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Abstract

The study investigates laser transformation hardening in the low-alloy 15CrNi6 case-hardening steel. The effect of process
parameters such as beam power, beam diameter and travel speed on microstructure, case depth and hardness was examined. In
addition, the effect of surface preparation was also investigated. For this purpose, all specimens were initially sandblasted. and
some were additionally coated with graphite in order to enhance surface absorptivity. In most cases, a heat affected zone (HAZ)
formed below the surface. This consisted of two discrete arcas, a surface layer and a transition arca between this surface layer
and the base metal. The microstructure of the surface layer was found to consist of lath martensite, while carburization was found
for certain process conditions in the graphite-coated specimens. The transition area consisted of a dispersion of fine carbides in a
ferrite matrix. A substantial increase in surface hardness was achieved, by a factor of 2.5 times the base metal hardness. Depths
of the HAZ up to approximately 0.6 mm were obtained, without surface melting. The additional use of graphite coating enhanced,
in most cases, the coupling of laser-beam to the surface resulting in greater HAZ depths. © 1999 Elsevier Science S.A. All

rights reserved.
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1. Introduction

Laser transformation hardening has become a well
established technique for heat treating steel surfaces,
competing against the more widely used flame and
induction hardening methods. The process presents con-
siderable advantages over these alternative methods —
the most significant are the high degree of controllability
and automation, low part distortion and capability of
very selective and precise treatment [1].

The process uses the heat generated by the impinge-
ment of a laser beam on the surface of the material to
austenitize it. The austenitized layers are subsequently
transformed to martensite due to very rapid conduction
of heat into the cold interior of the workpiece. This
effect is known as self-quenching and the cooling rates
obtained are usually high enough to allow martensite
formation, even in steels which have very low harden-
ability [2]. In addition, the hardened microstructure
obtained is usually finer than that from conventional
hardening techniques, leading to increased hardness and
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consequently to increased wear and fatigue resistance
[2,3].

The effect of the process on the hardened depth
depends strongly on the process parameters used, as
well as on the thermo—physical properties of the material
[4]. The major process parameters involved are beam
power and size, relative travel speed between the laser
beam and the workpiece, and the absorptivity of the
surface to laser radiation. The infrared radiation pro-
duced by CO, lasers, which are usually employed in
transformation hardening, is absorbed in very small
fractions by steel surfaces. In order to increase absorptiv-
ity and make more efficient use of the available laser
power, the surface is often pre-coated with graphite,
manganese phosphate or other absorbing coatings [1,2].

The present work is an experimental study of laser
transformation hardening of 15CrNi6 low-alloy steel.
The effects of process parameters and surface prepara-
tion on the resulting microstructure and properties of
the steel were investigated. This study is a part of a
series of researches on surface transformation hardening
of plain carbon and low-alloy steels (other parts have
been published elsewhere [3,6]). Investigation of the
present material served as a first step towards laser
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carburizing, which is currently being undertaken by
the authors.

2. Experimental procedure

The material used in this study was [5CrNi6 steel
which belongs to the high quality, alloyed steels group.
It is a case hardening steel mainly used for cog-wheels,
chain wheels and other parts in the automotive industry
[7]. The composition of the material was obtained by
chemical analysis (SPECTROLAB M35) and is presented
in Table 1.

For the experiments, 6 mm thick discs were cut from
100 mm diameter round bars of the material. All the
discs were sandblasted (S-specimens) in order to increase
the absorptivity of their surfaces to the laser beam
radiation. After sandblasting, some of the discs were
also coated with graphite spray (GRAPHIT 33) in an
effort to increase the absorptivity of the steel surface
(SG-specimens) even further.

The experiments were carried out using a CO, con-
tinuous wave laser (LASER ECOSSE) capable of pro-
viding a maximum output power of 3 kW. The laser
beam had a circular cross-section and the power distribu-
tion within it followed the TEM}; mode, also known as
a ‘doughnut’ mode due to its shape. The workpieces
were appropriately held on a CNC-table which had the
ability to move within a certain range of speeds. During
the process, the laser beam was kept stationary while
the table was translated with a specified travel speed
with respect to the beam.

