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ABSTRACT
LASER SURFACE TREATMENT OF STEEL USING
ND:YAG LASER
By
Motilal J. Tayal

Laser surface treatment of steel is a process of growing interest for local surface modifica-
tions. This process makes the surface wear resistant by modifying the microstructure, and
or composition locally. Selective surface treatments like transformation hardening, carbur-
izing, and boriding can be done using a high-energy laser. Selective hardening of AISI
1045 steel has been achieved by using a Nd:Yag laser under different process parameters.
The maximum surface hardness of ~780 Hv has been achieved. The relatively high hard- .
ness is attributed to the fineness of the martensitic structure, attained by a relatively high
cooling rate in laser processing. The highest hardness of the laser surface hardened layer
increases with power density of laser, up to a certain level. Pre-processing surface treat-

ments like etching, and graphite coating improve the coupling of laser energy significantly.

The highest hardness, which can be obtained by laser transformation hardening of AISI
1018 steel is ~450 Hv. The higher hardness of 1050 Hv has been ajtchieved in this steel by
laser carburizing. Incorporation of higher carbon concentration, through fine ledeburitic
microstructure in surface layers, produces such high hardness. Further increase in hardness
can be obtained by laser boriding. Laser boriding of AISI 1018 steel produces hardness
ranging from 1350 to 2200 Hv (can be compared with the hardness of SiC ~ 2300 HV). The
amount of boron controls the type and amount of boride phases, formed in surface layers,
treated by laser. The phases responsible for such high hardness were found to be FeB and
or Fe,B, in varying proportions. FeB phase was found to be the hardest phase in the laser
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borided surfaces of AISI 1018 steel, having hardness of ~2200 Hyv.

The laser surface treatments described above, rely on the modification of the surface with
respect to microstructure and/or composition. This is controlled by the distribution of tem-
perature on the surface, to be laser treated. Temperature distribution controls the micro-
structure scale, morphology, and microcracking (which is often associated with laser
surface processing), which leads to the next phase of this thesis. A simple analytical heat
transfer model, using Green’s functions, was developed to predict the temperature distribu-
tion on a workpiece during laser surface treatment. This model demonstrates a new
approach to formulate heat transfer problems, involving high energy sources. The model
can be used to predict the case depth during laser hardening. The results obtained by the
analytical model compare fairly well with the results, obtained by the commercial FEM
package ANSYS. The simulation of moving laser, in ANSYS, showed that maximum
hardness achieved at the surface of a workpiece is shifted towards the trailing end. The
above analytical model has been modified to implement the laser traverse speed.

Few problems have been encountered with laser carburizing of AIST 1018 steel. In some
cases, cracks and porosity have been found in the laser treated surface. The cracks pro-
duced were found to be of two kinds: straight cracks and wiggly cracks. The cracks formed
were due to a combination of various factors such as shrinkage, thermal stresses, surface
brittleness and low melting point, interdendritic liquid phase. The contribution of these fac-
tors, were analyzed in detail.
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INTRODUCTION

Localized surface treatment of steel with a laser is an emerging technique. It has proven
to be superior to other conventional techniques such as induction hardening, flame spraying
[1] and plasma spraying. Induction hardening is not suitable for parts with complex geom-
etry. Laser hardening provides a very good alternative [2]. By easy manipulation of optics,
inaccessible areas such as grooves and notches can be reached by laser. Flame spraying
technique can not provide focussed high energy; hence, the width of the heat affected zone
(HAZ) is considerably high, leading to distortion. The distortion requires post treatment
machining [ 3,4]. Laser surface treatment of steel can be achieved with minimum distor-

tion.

