ @ @
g
£
0.01
0 50 100 150 200 250 300 350 400 450
Travel speed [mm/s]
—e—ti, CW —a—ti, MPPW (new) —e—ti, MPPW (old)
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Fig. 6 Interaction times versus 10.00
travel speed for a constant
frequency of 100 kHz, beam
diameter of 35 um and pulse
width of 500 ns —
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Figure 6 shows the effect of different travel speeds on
I; cw at a constant beam diameter, and on 7; \ippw (new) and
1; MPPW (old) at @ constant frequency, beam diameter and pulse
width. All interaction times decrease as the travel speed
increases, being the global thermal losses similar in CW
and MPPW modes for similar speeds. As the pulse width
and frequency are constant, the inter-pulse spacing does not
change. Therefore, the gap between #; vippw (new)» i, MPPW (old)
and #; .y is constant since the local thermal losses caused by
the constant inter-pulse spacing are similar.

In Fig. 7, t; cw is insensitive to the frequency of puls-
ing hence is constant for constant processing speed. It

Fig.7 Interaction times versus 3.0
frequency for a constant travel 28
speed of 56 mm/s, beam diam- :

100

150 200 250 300 350 400 450

Travel speed [mm/s]

—A—ti, MPPW (new) —e—ti, MPPW (old)

considers global thermal losses which are dependent on
processing speed and material thermal properties. The
i mpPW (o1dy @04 1; yppw (newy INCTEASE as the frequency
increases at a constant travel speed, increasing the over-
lap factor in the same proportion. However, for similar
frequency, #; yppw (newy D€INS at a higher value than
I mppw (o) @S it allows for energy accumulation between
pulses and, consequently, reduction of thermal losses.
Therefore, as also previously observed in Fig. 5, the new
definition #; yppw (new) @Pproaches that of #; -, much more
quickly in Fig. 7 since it considers once again the reduc-
tion of inter-pulse spacing for higher frequencies.

eter of 35 pm and pulse width 25
of 500 ns 23
2.0
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CW laser

MPPW laser

Galvo-
scanner

160 mm f-theta lens

I Workpiece

Fig.8 Experimental setup of MPPW and CW fibre lasers used for
stainless-steel welding

3 Experimental procedure

Bead-on-plate welds were carried out in 304L austenitic
stainless steel with the following dimensions: 40X 70 X2 mm
(Wx LxD). The experimental setup is shown in Fig. 8.
Welding experiments were performed with two different
TRUMPF fibre lasers: a 500-W average power CW laser
and a 100-W average power nanosecond MPPW laser
(1060-1080 nm wavelength). Both lasers were integrated
with the same optics (galvo scanning optics by RAYLASE),
and the same spot sizes were achieved. The laser power was
measured and calibrated by a Laserpoint power meter, and
the beam profiles were measured using a DataRay slit-scan
beam profiler. The temporal response of the PW laser radia-
tion was measured using a high-speed photodetector (Men-
loSystems) connected to an oscilloscope (Tektronix) with
1 GHz bandwidth and a sampling capacity of 5 Giga sam-
ples per second (Gs/s). This laser can deliver different pulse
shapes, referred to as pre-programmed waveforms.

The nanosecond MPPW laser used in this study allows
the selection of 31 different waveforms. For instance, wave-
form O is characterised by a pulse width of 280 ns, peak
power of 10 kW and pulse energy of 1 mJ. On the other
hand, waveform 31 has the longest pulse duration of 500 ns,
peak power of 7 kW and pulse energy of 1 mJ. The pulse
shapes of both waveforms are shown in Fig. 9 at a PRF, of
100 kHz. Only waveform 31 was selected to be explored in
this work, as shown in Table 2.

