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Abstract

Surface modifications due to high intensity laser interaction on oxidized M2 steels were studied by optical and electron
microscopy, and X-ray diffraction. First, it was shown that surface ablation of the oxide layer was possible when the laser fluency
was above 0.4 J cm ~2. Above this threshold, the surface presented craters due to the spread of the liquid metal. Second, it was
demonstrated that the region near to the surface was partly transformed. The prior carbides were dissolved in the liquid metal and
the martensite was decomposed during heating. During the rapid cooling, part of the austenite was retained and the remelted zone
showed lower hardness than the matrix. A chemical homogeneous layer at surface balanced this hardness decrease.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

AISI M2 steels are high-speed tool materials consist-
ing of carbides, martensite and some residual austenite,
and present high hardness and good thermal stability
[1]. These properties can only be obtained by a
convenient heat treatment of the as-cast alloy. In
general, this type of steel is maintained at some high
temperature, e.g. 1200 °C, to stabilize and to homo-
genize the austenite. This austenite is transformed to
martensite during quenching, thus giving a high tough-
ness material. Further treatment at intermediate tem-
peratures, e.g. 560 °C, relaxes some transformation
stresses and transforms the retained austenite to ferrite
[2]. Once realized at normal atmosphere, these steps
usually lead to surface contamination and to massive

* Corresponding author. Tel.: +55-11-3816-9307; fax: +55-11-
3816-9315.
E-mail address: mlima@net.ipen.br (M.S.F. Lima).

oxidation that must be removed either mechanically, e.g.
by using sandblast, or chemically.

Laser cleaning offers competitive advantages to
sandblast and chemical treatments because of the easy
automation, the effluent elimination and the possibility
to treat three-dimensional pieces, like drills and saw tips.
Laser cleaning involves the removal of undesirable
layers using short-time high-energy light pulses. The
process can be athermal for the substrate when the layer
is an oxidized film which detaches due to the rapid
expansion of the brittle oxide metal together with the
explosion of entrapped gases near metal—oxide interface
[3]. Another possibility is the vaporization of a sub-
micrometric layer by ablation [4]. Ablation is the effect
of a rapid transition from superheated liquid to a
mixture of vapor and liquid droplets [5]. Part of the
incident heat can effectively be absorbed into the bulk
material leading to local temperature changes and to
structural modifications. These modifications can be
deleterious for the material properties, depending on the
desired application. Some laser cleaning techniques have
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used more power than needed to clean the surface to
produce some surface roughness throughout melting,
since a slightly rough surface can present superior
adherence to coatings [6]. On the other hand, hard-
enable materials, like tool steels, can present mechanical
weaknesses at the surface when re-heated. Changes in
the microstructure, in particular the dissolution of
carbides and the re-austenitization of the martensite,
leads to a combination of a soft surface layer on a hard
substrate. However, the process involves high cooling
rates and then martensite can be partially or entirely
recovered leading to some surface hardness.

Colaco and Vilar [7] investigated the effect of laser
remelting on the surface microstructure of a 13%Cr tool
steel. These authors demonstrated that rapid solidifica-
tion greatly increases the austenite fraction in the
remelted zone. During cooling, this supersaturated
austenite was transformed to martensite plus a fine
network of carbides conferring a hardness level compar-
able but inferior to the as-tempered matrix: 570 and 420
HV for the tempered and laser remelted samples,
respectively.

Rapid solidification increases the solubility of ele-
ments in the austenite, producing more chemical homo-
geneity. Gemelli et al. [8] demonstrated that laser surface
remelting of a D2 tool steel produced an improved
oxidation resistance at elevated temperatures without
significantly affecting the tribological properties. These
authors linked the oxidation resistance to the dissolution
of chromium carbides and the consequent increase of Cr
in the metallic solution. This phenomenon, known as
passivation, is explained by the formation of a very thin
chromium oxide layer at the material surface which
protects the bulk material from corrosion.

AIST M2 steels are the tools material of choice for
several applications and correspond for about 40% of
the USA market for tools in weight. In Brazil, this class
of steel represents about 80% of total manufactured
weight for tool materials, with 2000 tons produced in
1998 [9]. Despite its importance, there is a lack of
information about the laser cleaning of this class of
steels and the influence of laser re-heating on the
microstructure. The present study aims to establish a
processing window for the elimination of oxidized layers
on M2 steel samples using pulsed YAG lasers, as well as
to investigate the microstructure modifications due to
laser interaction.

