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Abstract

Ferritic stainless steels are prone to grain coarsening and precipitation of chromium-rich grain boundary phases during
fusion welding, which increase intergranular corrosion susceptibility. State-of-the-art techniques to overcome these chal-
lenges mainly feature heterogeneous nucleating agents with regard to grain coarsening or alternating alloy concepts as well
as post-weld heat treatments as for restoration of intergranular corrosion resistance. The present investigation seeks to depart
from these traditional approaches through the use of a tailored heat input during pulsed laser beam welding by means of
free-form pulse shaping. Grain size analysis using electron backscatter diffraction shows a substantial reduction of grain
size as compared to continuous-wave lasers due to a distinctive columnar to equiaxed transition. Moreover, phase analyses
reveal the overcoming of chromium carbide precipitation within the heat-affected zone. As corrosion tests demonstrate,
intergranular attack is therefore concentrated on the weld metal. In comparison to continuous-wave laser beam welding,
intergranular corrosion susceptibility is substantially reduced for very short pulse durations. From these results, it can be
derived that pulsed laser beam welding using free-form pulse shaping enables direct control of heat input and, thus, tailored
grain growth and precipitation formation properties.

Keywords Ferritic stainless steel - Pulsed laser beam welding - Intergranular corrosion - Grain coarsening - Grain
refinement - Precipitation kinetics

1 Introduction and state-of-the-art omission of nickel in the alloying concept also enables the

solidification of FSS in the body-centred-cubic (bcc) lattice,

Ferritic stainless steels (FSS) exhibit excellent resistance
to stress corrosion cracking [1] as well as high-temper-
ature oxidization [2] and offer very good workability and
formability with limited springback [3]. As a result, they
are considered to be a suitable substitution for austenitic
stainless steels (ASS) [3, 4], e.g. in hot natural water, which
has promoted the use of FSS in manifold applications such
as household appliances [5]. In contrast, the substantial
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which results in rapid diffusion velocities and low solubil-
ity for interstitial elements, such as carbon or nitrogen [6].
These rapid diffusion velocities promote both, the precipita-
tion of carbides and nitrides, as well as grain coarsening at
elevated temperatures [6, 7]. Notably, the diffusion-induced
precipitation of chromium-rich grain boundary phases rep-
resents an ongoing challenge and may either be initiated
during solid-state heat treatments [8, 9] or the thermal cycle
during welding [10]. This leads to a localized reduction of
chromium content around these precipitates, so-called chro-
mium depletion, for which the protective passive layer can-
not form and corrosive attack along the depleted regions
is rendered possible [11]. This particular form of selective
corrosion is referred to as intergranular corrosion (IGC) and
may propagate along such sensitized grain boundaries which
leads to catastrophic failure of welded joints [12]. Moreover,
the weld metal (WM) of FSS is prone to substantial grain
coarsening in dependence on the temperature gradient G and
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solidification rate R present within the melt [13, 14]. On the
one hand, grain coarsening reduces the ductility of the joint
[15] and, on the other hand, further promotes the susceptibil-
ity to IGC [16]. Despite its steep temperature gradients and
rapid solidification due to a small melt pool size resulting
from comparatively high welding speeds [17], laser weld-
ing also using state-of-the-art continuous-wave disk or fibre
lasers has proved ineffective to eliminate the aforementioned
phenomena [18, 19].