An air knife was used with compressed gas to protect the
160-mm f-theta focusing lens from spatter, and no shield-
ing gas was applied on the substrate. Before welding, the
base materials were ground to remove any oxide layers or

10

Power [kW]
o

280 ns 500 ns

Time (ns)

Fig.9 Pulse shapes of waveforms 0 and 31 at PRF|, of 100 kHz

residues and cleaned with acetone. All the produced welds
were mounted in plastic moulds using an epoxy resin mixed
with a hardener. The samples were mechanically ground,
polished and electrolytically etched with 10% of oxalic acid
to reveal the microstructure of stainless steel. Micrographs
were taken with an Optiphot optical microscope with total
magnification ranging from 2.5 X to 40 X . The experimental
error was calculated based on the difference of the weld
shape, i.e. penetration depth and weld width, measured
between the first and second cross-sections at the beginning
and end of the 40-mm-long weld seam for the same process-
ing conditions. The welds with an experimental error above
10% were excluded from the analysis of the results.

4 Methodology

4.1 Comparison of MPPW to CW welding
at different processing conditions

MPPW laser allows high peak power applied at high fre-
quency (kHz), generating energy accumulation, and melting
from a certain overlap between pulses. On the other hand,
CW laser is characterised by a higher average power and
lower peak power than MPPW. Therefore, MPPW mode was
compared to CW at different parameter ranges in different
case studies.

4.1.1 Constant overlap factor

This section aims to investigate the effect of the MPPW
laser’s inter-pulse thermal losses on the weld shape, i.e.
penetration depth and width, penetration and melting effi-
ciency and to make a comparison with CW welds under

Table 2 Characteristics of

i ‘Waveform PRF, (kHz) Max pulse energy, Pulse width (ns) Peak Power at
\[Ze%eform 31 of MPPW laser Emax (mJ) Emax (kW)
31 100 1 500 7
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similar processing conditions. The penetration efficiency
(Pgg) was calculated as the ratio between the total applied
energy (Egp) and penetration depth (Pp,,,), as given by . ng S o
Eq. (12). The melting efficiency (Mgy) was calculated as g
the ratio between Ep and the product between the area of E
the weld cross-section (A.s) and weld length (W;), as given 5 c5”§ 222
by Eq. (13): E
=
P Ef = Egp/P Depth(J/ mm) (12) §
Mpy = Egp/(Acs X W, )(d/mm?) 13) z 2o oo
' E oSS
A constant overlap factor of 99% was used in MPPW =
mode, and a similar range of travel speeds from 32 to I «_. o9
140 mm/s, average power and beam diameter was applied % R § § §
in both temporal modes. The average power density was kept 5
similar in both laser modes, and the average peak power den- & 2 o w
sity and applied energy were varied in MPPW mode through =_§‘ mag =233
different pulse repetition frequencies. The set of parameters z
used is shown in Table 3. g m e e o
g o2 S EE
4.1.2 Constant frequency 5 —_
g
At constant frequency and lower travel speed, the delivered g ~® 88
energy by the MPPW laser can equal that of the CW laser. .=_§
This section aims to investigate the effect of the MPPW g T
laser’s processing speed on the weld shape, penetration and § =2 &£4894
melting efficiency and to make a comparison with CW welds § 5
at similar energy levels. A constant frequency of 400 kHz & _ g
was used in MPPW mode, and similar average peak power 32;0 ﬁ - £ _
and beam diameter were applied in both temporal modes. z g1 » E ¥l ; ﬁ
The average peak power density and applied energies were z g i £ SR
kept similar in both lasers. The set of parameters used is g 5 @ o oe =
shown in Table 4. % é“ %
5 2l E == €
2| |#|#E Z2E8 E
5 Results and discussion §° g 2
5 ton G §
5.1 Comparison of MPPW to CW welding E B TTE2E
at different processing conditions ; ¢l = z §
< 2| £ 289 S @)
. & = ZE 233 5 e
Normally, when using system parameters, the MPPW 2 5| _ g5 g
. . £ T &
process would have specified pulse duration and overlap s s| 2 g E
factor, whilst the processing speed would be selected in :5«0 § E § %
CW. From the perspective of material, it should be able to ;E ‘E ;E o o g E £
describe how much energy is applied per unit length for g | H= o = 3 =
both processes to achieve similar weld shapes. The current (% é _ é m% § 29 é
laser welding definitions do not allow a direct comparison 2 E s E 2
between MPPW and CW modes. This section focuses on the g 2 § . < < Z g
comparison of a new set of proposed definitions for MPPW & |8 c:j g2 S <SS ::j “E g
mode with the conventional fundamental laser-material = |2 é 5 g § g,
interaction parameters (FLMIPs) already established in o E S| iz 62 =355 - = < §
CW mode [23]. BlEE| 258208532224
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Fig. 10 Depth of penetration in 2.0

