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Abstract

Microstructuring of steel resulting in directional solidification and texturing, previously observed
in various metallic materials during pulsed laser processing, melt-spinning, high-gradient liquid
metal melting, zone melting etc., is reported for the first time in continuous wave diode laser pro-
cessing of steels. Influence of laser interaction time on surface morphology/topology of austenitic
manganese and pearlitic steels is investigated utilizing a wide rectangular multi-mode diode laser
beam. X-ray diffraction analysis of the laser treated austenitic steel surface showed strong textur-
ing influence, with preferred crystallographic orientation of y-Fe crystals in the (200) plane, which
increased with interaction time. In case of pearlitic steel, no such texturing influence could be ob-
served. The free surface topologies were also observed to be different in each case, with well-
aligned domes of y-Fe observed in laser treated austenitic steel as compared to randomly oriented
fine domes of metal oxides in pearlitic one. In situ surface temperature measurement during laser
irradiation indicated higher temperature on pearlitic steel than in austenitic manganese steel
owing to its lower effective thermal conductivity associated with higher oxide film formation.
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1. Introduction

Surface morphology/topology is a significant factor influencing the optical, tribological, mechanical and many
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other functional properties of a material. In recent times, the ability to modify the above has been exploited to
provide technological advances in various fields like electronics, energy, tribology, biology, information tech-
nology etc. Due to the precise control of spatial and temporal parameters afforded by a laser, well-defined tex-
tured surfaces can be potentially realized depending on the material and the processing conditions involved [1]-
[8]. Additionally, the extremely high cooling rates possible with laser processing induce some unusual exotic
and non-equilibrium microstructures and surface textures [9] that stimulate great research interest because of the
potential to realize novel properties and functions.

The techniques tried for texturing and producing directionally solidified microstructures have included la-
ser-based methods like micro-fabrication, melting, ablation etc. [10]-[12]. The influence of the laser and the
thermophysical properties of the substrate material have been found to be key determinants. In materials such as
Ni-base super alloys and alumina-zirconia, directionally solidified single crystals or eutectics are produced by
laser surface irradiation with strong texturing influence on account of the induced high thermal gradients [13]-
[16]. The high temperature gradients possible in rapid laser melting, with a wide range of G (temperature gra-
dient)/R (solidification rate) ratios at the solid-liquid interface, facilitate production of refined solidification
structures with well-defined orientation relationships among the constituent phases [17]-[19]. Bruzzone and co-
workers reported various techniques, including laser surface modification, for producing such engineered sur-
faces on diverse materials that could be gainfully utilized for exploiting various functional properties [20]. Var-
ious phenomena, like thermocapillary stress generation, ablation, surface tension, Marangoni effects in liquid
flow, vapor condensation etc., were observed to play a predominant role in governing the properties of such en-
gineered textured surfaces.

Liu and co-workers reported directional growth of the metastable y phase in CO,-laser remelted Ti-Al [19].
Hua and co-workers produced textured flower-like surface morphologies by irradiating a pulsed YAG laser on
DF-2 cold worked steel [2]. Vilar and co-workers observed strong textured crystallographic orientation in Al;Nb
in Al-Nb coatings produced by laser-alloying under critical conditions [17]. Boettinger critically explained the
solidification science associated with the formation of directionally solidified structures and crystal anisotropy
effects in melt microstructures [13]. Lu and co-workers produced epitaxial layers in the direction of laser move-
ment in CO, laser glazed layers of Ni-based super alloy and attributed to the preferential growth associated with
the solidification mechanism under high cooling rates [21]. Semak and co-workers illustrated the influence of
temporal conditions of laser on the resulting temperature field in the beam interaction zone to induce surface
morphological effects [7]. Lickschat and co-workers studied the effect of pico and femtosecond laser pulse irradia-
tion on texturing of steel [4]. The above study also demonstrated the influence of thermal diffusion controlled by
pulse duration on resulting cavities on the ablated surfaces. Similarly, Brown and co-workers reported the influ-
ence of pulse duration on the resulting nanometer-scale features noted on the textured surface of platinum [3].

Austenitic manganese steel (commonly known as Hadfield steel) is one such interesting alloy used in various
sectors like earthmoving, railroading, mineral processing etc. due to its outstanding properties like high tough-
ness, excellent work hardenability and wear resistance. Various techniques like laser cladding, melt-spinning,
hardening etc. have been attempted to exploit its unique structural properties. Tjong and Tsang reported forma-
tion of columnar and equiaxed dendrites of austenite in laser melted layer with precipitation of S-Mn and
K-phase, after ageing, depending on the conditions employed [22]. Chen and co-workers successfully produced
rapidly solidified Fe-Cr-Mn-C based alloy ribbons by adopting a high-speed melt-spinning technique [23].
However, no surface texturing studies involving laser-based rapid solidification processing of the austenitic or
pearlitic steel are available in literature.