As a result, a multitude of approaches have been devel-
oped to combat the two phenomena. Firstly, a post-weld
heat treatment (PWHT) can enable the back-diffusion of
chromium into depleted regions [20] or, following solution
annealing, prevent the precipitation of chromium-rich grain
boundary phases [21]. However, the aforementioned tech-
niques may not be carried out on large components due to
size limitations and are associated with increased production
costs [12]. Secondly, the carbon and nitrogen contents may
be set below the solubility limit of the respective grade, for
which the precipitation of carbides and nitrides is prevented.
Such extra low interstitials (ELI) are immune to IGC after
welding [22], but the required purity levels are a challenge
to alloy design and, thus, cost-intensive [23]. Moreover, the
effects of grain coarsening during welding are amplified
[24]. Furthermore, so-called stabilization may be undertaken
to increase the IGC resistance of FSS [25]. It comprises the
addition of titanium, niobium or zirconium, which feature
a higher affinity for carbon than chromium, to form prefer-
ential precipitates and, as such, omit chromium depletion
[26]. However, recent findings with respect to solid-state
heat treatments indicate that unreacted chromium can seg-
regate around these precipitates for which IGC is enabled
again [27-29]. Moreover, titanium inclusions may initiate
other selective corrosion phenomena such as pitting corro-
sion [30, 31]. In addition, WM grain boundaries occupied by
titanium precipitates are prone to dissolution and, thus, the
initiation of special forms of IGC which impair the structural
integrity of the component [31]. Recent investigations also
demonstrate the use of powder-fed laser cladding [32] in
order to locally improve the IGC resistance of ferritic stain-
less steel welds [33].

In order to alleviate grain coarsening in ferritic stain-
less welds, a number of studies detail the use of hetero-
geneous nucleating agents, such as titanium nitride, e.g.
in gas tungsten arc welding (GTAW) [34] or laser-based
powder-bed-fusion (PBF-LB) [35]. Other studies report on

the superimposition of ultrasound by ultrasonically excited
filler material, which results in grain refinement within the
WM [36]. As the solidification rate and temperature gradi-
ent within the melt pool pose the greatest influence on the
solidification structure [37], Reddy and Mohandas employ
a pulsating arc and, thus, obtain a manipulated melt pool
convection which results in dendrite fragmentation and grain
refinement [38]. Based on these findings, the so-called met-
allurgical pulse shaping was developed for pulsed laser beam
welding (P-LBW), which enables the precise tailoring of
heat input as well as a maximized nucleation rate through
melt undercooling [39]. The free-form sequencing of the
laser pulse and oscillation of laser power results in a melt
pool oscillation [40] and, thus, substantial grain refinement
in ASS as well as aluminium and titanium [39].

The present investigation seeks to depart from conven-
tional measures to combat the phenomena of grain coarsen-
ing and sensitization in FSS through the use of P-LBW with
free-form pulse shaping and, thus, tailored heat input. While
previous publications detail the use of P-LBW to joint FSS
[41, 42], they lack the fundamental investigation of process-
property interrelationships in terms of solidification struc-
ture and precipitation behaviour. Therefore, the authors of
the investigation at hand employ a free-form pulse shape
during P-LBW in order to study the effects on grain refine-
ment and overcome the inherent precipitation of chromium-
rich grain boundary phases to mitigate IGC susceptibility.

2 Materials and methods
2.1 Stainless steel and welding procedure

AISI 430 ferritic stainless steel sheet with approximate
dimensions of 50 15x0.8 mm? in cold-rolled and blank-
annealed surface condition was used for the welding experi-
ments. The chemical composition of the sheet is depicted
in Table 1.

The experiments were performed as bead-on-plate
weldments with a pulsed, lamp-pumped Nd:YAG laser
(LASAG SLS200 CL8, ROFIN LASAG AG, Switzerland)
featuring a near-Gaussian intensity distribution and were
carried out without filler material. The beam was guided
to the workpiece using a step-index fibre with a diameter of
50 um. The use of a collimation lens with a focal length of
150 mm and focussing optics with a focal length of 100 mm

Table 1 Chemical composition of AISI 430 sheet material, partially adopted from [19] under CC-BY-4.0-license and supplemented

Element (wt.-%)