Laser surface treatments can be of various types; transformation hardening [5,6,7], alloying
[8] and cladding [9]. The effectiveness of each of these laser treatments depends on laser
process parameters. The laser process parameters are power, traverse speed, and spot size.
Applications of laser surface treatment in the automobile industry have been investigated
extensively. Laser hardening of areas such as engine cylinder bores, valve seats, and steer-
ing housing has been investigated [3,10,11]. Most of the published work on laser surface
treatment has been performed using a high power CO, laser. In this work the laser uséd
was a 400 watt Nd:Yag laser. The idea behind using a Nd:Yag laser instead of a CO; laser,
was to explore the possibility of tapping the better coupling factor of Nd:Yag laser beam
(wavelength =1.06 m ) with metals. The Nd:Yag laser has an absorption coefficient of
60% for ferrous alloys as compared to that of 20% for CO, laser [12].

The materials’ properties such as wear resistance, erosion resistance, and corrosion resis-

tance depend on microstructure and the composition of the surface. Conventionally the



wear resistance of low hardness steels is improved by solid state carburizing and diffusion
boronizing. Such techniques are time consuming and cumbersome for surface treatment of
confined areas such as grooves and notches. The laser is an alternative to implement such
techniques in a very controlled fashion, which does not require any pre- or post processing
treatments. Present investigation is focussed on determining the relationship between laser
process parameters, microstructure, composition, and the hardness of laser surface treated
steel. AISI 1018 steel specimens were selected for laser carburizing and laser boriding
studies. Such steels are very commonly used for automobile components such as gears and
connecting rods, which need surface treatments. AISI 1045 steel specimens were selected
for laser hardening studies. Such steels are typical of candidate materials for a variety of
hardened automobile components such as main shaft and pinions. Research in this disser-
tatio/n is focused on a number of distinct, although related, topics leading to a conclusion
on the feasibility of various laser surface treatments like transformation hardening of AISI
1045 steel, carburizing of AISI 1018 steel, and boriding of AISI 1018 steel. The phases

investigated are:

(a) Microstructural study: Systematic studies were carried out to correlate the micro-
structure produced during laser surface treatments with the process parameters. The micro-
structures were studied with respect to:

(i) various phases produced during different laser surface treatments

(ii) morphology of microstructures produced during laser surface treatment.
(b) Phase and Chemical analysis: Phase analysis, in the laser surface treated zones, was
done using a x-ray diffractometer. Chemical analysis of various phases, present in the sur-

face treated zones, was done by using an electron beam micro-probe.

(c) Hardness profile study: This phase of the study involved the hardness profile mea-



surements on the longitudinal and transverse section of the laser surface treated tracks.
Optimum laser process parameters were obtained to get maximum surface hardness and

hardened depth.

(d)Heat transfer model: Laser surface treatment is strictly controlled by temperature dis-
tribution achieved at the surface during treatment. An analysis of surface temperature dis-
tribution is essential to avoid or minimize surface cracking. A simple analytical heat
transfer model, using Green’s functions, was developed to predict the temperature distri-
bution on the work piece during laser surface treatments. A commercial FEM code
ANSYS was also used to predict the temperature distribution on the work piece during laser
surface treatments. The results from the analytical model matched quite closely with the
results from ANSYS. A more sophisticated model has been proposed and developed (with-
out a numerical solution), which takes into consideration the dynamic effect of laser
traverse velocity, while predicting the temperature distribution on the work piece, during

laser surface treatment.



II. BACKGROUND

2.1. High Power Lasers

The word laser is an acronym for Light Amplification by the Stimulated Emission of Radi-
ation. Since the first lasers were constructed, their number and variety have increased very
rapidly. Currently, a laser light may just as easily be obtained from a solid (Nd:Yag laser),
a liquid (dye lasers) or a gas (CO, laser). Power lasers are energy conservation systems,
which consist of an oscillator followed by a chain of amplifying stages. Basically, the oscil-
lator comprises a laser head containing the active medium interposed between two mirrors,
which form the resonant optical cavity [13]. Using various pumping methods [14], the
influx of energy creates a ‘population inversion’ between the excited levels in the active
medium. The number of atoms or molecules which are found in the raised or excited

energy state becomes higher than the number in a lower state.