In view of the increasing relevance of understanding the texturing effects during laser treatment of steels and
to exploit the favorable properties that they can yield, the present study aims to assess the influence of diode la-
ser processing on texturing of austenitic manganese and pearlitic steels. Such a texturing study involving two
different steels having contrasting thermophysical properties is expected to facilitate an improved understanding.
The effect of interaction time on the evolving surface topology/texture and microstructure utilizing a wide area
multimode diode laser beam is specifically investigated.

2. Experimental Procedures

The steel specimens used for experimentation were fabricated from actual rail sections employing EDM wire-
cutting. Flat coupons of size 100 mm x 100 mm were first sectioned in such a way that no adverse effects due to
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decarburization, oxidation etc was present and then subjected to surface grinding to 1.2 um Ra finish. The
chemical composition of pearlitic rail steel (PRS) and austenitic manganese rail steel (AMRS) used are depicted
in Table 1. A fully austenitic microstructure with completely dissolved Mn and C is characteristic of AMRS on
account of its solution treated condition.

The flat steel coupons were subjected to laser surface treatment (irradiation) under an argon shroud by em-
ploying a continuous wave (CW) high power diode laser (Laserline GmbH, Germany) integrated to a 6-axis ro-
botic work station (Reis Robotics GmbH, Germany). The multi-mode 915 - 980 nm diode laser beam (Gaussian
mode in fast axis and top-hat mode in slow axis) transferred through a 1500-um fiber optic cable (HighYag
GmbH, Germany) was tailored into a rectangular spot of 17 mm X 2 mm (Full Width Half Maximum) by em-
ploying special setup comprising collimating, homogenizing and focusing optics. Prior to laser irradiation with
varying interaction times, laser-power-ramping experiments at a fixed scanning speed of 6 mm/s in continuous
mode were carried out with in situ surface temperature measurement utilizing an E-Mags camera based Laser-
tronic-Lampocpro system (Fraunhofer IWS, Germany). Table 2 shows the processing conditions adopted. All
experiments were carried out under a laminar flow of argon shroud using a special nozzle setup designed with
20 mm x 3 mm orifice under a pressure of 3-bar to provide adequate protection from atmospheric contamination.
After assessing the influence of laser power on melting and surface temperature effects during in situ power
ramping experiments, fresh experiments were conducted at a fixed laser power of 6000 W and varying interac-
tion times ranging from 3.3 ms - 100 ms on both PRS and AMRS substrates. The range of interaction time was
chosen such that surface texture effects produced under conditions ranging from no-melting zone to substantial
melting could be assessed. Table 3 depicts various thermophysical and mechanical properties (compiled from
various literature reports) of the steels used for the study [24]-[33].

Table 1. Chemical composition of pearlitic (PRS) and austenitic (AMRS) steels used in the study.

Designation C Mn Si Al S P Fe
PRS 0.67 1.13 0.27 <0.01 <0.02 <0.02 Bal.
AMRS 1.34 13.6 0.45 <0.01 <0.02 <0.02 Bal.

Table 2. Processing conditions employed for both power-ramping and texturing experiments.

Diode laser beam spot (FWHM) 17 mm X 2 mm
Shroud gas Argon at 3 bar
Scanning speed (for power ramping experiments) 6 mm/s
Laser power (for power ramping experiments) 500 - 1700 W
Temperature range (for power ramping experiments) 800°C - 1320°C
Laser power (for texturing experiments) 6000 W
Interaction time (for texturing experiments) 3.3-100 ms
Sample condition Surface ground to 1.2 pm R, finish

Table 3. Thermo-physical and mechanical properties of steels utilized in the study.

Property PRS AMRS
Density, g/cm’ 7.84 7.88
Specific heat, J/(Kg-°"C) 674 502
Thermal conductivity, W/(m-°C) 50.5 13
Thermal expansion co-efficient (0°C - 600°C), x10 ¢ °C™* 10.8 21.5
Hardness, HV s 310 - 360 315-395
Elastic modulus, GPa 210 186
Solidus temperature, ‘C 1287 1135
Martensite start temperature M, "C 263 —-193
Critical austenetization temperature Ac;, °C 765 983
Thermal diffusivity, 107 x m%s 5.1 3.8
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After laser irradiation, as-treated surfaces were subjected to surface topology/morphology evaluation utilizing
a 3D non-contact optical profilometer (Zygo Corporation, USA), an Optical Microscope (OM) and a Scanning
Electron Microscope (SEM) (Hitachi Corporation, Japan). Relevant textured surface features like average sur-
face roughness (R,), average peak-to-valley height (PV), average surface waviness (W,) etc., were also meas-
ured. In order to analyze the melt depth/hardened layer depth and sub-surface microstructure of the treated sur-
faces, metallographic samples were sectioned from the cross-section of the treated tracks using a slow-speed
Isomet cutting machine and the samples mounted and ground as per standard metallographic sample preparation
methods. Few samples were also analyzed for elemental distribution in dendritic and inter-dendritic regions of
the microstructure using Energy Dispersive Spectrometer (EDS) attached to the SEM. Phase and surface texture
analysis of treated surfaces (both in polished and unpolished conditions) was carried out utilizing X-ray Dif-
fractometer (XRD) system (Bruker AXS, Germany) to understand phase changes as well as texturing effects due
to laser treatment at different interaction times.