Fe C N Cr Ti Ni
bal 0.041 0.142 16.18 0.001

0.156

Mo Si Mn P S
0.046 0.241 0.549 0.040 <0.001
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yielded an approximate beam diameter of 33 um on the
workpiece. Argon shielding gas (purity >99.998%) was
used to protect the seam root and bead top. Weldments were
fabricated using a traverse speed of 15 mm/min and a pulse
frequency of 5 Hz. In order to obtain a metallurgical pulse
shape [39], the laser pulse was sequenced into three sec-
tions as depicted in Fig. 1. In the first sequence, the forma-
tion of the keyhole takes place with maximum laser power.
Subsequently, the laser power is reduced to prevent melt
pool overheating and oscillates in order to obtain defined
melt undercooling conditions. Lastly, the laser power is
continuously reduced to zero and, thus, the melt solidifies
[39]. All weldments were performed with a peak power of
500 W and varying pulse lengths of 1 ms, 3 ms and 5 ms and
yielding pulse energy inputs of 226.94 mJ, 680.82 mJ and
1134.71 mJ, respectively. These were calculated on basis of
the integrated laser power along the time axis of the metal-
lurgical pulse shape.

2.2 Specimen characterization

Following the welding experiments, the specimens were
embedded in cold-curing epoxy resin, mechanically ground
to grit size P2500 using silicone-carbide paper and polished
to 0.1 um surface finish using colloidal silicone dioxide
solution. Subsequently, the cross-sections were etched using
V2A-etchant and inspected by means of optical microscopy
(OM, Leica DM2700).

For grain size and phase analysis, the specimens were
mechanically ground to grit size P2500 and polished using
colloidal diamond solution (grit size 0.05 um). Electron
backscatter diffraction (EBSD) was carried out using a
scanning electron microscopy (SEM, Zeiss REM Ultra Plus)
operated at an acceleration voltage of 20 kV using a CCD-
based EBSD detector (Bruker e-flash). Overviews with a
magnification of 100 X were obtained using a pixel size of
1 um in order to allow for precise grain size analysis. The
precipitation behaviour was analyzed using a magnification
of 2500 x and a pixel size of 40 nm. Post-process analysis
was carried out using ATEX software (version 3.26) [43].
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Fig. 1 Schematic depicting the metallurgical pulse shape employed
during the P-LBW experiments

To visualize grain boundary precipitates, the samples were
briefly treated with V2A-etchant and inspected with the in-
lens, energy-selective backscatter detector (ESB) using the
SEM mentioned beforehand operated at an acceleration volt-
age of 3 kV.

Corrosion tests were carried out on basis of the Strauf3
test in DIN EN ISO 3651-2 [44]. Prior to the corrosion tests,
the samples were brushed with a stainless steel brush in
order to remove any dirt of the surface. Subsequently, the
samples were rinsed with isopropanol and air-dried. The
samples were then contacted with copper chips on the bot-
tom of a glass flask and immersed in a solution of 138 g
sulphuric acid (p,y=1.84 g/L) and 75 g copper-sulphate
penta-hydrate dissolved in desalinated water. The thus
obtained total solution volume of 750 mL was brought to
boiling temperature using an oil bath. Corrosion tests were
undertaken with distinctive immersion durations of 10 h,
20 h and 40 h. The mass loss of the samples was measured
with a high-accuracy weighing machine (KERN ABT 120-
5DM). In order to mitigate statistical errors, three individual
samples were measured for each immersion duration and set
of welding parameters.

3 Results and discussion
3.1 Microstructure and grain size analysis

The AISI 430 weld macrostructure features distinctively dif-
ferent characteristics for varying pulse durations, as Fig. 2
visualizes. An increase of pulse duration yields substantially
enlarged WM cross-section areas. As can be derived from
the etched micrographs in Fig. 2b d, these enlarged WM
cross-sections can be attributed to a wider weld seam and
deeper sheet penetration.

Based on the extended dwell time of the laser pulse, it
can be deduced that both, the existence of the keyhole and
heat conduction to adjacent regions, are prolonged with an
increase in pulse duration. This can be seen in good agree-
ment to results published by Xue et al. [45] on P-LBW of
DP1000 steel. Also, it has to be noted that some cross-
sections feature spherical pores which may result from the
collapse of the keyhole and an entrapment of shielding gas
within the melt [46].

