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A systematic study was carried out to under stand the various microstructural changesin the heat-affected
zone dueto laser treatment on 2.25Cr-1M o steel. The observed microstructures pertain to different cooling
ratesat different depthsfrom the surface. A good correlation of the microstructureswith the corresponding
time-temperature-transformation (TTT) diagram of the steel was observed.
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1. Introduction

Lasers are currently employed in high-speed precision jobs
such as cutting and joining in most industries. Further, being
a controlled heat source, laser finds potential application for
transformation hardening of components made of carbon
steels*3 The rapid heating rates and the associated cooling
rates make this process capable of providing a wide range of
microstructures with different mechanical properties within a
very shalow depth of the surface. Thus, it could be quite
useful in the fabrication of thin-walled heat exchangers, where
tungsten inert gas (TIG) welding is presently employed.® The
present problems due to TIG welding, namely, stress arising
fromrigid fastening, distortion, and vibrations could be avoided
if an aternative method such as laser welding is attempted.
The major advantages of the laser process are as follows:

* minima or no damage/distortion of the workpiece; and
* rapidity of the single shot laser process.

Whenever a laserlike source is used to join a thin sheet
material to thick-walled ones, it is necessary that the weldment
should have adequate mechanical properties. In other words,
microstructural similarity to the parent material must be gener-
ated during the weld thermal cycle. The heat flow problemsin
the laser process are quite complicated by the number of vari-
ables involved. They can be either process parameters such as
beam size, power, absorbtivity, or material parameters such as
specific heat and thermal conductivity.

Considering the fact that laser processing offers a compre-
hensive solution, a systematic study by varying the power of
the laser source to determine the nature of microstructure that
evolvesin aferritic low aloy 2.25Cr-1Mo stedl is carried out.
The melting of thin layers of metal surfaces by directed laser
beam would result in rapid resolidification. Consequently, the
surface and subsurface microstructures are modified. Several
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distinct microstructural zones are expected to develop from the
laser-melted surface end to depths of a few hundred microns
due to the heat input imposed by the laser source at the surface
and the differential cooling rates envisaged by successive zones.
The present paper reports the modification of the microstructure
as a consequence of irradiation with alow power laser source.

2. Experimental

The nominal composition of the low alloy ferritic steel used
in this study is shown in Table 1. The materia was supplied
in the form of plates from which specimens of 5 X 7 X 10
mm were cut and degreased using alcohol. Samples were heat
treated in two different conditions. normalized (hereafter
referred as N) condition (1323 K for 1 h) and normalized and
tempered (hereafter referred as N&T) condition (1323 K/1 h
followed by 1023 K for 0.5 h). In all cases, following the heat
treatment, the samples were cooled in still air. The heat-treated
samples were polished and degreased prior to laser treatment.

An indigenous, multibeam, continuous wave CO, laser sys-
tem operating at 10.6 um was used for the laser treatment. This
system has a slow axial flow type of construction and uses a
ZnSe lens to focus the six beams onto the specimen. It could
deliver a maximum power of 500 W. In the present study,
autogenous laser spots at three different power levels, 100, 150,
200 W, were produced. The laser beam was focused onto the
surface of the plate and had a circular shape with Gaussian
distribution of energy. The beam diameter was estimated to be
1.5 mm. The power densitieswere of the order of 108 W/m?. The
time of exposure was maintained at 30 sin all the trestments.

Theirradiated sampleswere cut across the spot and the cross
sections were examined in an optical microscope, MeF4A
(M/sLeica, Vienna, Austria), and scanning electron microscope
(PSEM 501, Philips Electron Optics, Eindhoven, The Nether-
lands). Microhardness profiles of the same samples were deter-
mined using a load of 50 and 10 g using a Vickers microhard-
ness tester.

3. Results and Discussion
3.1 Initial Microstructures of the Steel

The heat treatment at N condition resulted in afully bainitic
microstructure, as shown in Fig. 1(a). The samples heat treated
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Fig. 1 Optica micrograph showingtheinitial microstructure: (a) fully
B in N condition and (b) tempered B (« + carbides) in N& T condition

Tablel Chemical composition of the steel used

Elements Cr Mo C S Mn P Fe

Wt.% 221 09 011 031 04 0.025 Rest

Table2 Width of different zones

Width of zones (in um)

Laser power (in W) Melt zone Heat-affected zone
100 180 3300
150 200 4780
200 260 5210

under N&T condition exhibited a tempered microstructure,
namely, ferrite («) and carbides, as given in Fig. 1(b).