A wide variety of process conditions (beam power,
beam diameter and travel speed) were used in the
experiments (Table 2), producing single tracks over the
surface of the discs. N, at a pressure of 5 bar was used
as protective gas against oxidation.

Specimens for metallographic examination by optical
microscopy were cut perpendicular to the beam direc-
tion, while some of the specimens were taper-sectioned
at a random angle from the surface. All the specimens
were embedded into resin, ground and polished. Etching
was performed using Nital 2% or Villela’s (100 ml
ethanol, 5ml HCI, 1g picric acid [8]) reagents.
Microhardness was measured as a function of depth
below the surface for all the laser treated specimens
using a load of 0.2 kg.

Table 1
Chemical composition (wt.%) of 15CrNi6 steel

Lo Si Mn P S &, Ni Fe

0.15 0.37 0.53 0.014 0.028 1.65 1.51 bal.

Table 2
Process conditions and surface preparation used in the experiments on
steel 15CrNi6

Beam Beam Travel Surface
power (kW)  diameter (mm}  speed (m/min)  preparation
1.5 275 3-10.5 sandblasted
4.15 4.5-9
6 4.5-7.5
3 4.15 7.5-13.15
6 7.5-13.15
7.25 7.5-10.5
15 AL 3-10.5 sandblasted plus
graphite coated
4.15 4.5-9
6 1.5-7.5
3 4.15 6-18
6 4.5-13.5
7.25 1.5-7.5

3. Results and discussion
3.1, Starting microstruciure

The starting microstructure of steel 15CrNi6 (Figs. 1
and 2) consisted of ‘blocky’ proeutectoid ferrite of
allotriomorphic morphology [9], fine pearlite and grey
etching regions which appear to be sheaves of upper
bainite. The microstructure is also shown in the optical
micrograph of Fig. 2.

The evolution of the starting microstructure on heat-
ing, as well as the intercritical temperature range of the
steel, were determined using the computational alloy
thermodynamics software Thermo—Cale [10]. A system
with the chemical composition of Table 1 was defined
and, of all the possible phases that can form in this
system, the following were chosen as the most probable
of being thermodynamically stable, to be taken account
of in the calculation: bec (ferrite), fee (austenite), cement-
ite (M4C), M,Cy, M,C5, M3C, and MC,. M in these

ig. 1. Starting microstructure of steel 15CrNi6.
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Fig. 2. Proeutectoid ferrite (F), pearlite (P) and upper bainite (B) in
the starting microstructure,

carbides could be any of the metallic elements of the
alloy (Fe, Cr, Mn or Ni). The thermodynamically stable
phases and the determination of the critical temper-
atures 4,, and A, are summarised in Fig. 3(a).

Note that the initially stable phases are ferrite and
the M,C, carbide. Fig. 3(b) depicts the weight fraction
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Fig. 3. (a) mole fraction of the equilibrium phases of the steel, and (h)
weight fraction of alloy elements in the M,C, carbide, as a function
of temperature.

of the alloy elements in this carbide phase as a function
of temperature. At relatively high temperatures (400 —
700 °C) the carbide contains mainly Cr but also substan-
tial amounts of Fe and Mn. At lower temperatures, and
down to room temperature, the metallic constituent of
the carbide is exclusively Cr,

Cementite, despite the fact that it has been accounted
for in the calculation, does not appear to be the equilib-
rium carbide phase. This supports the idea that the
pearlite observed could be an alloy pearlite composed
of ferrite and M,C;. Honeycombe [11] comments on
alloy pearlite claiming that the change in carbide phase
does not necessarily alter the basic pearlitic morphology,
and that its existence has been reported in medium and
highly-alloyed steels. However, although cementite is
not the equilibrium carbide in many alloy steels, it is
kinetically favoured because its formation can occur by
a mechanism which does not necessitate the long-range
diffusion of substitutional solutes [12]. Thus, the
observed carbides in the starting microstructure of the
steel are more likely to consist of cementite (M,C),
rather than the equilibrium M,C; carbide.