CW and MPPW laser welding

at an average power of 100 W, 1.8

beam diameter of 35 pm and 16

overlap factor of 99% in MPPW 14
1.2

1.0
0.8
0.6
0.4
0.2

0.0
0 20

Penetration depth [mm]

®CW mode

5.1.1 Constant overlap factor

If we neglect the high peak power and frequency of the
MPPW laser, then it can be treated almost as a CW laser,
and a direct comparison can be made. In Figs. 10 and 11,
both lasers were compared at the same average power,
travel speed and spot size. The MPPW laser gives higher
penetration, but the weld profiles compared in Fig. 11
show that CW welds are much wider than in MPPW. As
the travel speed increases at a constant overlap factor, the
weld width remains relatively constant in MPPW, with
a slight deviation at 140 mm/s, but it decreases in CW
mode eventually to reach the same low weld width as in
MPPW mode. Therefore, in theory, the weld width should
not change at all as the travel speed is increasing, and

Fig. 11 Weld width in CW 0.35
and MPPW laser welding at an
average power of 100 W, beam
diameter of 35 um and constant
overlap factor of 99% in MPPW

0.30

0.25

0.20

0.15

0.10

Weld width [mm]

0.05

0.00

® CW mode
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the pulse energy is decreasing. Nevertheless, from 35 to
140 mm/s, the weld width of the MPPW laser is almost
constant in comparison to CW, and for 140 mm/s, it is still
within the experimental error.

The micrographs of each temporal mode from Figs. 10
and 11 are shown in Figs. 12 and 13. In Fig. 12, the global
thermal losses are the same in both laser modes since the
travel speed is the same, but the duty cycle of the MPPW
laser is much less than the 100% in CW laser. Therefore,
both the new and old definitions of interaction time capture
this and explain the difference in weld width. The penetra-
tion depth is higher in MPPW mode (Fig. 12b) due to the
much higher average peak power density, which overtakes
the local thermal losses responsible for lower interaction
time.

40 60 80 100 120 140

Travel speed [mm/s]
B MPPW mode
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Fig.12 CW and MPPW
welds (weld boundaries delim-

v=35mm/s; PL.=100 W; d =35 um

ited in red) at a travel speed
of 35 mm/s, average power of

CW mode

MPPW mode

100 W, beam diameter of 35 pm
and constant overlap factor of
99% in MPPW

gp = 10.4 MW/cm?2
ESP, ow =100 mJ

ti, w=1ms

Jp, peak = 208 MW/cm?2; gp = 10.4 MW/cm?
Esp, MPPW (new) = 59 mJ; Esp, MpPw (old) = 100 mJ

ti, MPPW (new) = 0.59 ms; ti, MpPw (old) = 0.05 ms

200 uym

Depth = 0.7 mm; Weld width = 0.3 mm

Weld metal area = 0.12 mm?2

Depth = 1.3 mm; Weld width = 0.11 mm

Weld metal area = 0.069 mm?

From Figs. 12 to 13, the CW and MPPW lasers behave as
normal, reducing the penetration depth with travel speed due
to an energy reduction. Despite the five times higher average
peak power density in MPPW laser in Fig. 13b, the penetra-
tion depth is almost the same as in CW laser in Fig. 13a.
This means that it is not the average peak power density,
but the frequency and hence inter-pulse thermal losses that
are important. In this regime, the pulse energy of individual
pulses is too low to generate melting, and more pulses are

needed to initiate melting at a constant overlap factor; hence,
the thermal losses are more important than the peak power
density of individual pulses. On the other hand, fewer pulses
are needed to generate melting in Fig. 12b due to the higher
energy per pulse, but the higher inter-pulse spacing and travel
speed generated higher thermal losses than in Fig. 13b, which
explains the similar weld widths in both cases.