3.2 Microstructure after Laser Surface Treatment

Laser surface treatment melted the surface layers. The depth
of surface-melted zones varied from 100 to 200 um for the
range of power employed, viz. 100 to 200 W. From the optical
micrographs, the widths of different zones were measured and
the values are furnished in Table 2.
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Fig. 2 Optica micrograph showing the widths of melt zonesfor three
different laser powers: (a) 100 W, (b) 150 W, and (c) 200 W

The Méelt Zone. The solidified zones close to the surface
exhibited a dendritic microstructure due to the high rate of
cooling experienced by the surface. The zonesfurther had devel-
oped cracks and porosity probably because of tensile residual
stresses present locally. Figure 2 compares the microstructures
at the surface for the three power inputs. Although the micro-
structures are similar in their nature, the width of the dendritic
area of the sample irradiated with 200 W was about 2 times
that of the sample irradiated with 100 W (Fig. 2a and c). The
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Fig.3 (a) to (f) A series of optical micrographs showing the microstructural modification due to laser treatment (150 W/30 s) in samples of

N condition

Fig.4 (a) to (f) A series of optical micrographs showing the microstructural modification due to laser treatment (150 W/30 s) in samples of

N&T condition

microhardness of these regions was measured and found to be
530 VHN, indicating that the zone is hard.

Distinct Heat-Affected Zones. Beneaththe melt layer, only
solid-state transformation occurred and the products of austenite
resulting from a range of cooling rates were observed. These
products of austenite for two different initial microstructural
conditions are discussed in the following section.

N Condition. Figures 3(a) to (f) show the microstructures
corresponding to the adjacent layers of laser-modified surface
of the N sample treated with 150 W. A typical bainitic structure
was observed, as shown in Fig. 3(a) to (c), while Fig. (d)
and (€) exhibited a mixed structure of partially reaustenitized
necklaces with tempered a regions. The microstructure present
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in Fig. 3(f) exhibited again a fine necklace of reaustenitized
zone, but the bainitic structure was retained with coarser prior
austenite grains.

Similar structures were obtained for other power inputs (100
and 200 W) of laser irradiation.

N& T Condition. The micrographs shown in Fig. 4 (a) to
(f) correspond to the different products that evolved from the
laser treatment of aN& T sample. The layers beneath the melted
zone exhibited fine a grains with profuse carbide precipitation.
(Fig. 4a). Thisisin contrast to what was observedinaN sample.
In zones farther away, a microstructure somewhat bainitic in
morphology appeared, with fine prior austenite grains. It can
be inferred that the structure is partialy tempered. Figure 4(c)
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Fig.5 (&) Schematic figuredepicting the nucleation of austenitealong
the grain boundary generating a necklacelike structurein the N sample.
(b) Schematic figure depicting the discrete nucleation of austenite
around the carbides in the N& T sample

and (d) show the microstructures of regions that have experi-
enced the temperature of the two-phase regime, namely, {a +
austenite} of the Fe-C phase diagram. The resulting structure
consists of a matrix of a with islands of partially transformed
austenite products. A similar observation was reported by Duke
et al.[ for the case of 12Cr-1Mo stedl. In the present steel, the
transformed austenite products could be « with carbides such
as M,C, M,C;, and M,3Cs. The systematic evolution of the
various carbides has been discussed elsewhere.>

In comparison, the N sample exhibited a fine necklace of
partially austenite zone, while it was not present in the N&T
sample. This can be explained based on thefact that the carbides
aready present in the initial microstructure in the case of the
N&T sample acted as centers of nucleation for austenite to
grow, while in the other case, the grain boundary acted as the
nucleation site. Thisis schematically showninFig. 5(a) and (b).