The existence of sheaves of upper bainite in the
microstructure of steel 15CrNi6, which consist of ferrite
laths and cementite precipitates between those laths,
could be attributed to the relatively high temperature
for the start of the bainitic transformation (B,) in this
particular steel. The B, temperature, estimated using an
empirical equation proposed by Steven and Haynes [13],
is 570°C. Thus, during heat treatment of the steel it is
quite probable to have the initiation of the bainitic
transformation, which proceeds to some extent, leading
to the formation of upper bainite.

Regarding the determination of the critical equilib-
rium temperatures, it can be seen from Fig. 3(a) that
the 4., temperature, i.e. the temperature at which aus-
tenite starts to form, is 699°C, while the Cr,C, carbide
completely dissolves at 747°C. Finally, the 4. temper-
ature, corresponding to full austenitization, was deter-
mined to be 794°C.

Heat treatment with laser beams, however, induces a
thermal cycle to the material which is far from equilib-
rium due to the very high heating rates obtained. Heating
rates in the order of 10* K/s, and even greater, have
been reported accompanied by very short austenitizing
times [14]. It is well established that non-equilibrium
heating of steels, leads to a shift of the critical temper-
atures to higher values [15]. Studies have been reported
where the A, temperature (full austenitizing temper-
ature on heating) was more than 200°C greater than
Ags in rapidly heated low and medium carbon steels
[16-18]. Nevertheless, the sequence of transformations
on heating, and the phases which participate in them,
does not change, following from that point of view
those predicted by equilibrium.
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3.2, Microstructural modifications due to laser-treatment

Fig. 4 shows the transverse section of one of the
laser-treated specimens. Three distinct areas can be seen.
The first one is more lightly etched and forms a very
shallow layer on the surface of the material. Below this
there exists a more darkly etched region which extends
at greater depths below the surface. These two regions
form a zone on the surface, which has clearly undergone
a series of phase transformations and is called a ‘heat
affected zone” here (HAZ). Finally, the grey area at the
bottom is the part of the material which remained
unaffected by the process. In some specimens the more
lightly etched top surface area had not formed.

The microstructure in the top surface area of the
sandblasted (S) specimens was found to consist of lath
martensite, Fig. 5, which represents a taper-section of
the surface at a random angle. This microstructure is
an indication that the thermal cycle in this zone, despite
the very rapid heating and small austenitizing times,
fully austenitizes the surface region.

The lightly etched top surface area was also present

in the graphite coated (SG) specimens. However, in
some specimens significant differences in the microstruc-
ture of this layer were observed which indicated a
possible carburizing of the steel surface. The microstruc-
ture shown in Fig. 6(a) is characteristic of a carburized
steel [19]. The carbide phase outlines prior austenite
grains, while martensite plates are observed in a matrix
of retained austenite. At the interface with the darkly
etched region martensitic plates have formed, a typical
feature of carburized microstructures. Laser carburizing
of iron and steels, by pre-coating the surface with
graphite, has also been reported by other investigators
[20-24], leading to a variety of microstructures depend-
ing on process parameters and thickness of the coating.
The nature of the carbide phase was determined by
calculating the volume fraction of stable phases as a
function of temperature for various carbon contents of
the steel in the range of 0.15 wt.% (initial content) to
2 wt.%. The calculation was carried out using the
Thermo—Calc software and Fig. 6(b) shows a character-
istic volume fraction against temperature diagram for a

Fig. 4. Transverse section of a laser-treated specimen showing the HAZ
and the base metal below the surface.

Fig. 5. Taper-section of a sandblasted specimen showing a lath mar-
tensitic microstructure in the surface layer.
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carbon content of 1wt.%. The major stable carbide
phase i1s cementite, reaching a volume fraction of 10%,
approximately the same fraction of carbide observed in
the microscope. Cementite is by far the dominant carbide
throughout the calculated range of carbon contents,
indicating that the observed carbide is indeed of this
kind.