The inter-pulse thermal losses are captured by the pro-
posed new definition of interaction time. From Figs. 12

Fig. 13 CW and MPPW

v =140 mm/s; PL.=100 W; d = 35 ym

welds (weld boundaries delim-
ited in red) at a travel speed of

CW mode

MPPW mode

140 mm/s, average power of
100 W, beam diameter of 35 pm
and constant overlap factor of
99% in MPPW

Qp, peak = 10.4 MW/cm?
Esp,cw=25mJ
ti, ow=0.25ms

Qp, peak = 52 MW/CmZ; Qp, peak = 10.4 MW/cm?
Esp, MpPw (new) = 22 mJ; Esp, mppw (oid) = 25 mJ

ti, MPPW (new) = 0.22 ms; ti, mpPw (oid) = 0.05 ms

a

Depth = 0.31 mm; Weld width = 0.12 mm

Weld metal area = 0.024 mm?

Depth = 0.38 mm; Weld width = 0.13 mm

Weld metal area = 0.029 mm?
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Fig. 14 Energy to penetrate 0.16
1 mm of metal in CW and
MPPW laser modes at an 0.14 °
average power of 100 W, beam T ¢
diameter of 35 um and constant 012z T
overlap factor of 99% in MPPW € 010 e
g ......................
S 008 ¢
LN SO B L N SO u
0.06
0.04
0.02
0.00
0 20 40 60 80 100 120 140
Travel Speed [mm/s]
® CW mode ®MPPW mode

to 13, 7; yppw (new) 18 much closer to #; -y, being the ther-
mal losses similar. On the other hand, #; y;ppy (,1q) Temained
unchanged and below #; yppy sew) and 7; ¢y being unable
to capture the effect of pulse spacing reduction on the weld
shape. This observation agrees with the research hypothesis
previously explained in Fig. 5.

The penetration and melting efficiencies from Figs. 10
and 11 are shown in Figs. 14 and 15, respectively. In
MPPW mode, the higher peak power opens the keyhole
more easily, allowing a higher penetration efficiency
than in CW mode for similar travel speeds, as observed
in Fig. 14. However, as the frequency increases in the
same proportion of travel speed to keep the overlap fac-
tor constant, the inter-pulse spacing decreases in MPPW
mode, decreasing the thermal losses between pulses as
well. Thus, the penetration efficiency converges in both

Fig. 15 Energy to melt 1 mm? 1.2
of metal in CW and MPPW
laser modes at an average power

temporal modes as the travel speed increases due to an
approximation of 7; cy and #; yppw (new)> @S previously
explained in Fig. 5.

The melting efficiency of both laser modes is shown in
Fig. 15. For similar energy and travel speed, MPPW laser
requires more energy than CW laser to melt 1 mm? of
metal. As the travel speed increases, the energy required by
CW mode increases slightly since the welds become nar-
rower and shallower. On the other hand, in MPPW mode,
the weld width remains constant, but the penetration depth
decreases, being the weld aspect ratio always higher than
in CW mode. Both the melting and penetration efficiencies
converge in both temporal modes as the inter-pulse thermal
losses decrease and become similar for higher travel speeds
and frequencies, which validates the research hypothesis
proposed in Sect. 2.3.

of 100 W, beam diameter of 1.0 weeeeeeeennnee.. B
35 “m and COIlStal’lt OVBI‘lap fac— ....................................... .
torof 9% in MPPW g g | eeeeesssssseeesssnsn st )
o8 @eeeeeeeee
(]
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£
=
04
0.2
0.0
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Fig. 16 Depth of penetration in 3
CW and MPPW laser welding
at an average peak power of

500 W and a constant frequency 2.5
of 400 kHz in MPPW T
g 2 e
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5.1.2 Constant frequency

A comparison between CW and MPPW seam welding is
shown in Figs. 16 and 17 at different travel speeds and simi-
lar average peak power and beam diameter. As the travel
speed increases, the penetration depth and weld width
decrease in both welding modes. Since the frequency is
kept constant in MPPW mode, the inter-pulse spacing and
the energy delivered per pulse remained constant, being the
local thermal losses constant as well, as previously explained
in Fig. 6.