3. Results and Discussions
3.1. Analysis of Substrate Steels

Figure 1 illustrates microstructure, surface morphology and surface topology of untreated PRS and AMRS steel
surfaces prior to laser processing. As the surface preparation prior to laser irradiation is same in case of both the

Figure 1. Microstructure and surface topologies of untreated steels: (a) AMRS micro-
structure; (b) PRS microstructure; (c¢) PRS/AMRS 3D surface topology profile.
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steels, 3D surface profile presented in Figure 1(c) remains same. The microstructure of AMRS depicted in Fig-
ure 1(a), delineated due to chemical etching indicate, possibly large grains of austenite with grain boundary
network of carbides of Fe and Mn. The microstructure obtained was similar to that observed in normal Hadfield
steels obtained due to solution treatment as reported in various studies [34]-[37]. The presence of high amounts
of carbon and manganese in AMRS are principally responsible for stabilization of austenite at room temperature
[38] [39]. Grain size measurement in microstructure of the AMRS steel indicated presence of coarse austenitic
grains in the range of 160 - 400 pm. Phase analysis of the AMRS reported by same authors in an earlier study
also indicated presence of large grains of austenite with thin grain boundary of carbide network [28]. Figure 1(b)
depicting microstructure of PRS indicates fully pearlitic lamellae with few ferritic islands. Phase analysis of the
PRS reported previously by the same authors indicated almost 97% pearlite [40] [41]. The dark etched regions
in between pearlitic lamellae comprise of ferrite and observed to be 2% - 3%. The interlamellar spacing in pear-
lite of PRS evaluated by adopting standard metallographic methods, described elsewhere by Clayton [42], was
found to be 260 + 40 nm. The surface topographic profile of PRS/AMRS depicted in Figure 1(c) shows grind-
ing furrows/striations. The average surface roughness (R,) and average peak-to-valley height (PV) values of the
untreated substrate steel surface were found to be about 1.1 um and 5 um respectively.

3.2. In Situ Surface Temperature Analysis during Power-Ramping Experimentation

Figure 2 shows the in sifu surface temperature measurement graphs obtained during power-ramping experi-
mentation on both PRS and AMRS along with treated surface images. After conducting the power-ramping ex-
perimentation, few micro-hardness measurements were also carried out on treated surfaces to assess any har-
dening effects. It is clear that the measured surface temperature (from E-Magqs camera) was always found lower
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Figures 2. (a) Surface morphologies of laser-treated tracks obtained
with power-ramping experimentation; (b) variation in surface tem-
perature with laser power measured during power-ramping experi-
ments utilizing E-Mags Lampocpro system (T, indicates melting point
and Ac; indicates hardening temperature).
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in AMRS as compared to PRS. Although room-temperature thermal conductivity of AMRS is nearly one-third
of PRS (refer to Table 3), its effective thermal conductivity enhances on account of its low oxidation affinity
associated with higher carbon and manganese contents. PRS is more prone to formation of a surface oxide scale
(with higher amount of iron oxides) than AMRS and thereby leading to lower effective thermal conductivity and
higher laser absorptivity at the surface and correspondingly rise in surface temperature. Indeed, surface mor-
phology (depicted in Figure 2(a)) exhibiting darker discoloration in PRS than in AMRS corroborates the above
effect. Studies involving laser irradiation of steels with different surface treatment conditions also reported sim-
ilar effects of increase in surface temperature associated with enhanced surface absorptivity and reduced effec-
tive thermal conductivity governed by the type and amount of oxide film formed on the surface [43] [44]. The
Ac; temperature in case of PRS and Ty, temperatures in PRS/AMRS were identified based on observation of in-
crease in surface hardness and commencement of surface undulations on laser treated tracks. The evaluated crit-
ical austenetization (Acs) and solidus (Ty) temperatures from the curve fitting for PRS showed values of about
743°C and 1245°C respectively. The points presented in the graphs with error bars are the actual values meas-
ured and averaged from three trials. In case of AMRS, the solidus temperature (Ty) evaluated was found to be
about 990°C.