The darkly etched region of the HAZ ( Fig. 4), formed
in both the S- and in the SG-specimens and is clearly a
transition area between the martensitic (or carburized)
layer and the base metal. Fig. 7 shows the interface
between the transition region and the base metal.
Although no clear border exists, the transition area
possesses a finer microstructure than the base metal.

The microstructure of the transition area consists of
a dispersion of fine carbides, in addition to the proeutec-
toid ferrite grains which were present in the starting
microstructure. It is evident that the thermal cycle was
inadequate to austenitize this area, but was encugh to
cause a tempering of the pre-existing bainitic microstruc-
ture. During tempering of the bainite, cementite tends
to be replaced by the corresponding equilibrium alloy
carbide [12], which in this case is the M,C4 (Fig. 3(a)).
Such behaviour is known to take place in low-alloy
martensitic and bainitic steels and leads to secondary
hardening. If the tempering continues for longer times,
coarsening of the carbides leads to a decrease in
hardness.

3.3, Effect of process parameters on the HAZ depth

3.3.1. Sandblasted (S) specimens

The maximum HAZ depth obtained without melting
the surface was approximately 0.28 mm. A HAZ up to
0.4 mm below the surface was achieved but was accom-
panied by severe melting of the surface to a depth of
about 0.17 mm, which is usually undesirable in the
process. It should be noted that the specimens irradiated

¢ 16um ¥

Fig. 7. Transition area (top half') and base metal {bottom half'}. Note
the refined microstructure of the transition area consisting of tem-
pered bainite.

with the largest beam diameters (6 mm with 1.5 kW
power and 7.25 mm with 3 kW power) were not afTected
by the process, i.e. no microstructural change of any
sort was observed in the range of travel speeds employed.

Fig. 8 depicts the depth of the HAZ as a function of
process parameters for the S-specimens. The use of high
power and/or small beam diameter leads to increased
HAZ depths, associated with the increased power density
(i.e. power per unit surface) impinging on the material.
The same is also valid when the travel speed is decreased,
due to the increased interaction time between the laser
beam and the surface of the material. Both those effects
are well established in literature.

3.3.2. Sandblasted and graphite coated (SG) specimens

The addition of a graphite coating on the already
sandblasted surface led, in general, to the formation of
HAZ which extended at greater depths below the sur-
face. The maximum depth achieved without surface
melting was approximately 0.59 mm. The greatest HAZ
depth measured was approximately 0.86 mm below the
surface, but it was accompanied by surface melting
down to 0.06 mm.

The observations made in the previous section,
regarding the influence of process parameters on the
HAZ depth, hold also for the SG-specimens. Fig.9
summarises the effect of process parameters on HAZ
depth. The results obtained with the 1.5 kW beam and
using the 2.75mm and 4.15 mm beam diameters were
quite close, so they are represented by the same curve
in the diagram.

It can be seen that in the case of the SG-specimens,
laser power plays a dominant role since the HAZ depths
obtained with the 3 kW beam are greater than those
obtained with the 1.5kW beam, even when using a
relatively large beam diameter (7.25 mm). This behavi-
our was not observed in the S-specimens (Fig. 8), where
beam diameter seems to have an equally important effect
on the HAZ depth. For example, the use of the 1.5 kW
beam with a 2.75 mm diameter leads to greater HAZ
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Fig. 8. Depth of the HAZ as a function of travel speed and beam
diameter for the sandblasted specimens.
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depths than those obtained with the 3 kW and 6 mm
beam. The increased significance of laser power in the
SG-specimens is attributed to their higher surface
absorptivity, which leads to more efficient coupling of
the impinging radiation.

3.3.3. Effect of graphite coating

In general, the SG-specimens presented higher depths
of HAZ than the S-specimens. This is attributed to the
enhancement of surface absorptivity caused by the addi-
tion of the graphite coating.