The laser transition from higher state to lower state is governed by the laws ot" interaction
with electromagnetic radiation according to an absorption stimulated emission process [5],
and each active medium will be characterized by it’s own effective cross-section of stim-
ulated emission. When the active medium has a sufficiently large stimulated emission
cross-section, the photon produced by stimulated emission will be reflected by the mirrors
at each end of the cavity and will be amplified on each pass by stimulated radiation. A very
large photon pulse is thus built up which leaves the oscillator by one of the semi-transparent
mirrors. Power lasers may be classified in four categories according to the pumping
method[15]:

(1) Optical pumping (e.g. Nd: Yag laser).

(2) Electrically excited pumping (e.g. CO laser).

(3) Pumping by excitation transfer (e.g. a gaseous mixture of water, Ny

and CO, )



(4) Pumping by particle acceleration (e.g. free electron laser).
Among the various lasers, gas lasers and solid state lasers are most widely used commer-
cially for materials processing.
2.1.1 Gas Lasers

Lasers which utilize a gaseous material as the active laser medium have been extremely
common [16]. There are various advantages of using gas as active medium. The material
is homogeneous, so the problems involving optical inhomogeneity, that are common in
solid state lasers, are avoided. Heat can be removed readily by transporting the heated gas
out of the region of the interaction. Gas laser can be subdivided into three categories; neu-
tral gas laser (e.g. Helium-Neon laser), the ionized gas laser (e.g. Argon laser), and the
molecular laser (e.g. CO, laser ). Gas lasers may have a continuously flowing or contained
lasing medium. The medium needs to be excited to a higher energy state in order to emit
photons of energy. The pumping source is normally an electric discharge through elec-
trodes inside the laser cavity. The atoms get excited after collision with other atoms or elec-
trons accelerated by the electric field. Excitation is also possible with electron beam,
chemical transitions and transition induced by sudden changes in pressure through expan-
sion of the gases [17]. Gas lasers can be used in continuous wave (CW) or pulse wave (PW)

mode; but CW mode is the one, most often used.

2.1.1.1 CO, Laser

The CO, laser is the most widely used gas laser. It is notable for its relatively high effi-
ciency [18]. Most lasers have low efficiency of conversion of electrical energy into optical
energy. Typical efficiency range from few tenth of a percent up to few percent. The CO,
laser is capable of operation in the range of the 20-30 % efficiency. The CW CO, (figure
1) laser is nothing but a water cooled tube with mirrors on both ends, through which the
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Figure 1. Schematic diagram of a conventional disharge CO5:N5:He laser.[96]



laser mixture (CO,, N, and He) is circulated and electrically excited [19]. There are two
methods for exciting a CO4 laser. The first method applies the discharge energy directly to
the continuously flowing CO,:N;:He mixture. In order to achieve the highest power from
this method, a ratio of 0.8:1:7 of the gases must be used [20]. The output power increases
steadily with the flow rate of the gas. This is due to the enhanced removal rate of the dis-
sociation products such as CO and CO,, and the direct cooling of the discharge. The second
method consists of separate inlets for the N, and CO, gases. In this case, only the Nj is

excited by the discharge. The N, molecules will later transfer the energy to the CO, as it

collides with CO, downstream (figure 2).

A simplified energy level diagram showing the vibrational energy levels which are impor-
tant for the CO, laser operation is shown in figure 3. The 001 level is only 18 cm’! wave-
number above the first excited vibrational level of the nitrogen molecule which can be
excited by collision with electrons having approximately 2 ev of energy in the electrical dis-
charge. This energy is transferred by collision with CO, molecules to the (001) state. This
produces a population inversion between the (001) state and the (100) and (020) states.
These correspond to laser operation at 10.6 and 9.6 \lm, respectively. The gain is higher
for the 10.6 Mim transition, so the preferred transition will be 10.6 lm . The resulting laser
radiation, which can be cqntinuously produced is highly monochromatic and exhibits high
spatial coherence and high temporal coherence correlation. The spatial coherence results
in high radiance from the laser sources. Once produced, the laser energy is allowed to leave
the discharge section of the tube through the partially transmitting mirror as a coherent
beam. The other end of the tube is covered by a totally reflecting mirror. This mirror helps
to direct the laser energy to the opposite end of the tube.