The optical images of treated surfaces presented in Figure 2 evidently show distinguishably different mor-
phologies produced on account of variation in chemistry of steels. It is clear that melting commenced at an early
stage in case of AMRS (at about 990°C) as compared to PRS (at about 1245°C) owing to low solidus tempera-
ture of AMRS associated with presence of high Mn and C contents in steel. Indeed, the measured solidus tem-
peratures (Ty;) from E-Mags system in both the steels are also close in agreement with the values reported in li-
terature [26] [30]. The corresponding laser power required for commencement of melting in PRS and AMRS
were observed to be 795 W and 950 W respectively. Indeed, presence of higher amounts of Mn and C contents
in AMRS enhances the temperature gradient in the liquid and thereby render constitutional super cooling of melt
with ease. Thus many protrusions on the melted regions are quite discernible in case of laser treated AMRS sur-
face with their quick commencement (at low surface temperatures) as compared to that of PRS. No improve-
ment in hardness could be observed on the surface of AMRS on account of no martensitic transformation as
against high surface hardness of 800 - 870 HV observed in PRS. This is convergent with ease of austenite stabi-
lization at room temperature in AMRS, associated with —193°C Mj, as against martensitic transformation in PRS,
whose M Temperature is 263°C (depicted in Table 3).

Another important feature discernible is variation of surface morphology with surface temperature evident
from the relatively darker discoloration in hardened region of PRS surface compared to that of AMRS. This
could be presumably due to variation in material absorptivity and oxide scale formation effect (reported later in
XRD analyses of as-treated surfaces). Although laser treatment has been carried out under inert gas shielding,
the propensity for oxidation increases with temperature and the formation of oxide layer and its growth rate is
found to be dependent on alloying elements of steel. Various reported studies on laser surface hardening/melting
also reported similar formation of oxide layers despite processing under inert atmospheres [40] [44] [45]. The
presence of low Mn and C constituents in PRS could plausibly oxidize the surface easily accompanied with
oxide film growth and thereby enhance abosptivity. Indeed, in a similar study involving laser melting of stain-
less steels, the ease of formation of manganese oxides was found favorable at low temperatures as compared to
iron oxides at higher temperature owing to their low Gibbs free energies of formation [1]. Thus PRS favored
formation of higher amounts of iron oxides than AMRS as evident from darker discoloration in the hardened
surfaces processed at low surface temperatures. With further increase in surface temperature, in melting regime,
mixing of oxide products with melt and evaporation effects will come into vogue that manifest in surface undu-
lations. In similar reported studies involving YAG laser processing of steels, similar morphological features of
protrusions and crests were observed on melted surface and attributed to scattered localized melting, evaporation
and some turbulent convective heat transfer effects [2] [46].

3.3. Surface Texture Analysis

Further to the analysis of the power-ramping experiments conducted on both the steels explained earlier, fresh
laser processing experimentation has been conducted on the same grounded steel specimens with a constant la-
ser power density of 1.75 x 10° W/cm? and varying laser interaction duration between 3.33 - 100 ms. The range
was chosen in a way to cover the spectrum of no-hardening regime to substantial melting regime. Figure 3 and
Figure 4 depict the surface morphologies and 3D surface topological profiles obtained with variation in interact-
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Figure 3. Surface morphologies of as-treated specimens processed with different interaction times: (a) AMRS
(20 ms); (b) AMRS (33.3 ms); (c) AMRS (100 ms); (d) PRS (20 ms); (¢) PRS (33.3 ms); (f) PRS (100 ms).

| Amrs | prs

Figure 4. Surface topographic profiles of laser treated PRS and AMRS steels processed with different interac-
tion times: (a) AMRS (20 ms); (b) AMRS (25 ms); (c) AMRS (33.3 ms); (d) AMRS (50 ms); (¢) PRS (20 ms);
(f) PRS (25 ms); (g) PRS (33.3 ms); (h) PRS (50 ms).



S. M. Shariff et al.

tion time. Topographic and morphological features of laser treated surfaces processed with 3.33 ms are not de-
picted here as no significant variations could be observed in them as compared to that of untreated substrate
surfaces owing to very low interaction time involved in the process. 3D optical surface topographic profiles for
treated surfaces processed with interaction time of 100 ms are also not depicted as the surfaces obtained were
extremely rough with heavy undulations and could not facilitate to collect sufficient points to obtain an effective
topographic profile.