2. Experimental

A 15-mm diameter cylindrical M2 steel bar was cut in
pieces of 5-mm height. These samples were annealed at
1200 °C for 10 min and then quenched in a vacuum
chamber. After they were tempered at 560 °C under an
atmosphere composed of N, and H,, twice, 2 h each

time. The layer thickness is a few nanometers, as
measured by scanning electron microscopy (SEM) in a
region where a part of the layer was detached. Under
this oxide layer, the as-tempered microstructure con-
sisted of carbides embedded in a matrix of martensite
and ferrite. The final hardness of the samples was
between 62 and 64 HRC (Rockwell C test scale).

This work employed two different laser workstations.
The first one was a passive Q-switched (PQS) Nd:YAG
laser giving about 78 mJ energy per pulse during 20 ns,
for a fixed frequency of 1 Hz. The second one was an
active Q-switched Nd:YAG (AQS) laser giving an
energy per pulse in the range 0.1-8 mJ, a pulse length
between 100 and 600 ns, and a pulse frequency in the
range 1-50 kHz. These lasers provided different inten-
sities at the sample surface: for the PQS one obtains
1 x 108 W cm 2 at focus (2-mm focal spot diameter) or
2 x 107 W cm ~ 2 when unfocused. For the AQS at focus
(0.8-mm diameter) the intensity was in the range
4x10°-1x 10" W em 2%

Test surfaces of 3 x 3 mm? were scanned using a high-
precision mechanical step motor (PQS) or a galvano-
metric head in line with the beam (AQS). The scanning
was realized in a sequence of parallel lines at a fixed
velocity and with 0.5 mm lateral shift. For the AQS laser
experiments, the process was repeated twice for each
square with 45° tilt in order to make the energy
distribution uniform. For PQS tests this was not feasible
due to experimental limitations. All laser experiments
were carried out in normal atmosphere.

Microstructural observations were carried out using
optical and SEM. Optical microscopy employed stan-
dard polishing techniques and Nital 10% for chemical
etching [1]. SEM analyses were carried out using
secondary or back-scattered electron images. Secondary
electrons image revealed the topography of the sample.
Images from back-scattered electrons provided different
contrasts for different phase densities. In the present
case, regions with low-density phases (such as carbides
in iron) appeared brighter than dense phases. The
identification of phases was achieved using X-ray
diffraction (XRD) from the Cu Ka radiation line. The
austenite/martensite volume ratio was calculated from
the integrated peak intensities of XRD spectra using the
Miller [10] formalism.

Microhardness tests were carried out using a Vickers
equipment with applied load of 500 g. The resulting
hardnesses were averaged with four consecutive tests at
each surface. A standard deviation of about 18% was
obtained after a series of 20 measurements in the same
as-tempered iron surface.

The temperature evolution was calculated by a
formalism proposed by Prokhorov et al. [11]. Consider-
ing a rectangular pulse shape, the temperature variation
in depth, z, and time, ¢, after the expiration of the laser
pulse, 7,, can be calculated as:
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where f, is the pulse length, 7, is the ambient
temperature, “a’ is the absorption coefficient, ¢ is the
intensity, « is the thermal diffusivity, k is the thermal
conductivity and ierfc is the inverse of complimentary
error function [12].

The temperature raise during laser pulse is corre-
spondingly calculated by eliminating the second term
within brackets in Eq. (1). Derivation of Eq. (1) in time
and in depth gives the corresponding cooling rate (7°)
and thermal gradient (G). The speed of a given isotherm
was thus obtained by the quotient 7/G.

The absorption coefficient in the present case was
considered as 35%, similar to that evaluated for the laser
remelting of cast irons with the same radiation [13]. The
thermal diffusivity and conductivity were considered as
9.7x107°m?s " and 51 Wm ™' K™, respectively, as
proposed by Ref. [14] for an AISI 1020 steel.

Thermodynamics calculations, including the partition
coefficients of the elements during solidification, were
performed using ThermoCalc software [15] using a
generic SGTE solutions database. The influence of
growth rate on the partition coefficient was analyzed
using the Continuous Growth Theory proposed by Aziz
[16], and it is presented in Eq. (2):

k= )

where k, is the effective partition coefficient, k. is the
equilibrium value of the partition coefficient (as given by
ThermoCalc), V' is the growth velocity and Vy is the
diffusion velocity given by the ratio of the average
diffusivity of the solutes in the liquid to the average
distance of atoms in the liquid near interface.

The Vp values for each element were obtained in
Refs. [17,18].