Early experiments showed laser output at a laser wavelength of 10.6 jim in pure CO,: how-

ever the power output was low. High power was obtained by adding nitrogen to the mixture
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Figure 2. Two methods of exciting a CO, gas laser. [13]
(a) Discharge applied to CO5:N5:He mixture directly.
(b) Only N5 excited in discharge followed by resonant energy
transfer to CO, downstream
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[ 21]. The nitrogen molecules enhance population inversion between the (001) and the
(100) state. The addition of helium to the gas mixture further increases the output power.
The helium helps to deplete the population of the lower level by collision and also helps to

keep the gas mixture cool, because of the high mobility of the helium atoms.

There are many applications of CO, CW lasers; it can be used for many material fabrication
processes like cutting, welding etc. The monochromaticity of the laser light allows it to be
used for atomic and molecular spectroscopy. It’s temporal coherence allows interferomet-
ric measurements and nonlinear optics to be performed. The greatest advantage of the CO,
laser is it’s high power and it’s ability to perform in either a pulse wave mode (PW) or con-
tinuous wave mode (CW). This increases the number and variety of processes for which

it can be used.

2.1.2 Solid State Lasers

The solid state laser is characterized by an active medium involving ions of an impurity in
some solid host material. The laser material is in the form of a cylindrical rod with the ends
polished flat and parallel. The pumping is done by optical excitation. The impurity ions,
that are commonly employed are either ions of the transition metals or of rare earth ele-
ments. These elements all share the common features of an interior unfilled shell of elec-
trons, which leads ultimately to a narrow fluorescent linewidth. A narrow fluorescent
linewidth is favorable for laser operation [22], because it leads to a high gain, and to
reduced requirements on the minimum population inversion necessary for laser operation.
There are a variety of solid state lasers available. Neodymium in glass, and Neodymium

doped yittrium aluminum garnet (Nd:Yag) are the ones widely used on a commercial basis.

2.1.2.1 Ruby Laser
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The ruby laser is one of the widely used solid state lasers [23]. A cylindrical bar made of
synthetic ruby (Al,03 doped with 0.5% Cr), acts as the lasing medium. It is the chromium,
which provides the lasing action. A flash tube is used to excite the lasing medium. It may
be in the form of either a helical tube wrapped around the crystal, or a rod placed parallel

to the ruby. Because the ruby laser has only a three level transition process, there are long
periods of time between population inversion. This is an intrinsic property for every three
level solid state laser. It is possible to overcome this problem by using a solid state lasing
medium containing four levels, which are capable of participating in the laser action [24].

The photons capable of providing laser light will be produced between the second and third
energy levels. Since this population inversion will be able to occur at faster rates, there is
less wasted energy.

The ruby solid state laser is operated in a PW mode. This is necessary because of the length
of time required between pulses of energy.

2.1.2.2 Nd: Yag Laser

Next to CO, laser, Nd:Yag is the most widely used laser for material processing. In this
solid state laser, Neodymium are impurity ions and yttrium aluminum garnet (YAG) is the
host material. YAG has the chemical composition Y3Als015. YAG is the best commer-
cially available crystalline laser host. It offers low values of threshold and high values of
gain. It’s hardness (8.5 on the Moh’s scale) allows for good optical polishing characteris-

tics. It has high thermal conductivity; over ten times that of glass. This is one of the most

important features.