It is clear from Figure 3 that the type of steel as well as interaction time significantly influences the mor-
phology of the treated surface. Indeed 20 ms interaction time is sufficient enough to eliminate grinding furrows
present in the unaffected substrate of both the steels as evident from Figure 3(a) and Figure 3(d). However,
many protrusions with rough texture is visible in treated surface of AMRS (Figure 3(a)) compared to the dark
smooth surface with no protrusions in PRS (Figure 3(d)). This could be possibly due to the occurrence of melt-
ing in AMRS in contrast to transformation hardening (without any melting) in PRS. Indeed, wide gap in solidus
temperatures (depicted in Table 3) of PRS and AMRS contributed to this effect. The corresponding topographic
profiles of these surfaces (Figure 4(a) and Figure 4(e)) further corroborate these changes that manifest on ac-
count of enhancement in surface temperature. These asperities (crests and troughs) were observed to be many
and well ordered in AMRS steel, although their density decreasing with increasing interaction time, as compared
to their corresponding surface morphologies of PRS. Apparently, the average surface roughness (R,) and surface
waviness (W,) values got increased from untreated surface of 1.2 pm R, and 2.4 pym W, to 6.4 pm R, and 74 pm
W, in AMRS (processed with 100 ms) and 4.4 um R, and 38 pm W, in PRS (processed with 100ms) respec-
tively. This evidently shows that, apart from chemical composition and thermophysical properties of steel, solute
concentration, solidification rate (R) and temperature gradient (G) in the melt pool determine the morphology of
the laser-treated surface. Further explanation to these effects on resulting surface texture is described later with
detailed SEM, EDS and XRD analysis.

One unique feature, reported for the first time, that can be observed in laser melted surfaces of AMRS (evi-
dent from 3D surface topographic profiles presented in Figure 4(a)-(d), is the exorbitant growth of height of
well aligned protrusions with increase in interaction time. A measure of this surface roughness parameter,
termed as PV, (the distance between peak height in crest to center of valley depth, a texture parameter), aver-
aged from three different regions has been evaluated and co-related with melt-depth in Figure 5. It is clear that
with increase in interaction time, both PV and melt-depth values increased in AMRS as well as PRS on account
of enhanced melting. No melting was observed in PRS until 25 ms interaction duration on account of high soli-
dus temperature. Although, in AMRS, melt depth (Dy,) gradually increased from about 35 um (processed with
20 ms) to about 495 pm (processed with 100 ms), its PV enhanced exorbitantly from 180 um (processed with 20
ms) to about 715 pm (processed with 100 ms). This indicates formation of protruded crests (domes) of greater
heights in AMRS as compared to their corresponding PRS counterparts. This trend with presence of many visi-
ble protrusions of greater heights is also evident from 3D topographic profiles, of AMRS as compared to PRS.
The protruded crest was observed to be present in nearly central region of PRS melted surface and its height
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Figure 5. Influence of interaction time on melt-depth and surface rough-
ness parameter (PV) on laser treated PRS and AMRS.
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enhanced gradually with interaction time as compared to many self-aligned domes in AMRS. Similar effects of
crest-to-valley heights (although to a lesser values) were reported in laser melted tool steel surfaces processed
with YAG laser under pulsed mode and attributed to solidification and evaporation effects associated with ther-
mal accumulation patterns [2]. The melted surface of AMRS (also evident from surface morphology (Figure
3(c)) processed with 100 ms exhibited a unique wavy surface texture with enlarged hemi-spherical troughs (with
5-mm diameter) and high protrusions (as high as 630 um). Possibly, interaction of a multi-mode diode laser
beam with such high duration on a low thermal conductivity and high thermal expansion co-efficient material
like AMRS could induce such textured surface associated with an altogether different solidification mechanism.
As melt pool circumference extend with increased interaction time, the protrusion height increases due to shear
force of fluid flow, consequently, the adjoining trough depth becomes shallower. In a similar study, Semak and
co-workers observed similar effects in laser irradiated surface of steel and attributed to factors like material re-
moval and re-solidification mechanisms involved [7].

Generally, with the commencement of melting, few randomly localized melted pockets arise on surface owing
to different degree of site-absorptivity associated with the non-uniform energy distribution (practically speaking,
energy distribution profile will be with greater non-uniformity at low interaction time) of the laser beam. As a
result, differential variation in temperature accumulation happens at few spots within the laser irradiated region
leading to formation of few fine domes (crests) and sinks (troughs) in their vicinity. Further with increase in la-
ser-input energy or interaction time, more thermal accumulation occurs with evaporation effects also coming
into vogue. This generally happens in the form of crater (trough) in the central region of the irradiated surface
for a Gaussian laser source. The vapor pressure induced shock waves generated in the process facilitates flow of
the melt from the crater to its periphery and thereby protrusion eruption enhances adjoining the trough. Thus the
positive and recursive feedback mechanism of the melt induce such surface morphology constituting wavy pat-
terns is discernible. As similar to melted surfaces of PRS, many studies involving laser melting of steels also
reported similar surface morphologies, although with variation, depending on the thermo-physical properties of
steel and processing conditions [6] [7] [46] [47]. However, no study in literature reported such unique surface
morphologies / textures in steel as observed in AMRS. Although, it is possible to produce textured surfaces with
pulsed mode of laser processing or with laser ablation technique utilizing eximer laser, this is first time that
AMRS steel could induce such self-aligned textured patterns with high protrusions utilizing a CW laser.