A micrograph of each temporal mode from Figs. 16
and 17 is shown in Fig. 18. The reduction in travel speed
at a constant frequency in MPPW mode allowed energy to
build up to the same level as in CW mode. However, it is
shown in Fig. 18b for MPPW laser that the global thermal

losses are higher in this regime since the penetration depth
is shallower, and the weld width is wider than in CW mode
in Fig. 18a. This is captured by f; yppw (4en) Which is much
higher than #; cy, but not by ; yppw (010 Which is equal
to #; cy. These observations corroborate once again the
research hypothesis of this work presented in Sect. 2.3.
The penetration and melting efficiencies from Figs. 16
and 17 are presented in Figs. 19 and 20, respectively. The
energy required in MPPW laser to penetrate 1 mm and melt
1 mm?® of metal is always higher than CW until a certain
travel speed, from which both temporal modes start con-
verging, as also observed in the previous section. Due to the
lack of average power in MPPW laser in comparison to CW
mode, reducing the travel speed to increase f; yppw (new) a0d
consequently achieve similar applied energy is not efficient.
For low travel speeds, the thermal losses are more intense in

Fig. 17 Weld width in CW and 05
MPPW laser welding at an aver- . ...
age peak power of 500 W and a 0.45 A .
constant frequency of 400 kHz 04 .
in MPPW :
'E' 0.35 u u )
£ 03 T °
£ 0.25 e B L. YT
o R T A AL PP S
E 0.2 . . ............
% 01 5 ........................................
T R — -
0.05
0
0 50 100 150 200 250 300 350 400
Travel speed [mm/s]
@ CW mode EMPPW mode

@ Springer



6120

The International Journal of Advanced Manufacturing Technology (2022) 120:6107-6123

Fig. 18 CW and MPPW
welds (weld boundaries delim-

Ppeak = 500 W; d = 89 ym

ited in red) at an average peak
power of 500 W, beam diameter

CW mode

MPPW mode

of 89 um and a frequency of
400 kHz in MPPW

v =178 mm/s; PL =500 W

v = 35.6 mm/s; PRF =400 kHz; P. =100 W

gp = 8 MW/cm?
Esp, cw = 250 mJ

ge = 1.6 MW/cm?2; gp, peak = 8 MW/cm?2

Esp, MpPw (new) = 250 mJ; Esp, mppw (old) = 250 mJ

ti, aw=0.5ms

ti, MPPW (new) = 2.5 mS; ti, MPPW (old) = 0.5 ms

Depth = 1.3 mm; Weld width = 0.20 mm

Weld metal area = 0.15 mm?2

Depth = 0.55 mm; Weld width = 0.29 mm

Weld metal area = 0.082 mm?

MPPW mode, and the required energy increases exponen-
tially since the gap between #; oy and #; yppw (sew) 18 much
bigger (Table 4). Assuncao and Williams [16] observed
opposite results to the ones shown in Fig. 19. According
to them, the penetration efficiency is higher in PW than in
CW mode. However, they compared spot welds in PW with
seam welds in CW mode, which may have had an impact
on the results due to the different melt pool dynamics. The
PW laser was stationary, and the interaction time was equal
to the pulse width, the total energy uniquely delivered in a

single spot. On the other hand, the beam in CW mode was
in movement, and part of the energy was also used to heat
the substrate for a certain weld length, being consequently
lost and the penetration depth lower.