The microhardness profiles of the samplesindicate asignifi-
cant drop in hardness around 100 to 200 um distance from the
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Fig. 6 Hardness profiles of samples treated with a laser beam of
power 150 W for 30 sin (a) N condition and (b) N&T condition

laser-surface-melted end for the cases of both N and N&T
conditions (Fig. 6a and b).

The generation of the above-discussed distinct microstruc-
turesis dueto the differential cooling rates seen by the different
sections as the heat is passed over from the melt end to the
interior. In order to understand the heat distribution, the follow-
ing ssimplified calculations were carried out.

When the surface of the steel samples was struck with a
beam of laser at 100 to 200 W power, the laser spots melted
the surface. The transmitted energy that reaches a depth of z,
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Fig. 7 (a) Typica estimate of distribution of power along the cross

section of the samples. (b) Corresponding peak temperatures generated
aong the cross section of the samples

due to laser irradiation, can be calculated using the Lambert-
Beer law:["

E(zt) = Eo(t)(1 — R) exp (—a2) (Eq 1)
where E(zt) is the energy transmitted to a depth of z, and t is
the time of exposure while Eo(t) is the total energy for t s,
(1 — R) isafactor of absorbtivity, Ris the reflectivity, « isthe
absorption coefficient, and z is the depth.

The above equation can be used to generate the power distri-
bution inthe sample asafunction of distance fromtheirradiated
end (Fig. 7a). It can be inferred from the figure that the power
distribution that resulted from the laser irradiation time of 30
sis found to drop down within 20 to 40 nm layers. However,
the heat was transmitted toward inner layers beneath according
to the Fourier law of heat conduction.

The peak temperature obtained at the surface can be calcu-
lated® incorporating the various experimental parameters as
follows:

— Tamp = 2P/(7%aK) (Eq 2)
where P is the total power absorbed on the surface, « is the
diameter of the beam, and K is the thermal conductivity of the
steel. The relationship is shown in Fig. 7(b). The combination
of the powers and the interaction time was chosen in such away
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Fig.8 A map of the TTT diagram of the 2.25Cr-1Mo steel® super-
imposed with the microstructures obtained by laser treatment

Fig. 9 Secondary electron micrograph of (a) N sample treated with
100 W and (b) N sample treated with 150 W
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that the surface layers melted in al the cases. The consequent
microstructural modification with reference to different cooling
rates experienced is discussed below:

The laser irradiation brought about a series of microstruc-
tures that correspond to either one or a combination of phases
such as martensite (a'), bainite (B), and bainite (B) + ferrite
(@). The hardness values of the individual phases « and B were
found to be 144 and 259 VHN, respectively. Further, in order
to understand the nature of the evolution of these microstruc-
tures, the time-temperature-transformation (TTT) diagram(¥ of
the 2.25Cr-1Mo steel, along with four different cooling rates,
namely, water quenching (Q1), oil quenching (Q2), air cooling
(Q3), and furnace cooling (Q4), imposed over it, is presented
in Fig. 8. The microstructures that result from these cooling
rates were found to be o/, B, B and (B + «) respectively.
Typical microstructures obtained from thiswork were presented
in the map along with the TTT diagram. It can be inferred that
a steep cooling rate equaling that of water quenching can result
in &', while a slower cooling rate similar to furnace cooling
can result in @ + B.

Figure 9(a) shows that, for the case of 100 W irradiation,
there is no «' aong the liquid solid interface, while Fig. 9(b)
shows clearly the formation of afine a’ zone of width ~5 um
in asample treated at 150 W. This can be attributed to a higher
power density, which causes the steel to experience a steep rate
of heating as well as cooling.!*® Hence, it appears that there
exists aminimum power density to favor theformation of «'. In
the sampleirradiated with 200 W power, the o' isagain present.

It can be concluded from the above results that the various
types of microstructure could be achieved by effective control
of the power input during laser melting.

4, Summary

» Systematic microstructural characterization of various
zones present in a laser-surface-treated 2.25Cr-1Mo steel
was carried out.
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» Thehardnessof different zonesexhibited agood correspon-
dence with the microstructures observed.

* A map portraying the various phase field zones, the corres-
ponding TTT diagram of the steel, and the microstructures
was presented to show the effectiveness of surface modifi-
cation by laser surface treatment in achieving a variety
of microstructures.
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