The energy level diagram of the neodymium ion in YAG is shown in figure 4. This energy

level diagram is mainly characteristics of the neodymium ions. There is some shift with
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varying host materials. As shown in figure 4, Nd:Yag is a four level laser system. The laser
transition is between the 4F3,2 and the 41" 12 level. Nd:Yag lasers may be used in three

modes; namely continuous, repetitively pulsed, and continuous pulsed.
2.1.3 Chemical Lasers

Chemical lasers depend on chemical transition to obtain emission. Chemical lasers offer
the desirable characteristic of possible operation without an electrical input. The popula-
tion inversion is produced by the excitation enegy produced in the chemical reaction. All
the energy required for laser operation should be produced in the chemical reaction. One
of the leading examples of the chemical laser can be represented by the set of reactions:

F+Hjp --->HF*+H

H+F, --—>HF* +F

HF* -—-—>HF + hv
In the first reaction, a free fluorine atom is required to initiate the reaction. The excited HF*
molecules, produced in this reaction is an excited state which can be the upper level of the
laser transition. The third reaction above indicates the transition to the lower laser state,
which is not populated by the chemical reaction. This is accompanied by emission of light
energy, hv. Thus, the population inversion is produced automatically whenever the chem-
icals react and yield some excited state molecules as the end products. Some electrical
energy may be required for initiation, that is, for production of the original free atoms, but
once the reaction has begun, further free atoms are produced and these reactions may con-
tinue cyclically. The most common chemical laser systems used are: D,-F5-CO, at 10.6

tm and HF and DF over the range of 2.6-5.0 jlm wavelengths.

2.1.4 Semiconductor Lasers
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A forward biased p-n junction serves as the active medium for this type of lasers. The most
commonly employed semiconductor material for lasers is gallium arsenide [26]. In semi-
conductor lasers, the energy level involved in the lasing action are characteristic of the
entire crystalline lattice in contrast to ruby laser where the radiative transitions (that pro-
duce lasing) are characteristics of discrete atomic energy levels of the impurity. An energy
band diagram of a p-n junction is shown schematically in figure 5. As shown in the figure
5, the bands in the region of the junction undergoes an energy shift. The electronic states
are filled up to the Fermi level (Eg). Thus there will be electrons in the conduction band
in the n-type material and there will be holes at the top of the valence band in the p-type

materials.

When a forward bias is applied to the junction, barrier voltage is reduced, as shown in figure
Sb. There will be a partial overlap between the regions where electrons are present in the
conduction band, and where holes are present in the valence band. This narrow region near
the junction, thus has a population inversion. There are filled electronic states lying at ener-
gies above empty electronic states. In this region, radiative recombination can occur, with
clectrons falling across the gap and recombining with holes. The energy difference is emit-
ted as radiation. Because of the population inversion, amplification by stimulated emission

occurs.

In order for laser operation to occur, one particular inversion must be great enough so that
optical gain exceeds optical loss. Thus the current density through the junction must
exceed minimum value. This threshold value of current density scales as approximately as
the cube of the operating temperature, between 77 and 300° K. Thus GaAs semiconductor
laser are often operated at liquid nitrogen temperature, although they may be operated at

room temperature with increased current density.
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2.2 Laser Process Parameters

The effectiveness of any laser surface treatment depends on the various laser pmécss
parameters. The major process variables for laser surface treatment include the following:
1) Incident laser beam power;

2) Incident laser beam diameter;

3) Absorptivity of the material;

4) Traverse speed of the laser beam across the substrate surface; and

5) Other parameters such as: shielding gases and depth of focus with respect to

substrate.
2.2.1 Laser Power

The depth of the laser affected zone is controlled by the laser power density. Laser power
density, in turn is controlled by incident beam power and beam diameter at the surface of
the sample. Exactly at the focal point of a focusing lens, the incident beam diameter is the
minimum possible by that lens (diffraction limited) and hence power density is maximum
at that location for a fixed power level. As the sample surface moves away from the focal
plane, towards the lens or away from it, incident beam diameter increases proportionately.

Hence the power density at the surface of sample is dependent on it’s position with respect

to focal plane.

Generally for constant beam diameter, penetration increases with the increasing power.
Locke et al [27] reported that penetration increases almost linearly with incident beam
power. Courtney and Steen [28] formulated empirically (while laser hardening EN 8 steel)
that the depth of hardening is closely correlated with the parameter PI(D.V)V2

where P is laser power, D is beam diameter, V is traverse speed.
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The beam power is usually measured by calorimetric techniques using either air or water
cooled calorimeters. Air cooled devices are restricted to lower powers than those cooled
by water. Measurements can be made either by directing the total beam into a calorimeter,

or by sampling a known fraction of the beam.