3. Results

3.1. Processing window

Different laser conditions were tested to check the
efficiency of the oxide removal, as presented in Table 1.
As can be seen, a range of intensities from 0.4 to 130
MW cm ~? was covered.

The experiments using the PQS laser produced the
highest intensities of the ensemble due to the elevated
pulse energy and the short pulse duration. When
focused on the surface (PQS-1) the power density was
sufficient to remove the oxide layer and also generated
some remelting, as can be seen in Fig. 1a. Using the laser
without a focusing optics (PQS-2) decreased the power
density, and produced an uncompleted cleaned surface,
Fig. 1b. Here however, the surface did not present
indications of localized fusion.

The AQS experiments presented very good results for
cleaning in all conditions except for the three lower
power density tests (Table 1). The experiments AQS-8
and AQS-9 presented some residual oxide, particularly
at the borders, and the AQS-10 did not affect the oxide
layer. Fig. 2 presents micrographs of different proces-
sing conditions.

3.2. Calculations

The solidus and liquidus temperatures were calculated
for the initial alloy composition (0.9%C, 4.25%Cr,
5%Mo, 6.2%W and 1.9%V in weight) giving 1195.17
and 1371.11 °C, respectively. Austenite, which is the first
phase to grow, becomes supersaturated within the
solidus—liquidus interval (mushy zone) generating
MgC below 1230 °C and MC below 1200 °C. At the
tempering temperature, 560 °C, the equilibrium phases
are ferrite, McC, and MC.

Departures from the local equilibrium at the solid—
liquid interface may occur during solidification. The
influence of growth velocity on the partition coefficient
of the solutes was calculated using Eq. (2) and is
illustrated in Fig. 3. Horizontal dashed lines are the
equilibrium partition coefficient for each element. Solute
trapping is noticed in speeds as low as 1 cm s~ ! and
becomes an important mechanism above 10 m s~ .

The effect of an isolated pulse on the surface
temperature of the sample is presented in Fig. 4a. The
figure, calculated for the condition AQS-5, shows a
melting period of about 110 ns followed by a rapid
cooling rate near the liquidus, 7' =8 x 10° °C s~ !. The
isotherms velocity can be obtained from Eq. (1) as

T:aT 62.
ot oT

Fig. 4b presents the liquidus isotherm velocity (V'T)
calculated for three pulse lengths and showing the
current experimental values. The lower VT limit is
characterized by an excessive energy transfer to the
sample, decreasing 7. A maximum temperature below
the liquidus due to an insufficient laser power char-
acterizes the “‘no melting” region.
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Table 1
Experimental parameters of laser processing

1, (ns) E, (mJ) ¢ (Wem™?) f (Hz) V4 (mm s~ 1)
PQS-1 20 78.0 1.3 x 108 1 0.5
PQS-2 20 78.0 2.0 x 107 1 0.5
AQS-3 100 7.7 9.8 x 10° 1000 40
AQS-4 100 6.2 7.9 x 10° 1000 40
AQS-5 100 49 6.2 x 10° 1000 40
AQS-6 100 32 4.0 x 10° 1000 40
AQS-7 200 0.8 9.8 x 10° 10000 40
AQS-8 200 0.6 7.9 x 10° 10000 40
AQS-9 200 0.5 6.2 x 10° 10000 40
AQS-10 200 0.3 4.0 x 10° 10000 40

PQS means passive mode Q-switched laser and AQS means active mode Q-switched laser, 7, is the pulse length, Ej, is the energy per pulse, ¢ is the

intensity, f is the pulse frequency, and V4, is the linear scanning speed.

3.3. Phase transformations

All successful experiments produced some surface
melting of the metal. The surface was formed by a
series of small liquid bath spots due to the pulsed laser.
These laser marks produced only some small roughness
for low power flux experiments and blow craters for the
higher intensities, as shown in Fig. 5.

The comparison between secondary electrons (SE)
and back-scattered electrons (BS) images allows obser-
vation of both the topography and the chemical varia-
tions at the remelted surface. Fig. 6 presents the same
specimen area split in two different contrasts for SE
(bottom-right) and BS (upper-left), both under SEM.
White stains in the BS images represents zones where the
carbides were only partially dissolved in the liquid. At
the upper-right corner, a BS micrograph of the steel is
presented, showing the initial distribution and size of the
precipitates at the same scale.

The melt depth was very thin in the experiments, as
can be seen in the optical microscopy of a transversal
section Fig. 6. Only PQS-1 and AQS-3 experiments

produced sufficient melt depth to be measured as about
5 and 2 pm, respectively. The heat-affected zones in all
observations were negligible.