A behaviour different from that was only observed
in the specimens treated with a beam power of 1.5 kW
and a 2.75 mm diameter beam (Fig. 10} where no sig-
nificant differences between the S- and SG-specimens
were observed. This could be attributed to the behaviour
of the graphite coating during treatment with the smaller
beam diameter. Applying the graphite coating by hand
does not ensure homogeneity. Keeping that in mind, it
should be noted that as the beam becomes smaller it is
influenced to a greater extent by such inhomogeneities,
rather than in the case of a larger beam where inhomo-
geneities tend to compensate due to the larger area
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Fig. 10. Comparison of HAZ depths for the S- and SG-specimens
treated under the conditions shown in the diagram. No significant
differences were found, despite the additional use of graphite coating.
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covered by the beam. Another possible explanation is
that a small beam diameter introduces a higher power
density on the surface, which in turn leads to the
development of higher temperatures. This could force
the graphite coating to evaporate, or even violently eject
from the surface, before it even starts to interact with
the beam thus lowering surface absorptivity.

4. Microhardness measurements

The microhardness of steel 15CrNi6 was initially
measured at 200 HV,,, a value consistent with the
microstructure observed before laser irradiation. After
laser treatment, a significant enhancement of the speci-
mens’ surface hardness was obtained. For those speci-
mens with a fully martensitic zone on the surface, the
mean value of microhardness reached 300 HV,, in
agreement with the expected microhardness of an
as-quenched steel, containing 0.15 wt.% carbon [25].

The existence of two areas within the HAZ of the
irradiated specimens is reflected in the corresponding
microhardness profiles, Fig. 11. The shallow martensitic
layer on the surface had a microhardness approaching
500 HV,,. A gradual decrease of the microhardness
occurred within the transition region, which nevertheless
remained higher than the base metal. This is attributed
to the secondary hardening cffect and 1s in agreement
with the microstructural observations in that region.
Finally, the base metal microhardness was unaltered at
200 HY,, 5.

The lack of any fully martensitic zone in some
specimens resulted in microhardness profiles such as the
one shown in Fig. 12, which is similar to the one in
Fig. 11 if the martensitic zone is omitted. Despite the
fact that a martensitic zone is not fully formed, the
enhancement of surface microhardness is still substan-
tial. Such a hardness distribution could be useful in
applications where a gradually softer (from surface to
core) material would be desirable.
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Beam Diameter 4.15 mm
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Fig. 11. Microhardness profile of a laser-treated specimen.
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Fig. 12. Profiles such as the one shown here were observed in specimens
lacking the fully austenitized surface layer.

5. Conclusions

The experimental investigation of laser surface hard-
ening of the 15CrNi6 low-alloy steel, has led to the
following remarks:

1. the process causes a significant hardening effect on
the surface of the material, despite the fact that this
steel has a relatively low carbon content. The micro-
hardness of the surface has increased by a factor of
about 2.5 times the initial (prior to laser treatment)
microhardness of the material;

2. hardening is a result of the formation of a heat
affected zone (HAZ) on the surface which in most
cases comprises of two discrete regions — one which
is fully austenitized and another which is a transition
area between the austenitized region and the base
metal;

3. the microstructure of the fully austenitized layer
depends on whether the specimen was coated with
graphite or not, and consisted of lath martensite in
the sandblasted specimens, while in some of the
sandblasted plus graphite coated specimens this layer
had been carburized and consisted of a cementite
network, martensite plates and retained austenite;

4. a tempering of the initial bainitic microstructure of
the steel took place inside the transition area resulting
in a dispersion of fine equilibrium M-,C; carbide,
accompanied by a secondary hardening effect;

5. HAZ depths up to about 0.6 mm were achieved
without melting the surface. The HAZ depth depends
strongly on process parameters, and it increases by
either increasing the beam power or by decreasing
the travel speed or the beam diameter;

6. the addition of graphite coating on the surface prior
to the treatment resulted, in general, in greater HAZ
depths by enhancing surface absorptivity.
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