Solid state lasers can use Q-switching methods to increase peak power [29]. Various Q-
switching methods are active and passive optical modulation and mechanical methods.
These optical switches are placed in the cavity (optical), in various ways, schematically

shown in figure 6.

In the initial Q-switched lasers, mechanical methods were used, where one of the cavity
mirrors was simply replaced by a rotating prism or mirror. The mechanical Q-switches had
the disadvantage of producing a laser beam, whose spatial profile changed with time. In
the modern Q-switched lasers, active optical methods such as Kerr [ 30] and Pockel’s cell
[31] and passive optical methods such as liquid and solid saturable absorber are being
employed. Kerr and Pockels cells are based on the principle that the refractive index of a
solid crystal or liquid medium changes strongly under the influence of an applied electric
field.

In liquid and solid saturable absorber, the absorber remains opaque to the laser in the first
phase of pumping. Then, at a certain laser flux threshold, it becomes totally transparent.
To obtain high peak powers, the saturable absorber is most commonly used [32].

22.2 Laser Beam Diameter and Intensity Distribution

The beam diameter is important in laser surface treatment, since the focused beam diameter
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and depth of focus quantify the energy in the focused region. The unfocused beam diameter
is defined by the optical resonator. The intensity distribution within the beam is a function
both of the resonator and the relative alignment of the optical components. Although the
focused beam is important for laser processing, it is very difficult to measure high power
laser beams. This is partly due to the definition of what is to be measured. A gaussian beam
diameter may be defined as the diameter where the power has dropped to 1/e2 or 1/e of the
central value. The beam diameter defined on the basis of 1/e2 of the central value contains
more than 80% of the total power whereas the power contained for 1/e beam definition is
slightly over 60%. Many techniques have been employed to measure the beam diameter
and intensity profile. Heating or charring sensitive materials such as wood, firebricks and
asbestos compounds are the simplest methods for looking at the profiles of an unfocussed
or partially focused beam. These techniques give an indication of beam diameter and sym-
metry. It is, however, a technique, where the affected area, and hence the measured beam
diameter depends on both power and exposure. It is therefore more suitable for compara-
tive measurements [34]. Measurements made by vaporizing acrylic materials are also sub-
jected to reservations; however more information can be obtained than with heating or
charring because of the possibility of the vaporizing a deep region in the acrylic and hence
making a 3-dimension print. Again this technique is more relative than absolute. One of

the better methods for the measurement of beam diameter is the photon drag detector [35].

The diffraction limited spot size at the focal point of a laser beam can be calculated on the
basis of the diffraction theory of light. Assuming no aberration is formed by the laser,
beam diameter (Dy,) can be given by following expression [36]

_(4ar) 2m+1) 2

D, = > (EQ2.22.1)

where A is wavelength of the laser; ‘f” is the focal length of lens, ‘D’ is the diameter of the



20

unfocused laser beam; and ‘m’ is the number of oscillating modes

From the above equation, it is obvious that decreasing f/D ratio will decrease the Dy, How-
ever smaller values of m will also give the smaller beam diameter. Although the expression
above for beamn diameter is flawless, in practice the diameter is smaller than the one calcu-

lated by the above expression. This is due to the aberrations formed by the focussing optics.

Unlike laser welding or cutting, a wider beam with uniform intensity distribution is pre-
ferred for laser surface treatment and laser surface alloying, as opposed to a highly focussed
high peak power, low order mode gaussian beam (TEMyyg). This is because the uniform
intensity distribution generates uniform case depth. If the surface treatment area is widér,
requiring overlapping of beam run, it may cause problem of back tempering. A broader

beam covers the large area with relatively small back tempering.