Fig. 7 presents the XRD spectra of the M2 steel
surfaces with the oxide layer, after being ground to the
base material, and after the laser treatments. The
diffraction peaks were assigned only once, although
they were observed in the same angle for several spectra.
The as-TT material consisted of martensite and MC
carbides covered by an oxide layer (Ox) of Fe,O; and
Fe;04. The oxide peaks disappear from the spectra
above AQS-9, showing the efficiency of the cleaning
process over the AQS-7 test. Some carbide peaks can
also be found in the AQS-7 and AQS-9 experiments,
because of uncompleted dissolution. The austenite ()
and martensite () phases were assigned with the
respective Miller indexes. Austenite peaks were divided
in two contributions, as presented in the detail in Fig. 8.

The relative volume ratios between austenite and
martensite, V,,, were evaluated using the XRD spectra
and are presented in Fig. 9. The initial value of V., for
an alloy in as-tempered condition is about 6%. This

Fig. 1. (a) PQS-1 laser processing marks near the border of the scanned window (optical microscopy with polarized light). (b) Uncompleted cleaned

surface with the PQS-2 condition (optical micrograph).
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( AQS-8)

( AQS-10)

Fig. 2. Effect of the laser parameters on the macrostructure of oxidized samples. Only borders are presented. The scale applies for all photographs.

value is at the same order of the experiment AQS-9
where remelting was not verified. The value of V., was
increased for power densities above 10° W cm ™2,
reaching about 1/4 of retained austenite in volume.
The influence of the superficial austenite—martensite
layer in hardness was then verified. The as-tempered

grinded iron presented a hardness of 970 HV (67
Rockwell C). The hardness level for the laser treated
surface under the conditions PQS-1 and PQS-2 was
about 560+ 20 HV. For the laser experiments using the
AQS configuration where cleaning was achieved (AQS-
3-7), the hardness was measured as 720+60 HV.
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Fig. 5. Scanning electron micrographs showing different surface
qualities for different process parameters. Secondary electrons images
(SEM).

4. Discussion

The foremost advantage of laser processing is the
speed. The experiments using the AQS configuration
can clean a surface as larger as 100 cm? in less than 10
min. For the PQS processing, the beam scanned the
sample at just 0.5 mm s~ ! and the same surface might
be cleaned in half a day. Experiments like the PQS-1 are
interesting for applications if the laser can be pulsed at
high frequencies and thus providing rapid processing
speeds. On the other hand, the current active Q-switched
(AQS) laser is one of the less expensive power lasers on
the market and can be found easily in industry for
another range of applications: marking, engraving and
scribing. The possibility to clean metal surfaces, in



M.S.F. Lima et al. | Materials Science and Engineering A 344 (2003) 1-9 7

Fig. 6. Photomontage of three scanning electron micrographs. Bot-
tom-right is a secondary electron image. Upper-left is a back-scattered
electrons image. Upper-right is the back-scattered electrons image of
base material. Scale applies for all photos. Condition AQS-5.

Fig. 7. Optical micrography of a transversal cut of the irradiated steel
under AQS-3 condition. Laser processing was done in the upper
surface. Optical microscopy. Etching: Nital 10%.

particular tools, using such ordinary lasers is then very
attractive.

The mechanism of material removal is the laser
ablation with vaporization of the base material. Using
laser intensities on the range 1-2 x 108 W c¢cm 2 for
cleaning stainless steels after high temperature oxida-
tion, Psyllaki et al. concluded that the mechanism was
mechanical [2]. For these authors the oxide is detached
due to the stresses normal to the oxide/metal interface.
The difference between the present and Psyllaki’s results
comes from the different pulse lengths, which were 10 ns
for this author. It could be conceived that such short
interaction time can produce a mechanical shock wave
[19]. This mechanical crackdown is possible for the PQS-
2 condition at 2 x 107 W ¢cm ~ 2 and 20 ns. However, this
was not a good cleaning condition, because some of the
oxide still remained bonded to the surface. In the present
case, the ablation mechanism is more efficient and

allows a larger processing window, even if it produces
some metal losses.

The best results for ablation were obtained when
using low-frequency high power pulses. The high peak
power ablates efficiently the surface at same time that
the relative low frequency avoids the local increase in
temperature thus inhibiting re-oxidation. Although the
process was carried out in normal atmosphere, the
processed surfaces were brightly metallic.