EBSD analyses of the cross-sections using superimposed
image-quality mapping (IQM) and inverse-pole-figure map-
ping (IPFM) in Fig. 3 reveal that the WM microstructure
is characterized by negligible texturing regardless of the
pulse duration employed. A detailed analysis of the WM
and heat-affected zone (HAZ) transition shows larger grains
within the WM than in the HAZ. In the latter, an increased
number of grains with nearly equiaxed morphology can be
seen. For all given pulse durations, this feature ensures a
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Fig.2 (a) Mean values of AISI 430 FSS weld metal cross-section
area following P-LBW with alternating pulse durations. Mean val-
ues computed from three independent experiments; error bars show
standard deviation. Best-fit curve represents a linear function with

clear identification of the fusion line. In contrast, grains
in the immediate vicinity of the fusion line and within the
WM are elongated towards the weld centre and occasion-
ally reach lengths which are a multiple of the ones found
within the HAZ. As can be derived from the combined IQM
and phase mappings (PM), the microstructure within the
transition region of all specimens is primarily ferritic with
a bec lattice. However, some face-centred-cubic (fcc) aus-
tenite is formed at WM grain boundaries. Typically, residual
austenite of FSS is transformed to martensite upon cooling
during the welding cycle [47]. As Pekkarinen and Kujanpaa
[48] suggest based on their investigation on the influence
of heat input during continuous-wave laser beam welding
(cw-LBW) of AISI 430, the formation of martensite may
be suppressed if the cooling rate is high enough to prevent
the ferrite—austenite transformation. While EBSD analysis
can precisely distinguish fcc-austenite within a bee-ferrite
matrix, the differentiation of bce-ferrite and body-centred-
tetragonal martensite may be complex and insufficient due
to an almost identical lattice parameter [49].

However, the distinction of martensite in a bcc-matrix
is feasible during EBSD analysis through its alternating
morphology [50]. Consequently, the only microstructural
features which may be identified as martensite are visible
within the WM of a specimen welded at a pulse duration
of 5 ms (cf. Figure 3c. The formation at grain boundaries
within the WM is in good agreement to previous reports
on LBW of FSS by Taban et al. [47]. In consideration of
results on the interrelationships of pulse duration and WM
cross-section area shown in Fig. 2, it appears plausible that
the specimen welded with a pulse duration of 5 ms opened
a sufficiently large enough timeframe for ferrite—austenite
transformation to occur. On the contrary, the absence of mar-
tensite in the WM of specimens welded at pulse durations of
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shown parameters and coefficient of determination R2. (b), (c) and (d)
depict etched cross-sections to visualize the weld macrostructure at a
given pulse duration

1 ms and 3 ms in combination with the detection of retained
fcc-austenite phases in all specimens regardless of the pulse
duration cannot be readily explained. Given the pronounced
cooling rate during P-LBW, a martensitic transformation is
to be anticipated. Yet, recent findings of Chan et al. [51],
who report on laser-surface melting of AISI 430, support
the observations that some retained austenite is distinguish-
able in the fusion zone of melted and solidified AISI 430, in
particular at grain boundaries. Presumably, the continuance
of austenite in the WM may be aided by local impurities or
segregations, which halt the transformation process, e.g. as
reported on in titanium [52]. Nevertheless, this theory can
only be confirmed by an in-depth analysis of the chemical
composition, for instance by energy-dispersive X-ray spec-
troscopy, and, thus, shall not be discussed further within the
scope of the investigation at hand.

The grain size investigation, on the other hand, reveals
two distinctive regions regardless of the pulse duration
employed, as Fig. 4a-c visualize.

From the fusion line, a columnar region facing the weld
centre is established. These grains grow perpendicular to
the melt pool boundary and, consequently, the tempera-
ture gradient G, which is steepest in these regions due to
the incumbent heat flow direction [14]. As can be derived
from the colour-coded images (cf. Figure 4a-c), these grains
exhibit substantially larger sizes than within the base mate-
rial. Furthermore, the grain size in this region is increased
with prolonged pulse durations. Obviously, extended pulse
durations lead to larger melt pool dimensions as a result of
increased energy input. Therefore, a longer time is required
for complete heat dissipation and, thus, the grains are sub-
jected to the boundary conditions of columnar growth for
a longer time. Simultaneously, the increased energy input
may favour the overall growth of larger grains. This can be
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Fig.3 EBSD overviews and detailed EBSD analyses of the WM/
HAZ transition of P-LBW AISI 430 with pulse durations of (a) 1 ms,
(b) 3 ms and (c) 5 ms. The left column represents the combined IQM/
IPFM overviews of each parameter while the middle column shows
the detailed IQM/IPFM of the WM/HAZ transition. Grain orienta-