Further SEM, EDS and XRD analyses of the laser treated PRS and AMRS surfaces depicted in Figures 6-8
elucidate the vital importance of chemistry and thermo-physical properties in producing varied textured surfaces
and solidification structures. Pores, pits (dark spots) and cracks were observed in all the melted surfaces of
AMRS as against crack-free melted surfaces of PRS processed un till 33.3 ms, whereas few cracks were ob-
served in PRS surfaces processed with 50 and 100 ms interaction times. Indeed, higher the laser energy or inte-
raction time, higher will be the magnitude of thermal stress developed due to steep temperature gradients in the
melt surface vicinity and thereby leading to cracking. If the accumulated stresses in melt fall within the yield
stress, no cracking could be induced. The cracking propensity was observed to be higher in case of AMRS than
PRS. Indeed, cross-sectional micrographs of the laser-treated layers processed with 25 ms, depicted later, evi-
dently showed solidification crack penetrating through the substrate in AMRS as compared to crack-free melt
layer in PRS. Similar effects of cracking in the laser melted layers were reported in various studies [47]-[49].
Indeed, high negative partitioning co-efficients of Mn and C in AMRS melt pool may facilitate in enhancing
rupture along grain/sub-grain boundaries in liquid melt. Similar solidification cracking behaviour was also re-
ported in studies involving laser welding/melting of austenitic manganese steels and attributed to lowering of
toughness and carbide precipitation in grain boundaries of the melt pool [29] [50]. Indeed, EDS spot analysis of
dendritic melted layer of AMRS depicted in Figure 8 showed Mn-rich carbide segregation in interdendritic re-
gion.

Further XRD analysis provides insights into the texturing effects of laser treated surfaces. It is clear that the
textured surfaces show formation of oxides of Fe in both PRS and AMRS, although with varying degree, de-
pending on the laser interaction time. No oxide phases were observed in PRS and AMRS surfaces processed
with 3.33 m/s indicating hardly any effect of the surface due to laser irradiation. Furthermore, iron oxides
formed were always higher on PRS surfaces than in AMRS counterparts processed with similar interaction times.
This could be attributed to the presence of high Mn content in AMRS and its ease of evaporation. Similar effects
on the formation of oxides, although with a varying degree, were reported in laser hardened/melted surfaces of
steels and attributed to their chemistry and processing conditions [40] [51]. A close look at the XRD patterns
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Figure 6. High magnification SEM surfaces of laser-treated PRS and AMRS steels processed with different
interaction times: (a); AMRS (20 ms); (b) AMRS (25 ms); (¢) AMRS (33.3 ms); (d) AMRS (50 ms); (e)
PRS; (20 ms) (f) PRS (25 ms); (g) PRS (33.3 ms); (h) PRS (50 ms).
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Figure 7. X-Ray Diffraction patterns of as-treated surfaces processed under dif-
ferent interaction times: (a) AMRS; (b) PRS.

(Figure 7(a)) of AMRS surfaces (processed under different interaction times) showed formation of only auste-
nite phase (y-Fe) and no peaks of either a’-martensite/e-martensite or carbides being detected. This shows that
laser melting of AMRS in our case did not induce martensitic transformation, as reported by other studies, ow-
ing to austenite stabilization [23] [48]. The XRD patterns of laser melted PRS indicating significant peak shift-
ing as well as peak broadening in almost all a-Fe peaks, suggests, formation of martensite with grain refinement
as compared to untreated substrate. Indeed, the high cooling rates associated with laser treatment process did fa-
cilitate martensitic transformation in PRS owing to its above room temperature M. Various studies on laser
melting/hardening also reported such martensitic transformation in carbon steels [40] [41].
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Region C (6] Si Mn Fe

Dendrite 3.86 | 0.01 | 0.53 |10.67 | 83.78

Inter-dendritic region| 10.31 | 0.02 | 0.58 | 15.3173.95

Figure 8. Cross-sectional SEM microstructure and EDS analy-
sis of textured AMRS processed with 25 ms duration.