One megawatt per square centimeter seems to be the
minimum intensity allowing surface ablation in AQS
experiments. As can be seen in Fig. 2, below this limit
the borders were not very well defined and some oxides
remained on the treated surface. An exception occurs
since the PQS-2 test was above the ablation intensity
limit but the cleaning was incomplete. This is because of
the low fluency in comparison with AQS-3 test. In fact,
the AQS-3 experiment presented a fluency of 1 J cm ™2,
which is more than the fluency of the PQS-1 and the
PQS-2 tests: 0.6 and 0.1 J cm 2, respectively. Consider-
ing now the laser fluency instead of the intensity, one
can correctly assign the lower limit for the laser of the
surfaces as 0.4 J cm ~2. It is also suggested to employ a
second processing step were the laser scanning is shifted
90° to regularize borders.

Laser surface treatment changes the microstructure
and influences the macroscopic properties. During
heating, the martensite is re-austenitized and the fine
dispersion carbides were dissolved in the matrix. As can
be seen in Fig. 6, the carbides dissolution can be unequal
in the matrix because the dissolution time is very short.
The result was some small composition variations at the
surface which led to a variation in the lattice spacing of
the austenite, as observed in the XRD spectra (in the
detail of Fig. 8).

Afterwards, since the cooling is very rapid (105-10'°
°C s~ '), the martensite was formed again but some
residual austenite was preserved. The carbides cannot be
formed under these conditions, leading to a surface layer
with reduced hardness. The hardness was lower for the
PQS than for the AQS condition because the remelted
layer was deeper for the PQS case. Thus in order to
prevent low hardness at surface, AQS configuration
must be used.

A high amount of austenite was detected at the PQS-2
surface although melting was not present. Some heat
was transported to the volume during the irradiation
because of the repetitive superposition, characterizing a
solid-state transformation.

The liquidus isotherm velocity (V'T) was in the order
of a few centimeters per second, as can be seen in Fig.
4b. Although this is not the actual growth velocity of
austenite (}'), because this velocity changes in different
regions, it is considered here as an average value of the
solidification velocity in the entire liquid bath. This
growth rate is not sufficient to produce solute trapping
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effects (Fig. 3), meaning that the austenite had a
composition very near the equilibrium value. However,
this austenite has a high driving force for transforma-
tions, and it can be decomposed to ferrite plus carbides
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Fig. 9. The influence of process parameters on the austenite/martensite
ratio at the surfaces, as measured from the XRD spectra.

with a small increase in atomic mobility due to heating.
It could be realized that the superficial metastable layer
can be also transformed during the tool use. The
metastable austenite is then transformed to martensite
due to mechanical stresses.

The surface properties after laser ablation present
some interesting brand new features. First, the surface
composition is more homogenous and thus the protec-
tive oxide layer can be formed. If this austenite—
martensite layer must be reduced to a minimum, one
could choose to use the lower effective cleaning intensity
of the processing window, i.e. AQS-7 condition. Second,
an enhanced adhesion to a deposited layer can be
obtained as the roughness is changed through process
parameter. In particular, it must be observed that it
generates a surface macrostructure near to the AQS-5
(Fig. 6) or the AQS-7 (Fig. 5) conditions instead of the
AQS-3. This is because the blown craters in high-
intensity tests forms metal tips (Fig. 5), which will
eventually detach near to the metal-coating interface.
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The deposition of a hard coating on the laser-cleaned
surface is the next part of this work.

5. Conclusions

The main conclusions of this work can be summarized
in the following way:

1. Complete surface cleaning of oxidized AISI M2
steel samples has been achieved using two different laser
workstations. The best results were obtained when using
the active Q-switched (AQS) laser in fluencies above 0.4
J cm 2 and at processing speeds of 40 mm s~ .

2. The microstructure near the treated surface was
changed. The martensite was decomposed in austenite
and the carbides were dissolved in the matrix. However,
due to short interaction time, the elements’ distribution
is unequal as observed in the scanning electron micro-
graphs. The austenite peaks in the XRD spectra present
doublets due to the different lattice parameters.

3. The irradiated surfaces lost part of their hardness
due to the high content of austenite phase, about 25%.
Nevertheless, the transformed layer is very thin and
presents high driving force for transformation to
martensite due to the metastability of the austenite
structure. The fine roughness can also present better
adherence to coating, as soon as the macrostructure can
be controlled. The properties of a deposited coating on
the laser-cleaned surface will be analyzed in a later work.
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