verified by the quantitative grain size analysis in Fig. 4d,
which visualizes an exponential growth of the WM grain
size with increasing pulse duration and is in good agreement

tions plotted perpendicular to traverse direction. The right column
depicts the combined IQM/PM of the transition region; dashed line
visualizes the fusion line. Designation A to C for detailed phase anal-
ysis in Fig. 5

to results presented by Wilden et al. [39]. Hence, it is appro-
priate to conclude that a comparatively long pulse dura-
tion with its relatively high heat and energy input yields
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Fig.4 (a)—(c) Analysis of the grain size evolution at alternating pulse
durations demonstrating the columnar to equiaxed transition. Dashed
lines represent interfaces of distinctive microstructural features. (d)
Quantitative grain size analysis within the weld metal using ATEX
[43]. Mean values calculated from three individual measurements;

an enlarged window for diffusion processes to take place.
Accordingly, diffusion processes are somewhat limited at
pulse durations of 1 ms.

Within the weld centre, the grains exhibit an equiaxed
morphology. In this region, the temperature gradient is
reduced while the solidification rate is increased. Notably,
the equiaxed region is separated from the weld bead surface
by another columnar region when a pulse duration of 5 ms
is employed. The directional growth of grains towards the

@ Springer

error bars represent standard deviation. Best-fit curve depicts an
exponential function with given parameters and coefficient of deter-
mination R?. Grain size of base material is 8.75 um, computed mean
value of nine individual measurements

bead surface indicates pronounced heat dissipation during
the late stages of solidification, which proceeds upward from
the weld root to its surface. For all investigated pulse dura-
tions, the grain size within the equiaxed region is compara-
ble to the grain size of the base material. In light of previous
investigations on P-LBW of FSS [41, 42], it is evident that
the use of a free-form pulse shape enables a pronounced
columnar to equiaxed transition within the melt metal micro-
structure. In consideration of earlier reports on the effects of
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metallurgical pulse shaping on other alloys [39], it can be
deduced that the columnar to equiaxed transition identified
in the present investigation can be attributed to increased
melt pool convection and inherent dendrite fragmentation,
which leads to grain refinement.

Furthermore, the results demonstrate that the cross-sec-
tion area of the equiaxed region is enlarged with increasing
pulse durations. Based on the rising cross-section area of the
WM (cf. Figure 2), this feature appears plausible and, simul-
taneously, confirms the successful imposition of increased
melt pool convection as well as dendrite fragmentation
regardless of the pulse duration employed due to free-form
pulse shaping.

3.2 Precipitation kinetics and intergranular
corrosion behaviour

The use of EBSD-based phase mappings at a high magnifi-
cation facilitates a robust and prompt means to characterize
chromium carbide precipitates at the WM/HAZ boundary
[33], whose dimensions following cw-LBW typically lie in
the order of tenths to hundreds of nanometres [31]. The crys-
tallographic investigation in Fig. 5 visualizes two alternating
morphologies and locations of chromium carbides.

Firstly, intragranular chromium carbides can be detected
within the HAZ of samples welded at pulse durations of
1 ms and 3 ms. The size of these precipitates matches the
size of chromium carbides within the base material of
AISI 430 in good approximation [19]. Secondly, the PM