One striking unique morphological feature that could be observed in the high magnification SEM surface of
AMRS processed with 25 ms (Figure 6(b)) is the uniformly self-aligned textured free surface with epitaxial
y-Fe crystals with preferred crystallographic orientation. This textured effect got disoriented in different direc-
tions (random disorientation of y-Fe crystals) with further increase in interaction time of 33.3 ms, evident from
Figure 6(c). This shows that there exists a threshold interaction time (possibly 25 ms), wherein the resolidified
surface could be textured in the fashion observed. With further increase in interaction time of 50 ms, the tex-
tured free surface pattern disappeared, possibly due to leveling of thermal accumulation effects. A close look at
XRD patterns of treated surfaces with different interaction times (illustrated in Figure 7(a)) indicated gradual
reduction in peak intensity of y-Fe (111) at the expense of increase in intensity in other direction of (200). This
texture development evaluated by normalizing (111) peak intensity of other peaks of (200), (220) and (311) of
treated surface indicated in Figure 9(a) further corroborate effect of interaction time on evolving preferred
crystallographic growth direction of y-Fe dendrites. This suggests that the preferred growth direction of y-Fe
crystals is necessarily in the order of (200) with increase in laser interaction time. Similar variation of crystallo-
graphic texture was observed in a recent study conducted on cold worked Hadfield laser-clad coatings, although
with a presence of few martensitic transformation peaks [48]. In their study, it was observed that higher the de-
formation of cold work carried out in laser-clad coating, higher the texturing effect in dendrites of y-Fe and at-
tributed to dislocation and twinning effects.

Although free surface texturing effect reduced with increase in interaction time after 20 ms, the strength of the
crystallographic texturing effect continuously increased with interaction time, with most influenced directional
growth being in (200) direction. In a similar reported study of laser melting of 0.86% C - 26% Mn steel, similar
unidirectional cellular/dendritic growth was observed when processed at rapid solidification conditions [22]. As
crystal growth along <100> is most preferred in FCC material, strongest textured influence could be seen in Fe
(200), of laser melted AMRS. Similar textured surfaces with protrusion of austenite crystals were also reported
in rapidly solidified Fe-Cr-Mn-C steel ribbons produced by melt-spinning when cast with high speeds, although,
they had not presented the textured images [23]. They attributed to the presence of high manganese content (>18
W1%) coupled with estimated high cooling rate in range of 10° - 10° K/s for the dendritic growth of austenite
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Figure 9. Influence of interaction time on texture development (vari-
ation in intensity distribution of various crystallographic planes nor-
malized to (111) in AMRS and (110) in PRS): (a) PRS; (b) AMRS.

crystals with preferred crystallographic orientation.

The solidification morphologies of melts are basically governed by the ratio of temperature gradient (G) and
solidification rate (R), termed as G/R. Basically, an elevated thermal gradient in the melt is desired to facilitate
constitutional super cooling and thereby result in directional solidification. At critical cooling rates, occurrence
of solidification in localized sites and evaporation in the surrounding area result in thermal accumulation and
micro-relief and as a result textured surface, although, chemical inhomogeneity involved in the process deter-
mine the effect. Apparently, on account of high G/R coupled with varied partitioning co-efficients of Mn and C
in y-Fe, such solidification structure with textured surface effects could be envisaged in AMRS. Although such
epitaxial cellular/dendritic solidification structures with textured free surfaces were reported in studies involving
irradiation of materials like superalloy, ZnO, ZrO,, structural steel, platinum and stainless steel with CO,, YAG,
Excimer and Fiber lasers under pulsed/Continuous Wave processing modes [3]-[6] [52], it is first time that an
austenitic manganese steel under CW mode diode laser processing produced such self-organized structures. In-
deed, the rectangular multi-mode diode laser spot produced with collimation and focusing optics being scanned
at very low interaction time could virtually induce the irradiance effect of a packet of few micron-sized Gaussian
beam spots (basically structured from arrays of single diode emitters of few micron size spaced in few micron
distances) to induce such highly localized solidification/evaporation effects as similar to ablation utilizing Ex-
cimer laser. Few studies involving laser melting of Al-Cu, Al-Nb and Ti-Al also reported similar texturing ef-
fects with directional solidification and attributed to the prevailing high cooling rates coupled with wide differ-
ence in thermal properties of solutes in the melt [17] [19].
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As compared to the strong texturing influence observed in AMRS with epitaxial dendritic growth of austenite
crystals in (200) direction, no texturing influence could be realized in PRS. The treated surface of hardened PRS
(without any melting) with 20 ms exhibited randomly disoriented protrusions of oxides, typical of the formation
of oxide film texture, reported in many studies involving diode laser hardening of steels [40] [45]. Indeed XRD
pattern of the surface exhibited significant iron oxide peaks (Fe;04, Fe,0; and FeO). Furthermore, broadening of
the peak at 44.3° coupled with significant peak shift indicate martensitic transformation. Thus surface texture of
PRS processed with 20 ms exhibited globules of oxides (brighter spots) and martensites (darker regions). With
further increase in interaction time, morphological patterns changed with different globules of martensites and
oxides (mixing of different oxides of Fe with melt). Increase in interaction time lead to increase of Fe;04 and
Fe,05 oxides and decrease of FeO oxides as evident from the oxide peaks of XRD patterns depicted in Figure
7(b). This is expected owing to increase in oxide dissolution with melt with interaction time and thereby form
oxygen-lean iron oxide phases. Similar effect has been reported in the study involving laser treatment of railroad
steels by same authors and attributed to varied effects of oxide dissolution in the melt [40].