In summary, there is a clear difference between laser tem-
poral modes depending on what is being compared. The new
set of proposed parameters can capture the thermal losses
in MPPW mode, which allows a direct comparison in pro-
ductivity, penetration and melting efficiency with CW mode.
The energy utilised for melting of the material is higher for

Fig. 19 Energy to penetrate 2
1 mm of metal in CW and
MPPW laser modes at an 18
average peak power of 500 W, 16 L
beam diameter of 89 pm and a
constant frequency of 400 kHz 1.4
in MPPW 1.2 5
£ .
£ 1 -
—
= 08 :
0.6
0.4 hd I
L N ‘.".-..........'.'.'.'.'.'.‘nn.....un,— ............................
0.2 | s [
0
0 50 100 150 200 250 300 350 400
Travel speed [mm/s]
®CW mode EMPPW mode
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Fig.20 Energy to melt 1 mm? 7
of metal in CW and MPPW
laser modes at an average peak g M
power of 500 W, beam diameter
of 89 um and a constant fre- -
quency of 400 kHz in MPPW S
.
© 4 :
E - Tl
S 38 ]
O............
2 {
1
0
0 50

® CW mode

CW laser because it is operated at optimum parameter range
used in micro-welding (high travel speeds and high average
power). Therefore, the CW laser allows low thermal losses
and its melting efficiency is higher compared to the MPPW
laser. The nanosecond MPPW works like ultra-short lasers
almost as in a drilling regime [28], generating low melting
and high aspect ratio welds, being the penetration efficiency
higher than in CW mode. Nevertheless, the new MPPW
lasers do not provide the maximum energy for all ranges of
frequencies because of the response of the resonator above
a certain critical frequency (PRF) and pulse duration. The
pulse energy and peak power are higher for lower frequen-
cies closer to PRF,, but the inter-pulse spacing is longer,
increasing the thermal losses between pulses and the required
energy to achieve deeper and wider welds. On the other hand,
for high frequencies above PRF,, the pulse energy and peak
power are decreased to avoid overheating of the diodes, and
the pulse shape becomes almost flat, decreasing the energy
available to penetrate and melt more metal. Therefore, the
lower average power of the MPPW laser in comparison to
CW laser is its biggest limitation, providing lower melting
efficiency regardless of the frequency or travel speed used.
Using the new set of proposed parameters, similar weld
shapes, i.e. penetration depths and weld widths, can only be
achieved in both temporal modes for similar average power
density, specific point energy and interaction time. The ben-
efit of the much higher average peak power density of the
MPPW laser is only relevant for very specific applications
where high aspect ratio welds and low heat input are required
to minimise the heat-affected zone, such as in the manufac-
turing of biomedical devices, orthopaedic and prosthetics
[29]. However, if the application requires high productivity
and good fit-up tolerance, such as welding of battery packs

150 200 250 300 350 400

Travel speed [mm/s]
BEMPPW mode

for electric vehicles [30], then the advantage of the higher
average power available in the CW laser must be utilised,
providing superior performance than the MPPW laser.

6 Conclusions

CW and MPPW laser processing modes showed differ-
ent interactions with the material in micro-seam welding.
Comparing both processes, the following conclusions can
be drawn:

— It is possible to compare both modes considering the
energy applied to the material.

— The inter-pulse spacing is as important as the overlap
factor in MPPW mode.

— A new definition of interaction time has been proposed,
tested and validated to enable like-for-like comparison
with CW mode by capturing the thermal losses effect
on the weld shape.

— For similarly applied energies, the average peak power
density in MPWW mode can be neglected. Several
pulses are needed to initiate melting at a constant over-
lap factor; hence, the thermal losses are more important
than the high peak power of an individual pulse.

— Similar weld shapes (penetration depth and weld width)
can only be achieved in both modes if similar average
power density, specific point energy and interaction
time are applied.

— The penetration efficiency of the MPPW laser is only
higher than CW for low frequencies. However, the
melting efficiency of the MPPW laser is lower.

@ Springer
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— The melting and penetration efficiency of the MPPW
laser converge with CW as the thermal losses become
similar for high travel speeds and low inter-pulse spac-
ing.

— Further investigation using different materials and the
pulse power factor model [25] is recommended to predict
the weld shape in MPPW welding using the set of new
parameters proposed in this work. Mechanical tests are
also recommended to compare the behaviour of both CW
and MPPW welds at different processing conditions.
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