Fig.5 Analysis of orthorhombic
and hexagonal chromium car-
bide precipitation at the WM/
HAZ transition using combined
QM/PM. Designation A to C
according to Fig. 3

of a specimen welded with a pulse duration of 1 ms reveals
that grain boundaries in close proximity to the fusion line are
occupied by a thin sequence of chromium carbides. Moreo-
ver, continuous networks of intergranular chromium carbide
precipitates can be identified at grain boundaries within the
WM and at the fusion line grain boundaries for pulse dura-
tions of 3 ms and 5 ms (cf. Fig. 5b, c). For all investigated
samples, the occupation density of grain boundaries with
chromium carbides varies strongly with location and pulse
duration. When comparing the grain boundary phase pre-
cipitation morphology at pulse durations of 1 ms and 5 ms, it
can be derived that the lateral extension of chromium phase
precipitation along grain boundaries is enlarged for the sam-
ple welded with a pulse duration of 5 ms. In consideration of
the increased heat input as a result of prolonged pulse dura-
tion, it can be derived that the increased lateral extent is to
be attributed to extended diffusion conditions. Furthermore,
it has to be noted that grain boundary chromium carbides
also precipitate adjacent to intragranular chromium carbides
in the HAZ of a specimen welded with a pulse duration of
3 ms (see detail on right hand side in Fig. 5b). In consid-
eration of the precipitate size, it is to be inferred that this
specific precipitate did not emerge during the thermal cycle
of the welding process, but has rather existed beforehand.
Consequently, the grain boundary chromium carbides can
only have been formed through diffusion of chromium in the
immediate vicinity of the grain boundary. This emphasizes
the desired diffusion limitation through rapid cooling rates
during P-LBW.

I o/hex — Chromium Carbide

continuous network of

intergranular precipitates
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With regard to the occupation density of WM grain
boundaries with chromium carbides and their lateral extent,
the ESB images in Fig. 6 shed light on the alternating pre-
cipitation kinetics as a result of varying pulse duration.

Accumulations of chromium are visible as dark spots due
to their lower atomic number in contrast to the surrounding
matrix. At a given pulse duration of 1 ms, the chromium pre-
cipitates segregate at grain boundaries. However, in between
the grain boundary precipitates, clear discontinuities are vis-
ible (cf. Fig. 6a). In contrast, the chromium precipitates at a
pulse duration of 5 ms (cf. Fig. 6b) form a continuous net-
work and are of larger size than the aforementioned (please
note alternating scale bar). Analogue to the grain size analy-
sis, it is thus appropriate to conclude that a pulse duration
of 5 ms yields a substantially higher heat input as opposed
to 1 ms, for which the boundary conditions for chromium
diffusion and carbide precipitation are favourable over a pro-
longed timespan. In consideration of the interdependencies
of chromium carbide precipitation and IGC resistance, it is
to be expected that the IGC resistance of specimens welded
with a pulse duration of 1 ms is superior to the one of longer
pulse durations.

This theory is supported by etched micrographs obtained
following corrosion testing and depicted in Fig. 7.

After an immersion duration of 10 h, the specimen welded
with a pulse duration of 1 ms does not indicate signs of IGC.
In contrast, specimens welded at pulse durations of 3 ms and
5 ms show IGC within the WM area. These observations are
intensified after a test duration of 40 h, where IGC has pen-
etrated substantial WM areas of specimens welded at pulse
durations of 3 ms and 5 ms. Even more so, IGC leads to the
detachment and removal of entire grains due to dissolution
of the grain boundary vicinity. On the contrary, the etched
micrograph of a specimen welded at a pulse duration of 1 ms
only exhibits very limited signs of corrosive attack within
the WM. It has to be emphasized that for all investigated
pulse and test durations, IGC can only be detected within
the WM and its fusion line, not within the HAZ. In light
of the precipitation behaviour discussed previously, these
results suggest that the HAZ sensitization identified during

Fig.6 ESB images visualizing (a)
alternating precipitation kinet-

ics within the weld metal of

AISI 430 during P-LBW with

(a) 1 ms and (b) 5 ms pulse

duration

2 pm

@ Springer

chromium precipitates

cw-LBW [19, 31] is successfully inhibited through the use of
P-LBW. Seemingly, the problematic precipitation conditions
are shifted to the WM, which is in good agreement to the
analyses of precipitation behaviour presented beforehand.
Nonetheless, specimens welded with a pulse duration of
1 ms indicate only very limited signs of IGC.