With further increase in laser interaction time, for example in PRS processed with 50 ms, the morphological
pattern has got totally changed from globular texture to irregular undulated one with flaking and cracking. This
could possibly happen on account of high evaporation coupled with uneven stress distribution and austenite sta-
bilization. Similar effects of cracking were reported in laser melted steels when excessive melting conditions
prevailed [21] [49]. Apparently, a minimal texturing effect in the reverse direction could be observed in
Fe(200), of PRS as evident from the normalized intensity distribution of various peaks of a-Fe presented in
Figure 7(b). With increase in interaction time, intensity of a-Fe in (200) direction reduced marginally, plausibly
on account of martensitic transformation (c-axis dilation) and stabilization of austenite. On the whole, no signif-
icant texturing effect could be observed in laser melted PRS, with the exception of globular morphologies asso-
ciated with porous oxide film formation. Indeed, presence of low C and Mn, as compared to that AMRS, did
induce planar growth and as a result no dendritic/cellular solidification structures.

3.4. Cross-Sectional Microstructure and Hardness Evaluation

Further to comprehend the microstructural variations in the subsurface of treated layers, comparison in terms of
cross-sectional microstructure and hardness profile has been analyzed by considering a typical layer processed
with similar interaction time of 25 ms. Figure 10 illustrates cross-sectional microstructures and hardness pro-
files of the treated layers. As indicated previously, solidification crack penetrating though the substrate is clearly
visible in AMRS, as against no such cracking in PRS. Plausibly, toughness of the melted layer (22-micron depth)
in PRS is sufficient enough to accommodate the induced stress to avoid cracking. Conversely, solidification
cracking is easily possible in AMRS on account of lowering of toughness in melted layer associated with higher
extent of austenite destabilization and segregation of carbides along the grain boundary. Hardness distribution in
the treated layer of PRS indicated 840 - 880 HV in hardened region and 795 - 820 HV in melted region as com-
pared to the substrate hardness of 260 - 290 HV (near tempered region). Vast hardness improvement in trans-
formation hardened region of PRS could be due to martensitic transformation associated with high cooling rates
of the laser treatment process and 263°C M, temperature of the steel. Marginal hardness reduction in melted re-
gion of PRS steel could be on account of soft austenite retention observed as per XRD analysis. Similar effects
of hardness variation in both hardened and melted regions are reported in various studies involving laser har-
dening of steels [40] [41]. Conversely, hardness values reduced with distance from melted/substrate interface in
laser treated layer of AMRS processed with 25 ms. Indeed destabilization of austenite with carbon loss and se-
gregation of carbides in interdendritic boundary could reduce hardness in melted microstructure. Similar reduc-
tion in hardness of melted austenitic steels was reported in various studies and attributed to loss of car-
bon/carbides and reduced austenite stability with solidification rate [53] [54].

4. Conclusions

Depending upon the laser interaction time, melting induced distinguishably different microstructural transforma-
tions and surface morphological effects in austenitic and pearlitic steels. Measurement of temperature during la-
ser irradiation exhibited higher temperature on pearlitic steel surface than in austenitic one due to lowering of
effective thermal conductivity and enhanced laser absorptivity associated with higher oxide film formation. At
critical processing condition (interaction time), a unique self-aligned wavy pattern in melted surface was observed
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in austenitic steel with highly protruded crests as compared to moderately rough texture in pearlitic steel. Melt
depth with high peak-to-valley height texture parameter was always found higher in austenitic steel than in pear-
litic one owing to low solidus temperature and low thermal conductivity. No martensitic transformation was ob-
served in austenitic steel as compared to full martensitic transformation produced in pearlitic steel.

Laser surface melting of austenitic manganese steel with appropriate power density and cooling rate deter-
mined by laser interaction time resulted in textured free surface with growth of protrusions increasing with melt
depth. Strong texturing effect in (200) plane was observed with laser melting of austenitic steel and this effect
increased with increase in interaction time at the expense of (111) plane. The microstructure also showed pre-
ferred growth of cellular-dendrites of austenite in direction perpendicular to laser scanning direction. In contrast,
no texturing effect with any preferential growth could be observed in pearlitic steel.
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