These findings are further supported by the results of
temporally resolved weight loss analysis shown in Fig. 8a.
In accordance to the etched micrographs, the mass loss is
increased with prolonged test durations as a result of corro-
sion propagation within the WM.

At all investigated pulse durations, the mass loss increases
almost linearly for test intervals of 10 h and 20 h, respec-
tively. However, it can be perceived that the mass loss after
a test duration of 40 h does not represent a doubling of the
mass loss after 20 h, i.e. the temporally resolved mass loss
features a non-linear behaviour. In light of the microscopy
images and previous investigations on the IGC behaviour of
cw-LBW samples [19], it may be deduced that a regime of
internal pitting corrosion is initiated following the primary
stages of grain boundary degradation. Since the precipitation
of chromium carbides was found to be a spatially selective
phenomenon within the WM, the propagation of IGC may be
halted at un-sensitized grain boundaries and, thus, limit mass
loss. Moreover, the somewhat reduced size of chromium pre-
cipitates when using pulse durations of 1 ms in comparison
to 5 ms (cf. Figure 6a b) obviously yields reduced chromium
depletion in adjacent regions. In addition, the results dem-
onstrate that IGC-based mass loss is minimal for a pulse
duration of 1 ms at comparatively long test durations of 20 h
and 40 h. A comparison of the weld bead surface after a
test duration of 20 h in Fig. 8b gives additional informa-
tion on the underlying mechanisms. For a pulse duration of
1 ms, IGC is concentrated on the surface of the WM, but
does not propagate to the HAZ. In contrast, grain boundaries
neighbouring the fusion line are attacked at a pulse duration
of 3 ms. Moreover, the grooves evolving from IGC appear
deeper and, thus, more significant. Overall, the temporally
resolved mass loss is in good agreement to the evolution
of residual mechanical strength of laser-cladded AISI 430

(b)

chromium precipitates

10 ym
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250 ym 250 ym

Fig.7 Etched micrographs of P-LBW AISI 430 using altering pulse durations after corrosion testing

welds which features an approximate exponential decline
[33]. In summary, the presented results indicate that the use
of comparatively short pulse durations during P-LBW can
inhibit chromium carbide precipitation, sensitization and,
consequently, IGC within the HAZ due to the inherent ther-
mal gradients and rapid cooling rates, which are obviously
amplified in comparison to cw-LBW. Moreover, the use of
short pulse durations effectively restricts heat input and,
thus, leads to a shortened timeframe for chromium carbide
precipitation to occur. As a result, IGC is also substantially
limited within the WM.

4 Conclusions

In the present investigation, the effects of varying pulse
durations during pulsed laser beam welding with free-form
pulse shaping on grain growth and precipitation Kinetics
of AISI 430 FSS were studied. From the results presented
beforehand, a number of conclusions can be drawn:

e Use of a metallurgical pulse shape leads to WM micro-

structures with pronounced columnar to equiaxed transi-
tions

@ Springer
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Fig.8 (a) Absolute mass loss of P-LBW AISI 430 specimens with varying pulse durations in dependence to the test duration. (b) The corre-
sponding SE2 images of the weld bead surface after a test duration of 20 h for pulse durations of 1 ms and 3 ms

e Grain sizes within the equiaxed region are comparable to
the unaffected base material

e WM grain size increases with prolonged pulse durations
as a result of extended heat input

e Chromium carbide precipitation occurs predominantly
within the WM, but is spatially selective

e P-LBW effectively circumvents the precipitation of chro-
mium carbides in the HAZ

e Comparatively long pulse durations yield enlarged chro-
mium carbide precipitation within the WM and, thus,
increased intergranular attack

Evidently, the use of P-LBW in combination with free-
form pulse shaping enables a tailored heat input which facili-
tates finer WM grain sizes and limited chromium carbide
precipitation. Further research needs to quantify the effects
of chromium carbide precipitation along grain boundaries,
i.e. by energy-dispersive X-ray spectroscopy, in dependence
on pulse durations. Such, it may be viable to develop a pro-
cess-precipitation model to predict the emergence of IGC.
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