There are different methods of beam manipulation that can be used to obtain a broad beam
with umform intensity distribution. Figure 7 shows some of the methods, which are used
to produce suitable beam patterns at the workpiece. The beam integrator consists of a
focussing mirror with several segments of individual mirror focussed on the same focal
plane. The greatest advantage of this system is that it can start with a beam of any spatial
distribution and convert it into a uniform intensity beam of the required size. The rastering
of a finely focussed beam to cover a larger area (figure 7b) is another technique. Here two
mirrors are vibrated at a very high frequency to create the required pattern. Both these tech-
niques ultimately produce a rectangular beam pattern with uniform intensity. The most
recent method of forming a square or rectangular beam is to use a device known as an opti-
cal integrator. This device, shown in figure 7c, is an array of flat mirrors mounted on a
spherical surface placed to intercept the output laser beam. Each mirror forms an image of
the part of the output beam that it intercepts, and all of the images from the array will be

- formed in the same position. In this way, the output beam is reshaped to form the desired
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square or rectangular spot in the focal plane of the integrator, having uniform power density
over the illuminated area on the workpiece surface. Both scanning optics and integrator
optics form beams that can be redirected by flat mirrors or refocused by appropriately

curved mirrors.
2.2.3 Absorptivity

The efficiency of laser heat treatment depends on the absorption of laser energy by the work
piece. Any heat transfer calculation for laser processing is based on the absorbed laser
energy. The infrared absorption of metal largely depends on conductive absorption by free
electrons. Therefore, absorptivity is a function of the electrical resistivity of the substrate
material. Arata et al.[37] measured the absorptivity of polished surfaces of various mate-
rials and concluded that absorptivity is proportional to the square root of the electrical resis-

tivity. This agrees closely with the following expression: [37]

A=1122(p)" (EQ2:2.3.1)

where A is absorptivity; and p, is electrical resistivity.

A temperature dependent relationship between the electrical resistivity and emissivity of
the metal was derived by Bramson [38]. Bramson’s formula can be used for theoretical cal-
culation of the absorptivity from the electrical resistivity. However such a calculation will
be valid only for metals heated in vacuum without a surface oxide layer. The presence of
an oxide layer will increase the absorptivity. The relationship between the emissivity and
the electrical resistivity of a substrate, for perpendicular incidence of radiation of long
wavelength, derived by Branson [38] is,

p, (1) p, (T p, (1) ¥*
g, (T) = 0.365( T) - 0’667T + 0.006 (T) (EQ2.23.2)



23

Where p(T) is the electrical resistivity at absolute temperature T expressed in Qcm.
€)(T) is the emissivity of the substrate at T Oc temperature for radiation having a wave-
length of 1.

The value of absorptivity is a function of optical properties of the materials such as surface
finish, the temperature, and the wavelength of the laser light. Generally the absorption
decreases, as one goes to longer wavelength radiation, higher electrical conductivity, and

smoother surface of the metal. This can be expressed mathematically as below:[163]

A= % (EQ2.23.3)
n, — nz 2
_ 1
R = ("1 - "2) (EQ2.2.3.4)

where ‘A’ is absorptivity; ‘c’ is constant of proportionality; ‘R’ is reflectance; n, and n;
are the refractive indices of the substrate material and incidence medium respectively. For
conducting or absorbing dielectric materials, n, is a complex number and the square in
above expression for R is an absolute square. The magnitude of the refractive index for
good conductors (metals) is proportional to (S/(2Ttuf)) 12
where s is electrical conductivity, y is the magnetic permeability, and f is the frequency of
light. Consequently metals like gold, copper and aluminum have high reflectance, that
increase with decreasing frequency of radiation (hence increasing wavelength), as com-

pared to ferrous alloys.

Figure 8 shows schematically the absorptivity of iron as a function of wavelength and tem-
perature. The reflectivity at lower temperature is high. In the region of melting point, metal
can absorb much higher amounts of laser energy. Although metals are poor absorbers of
infra-red energy at room temperature, above a certain threshold (approximately 105-107
w/cm? Jenergy transfer via the “key hole” leads to much higher effective absorptivity. It
absorbs nearly the total amount of incident energy [40].
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Absorptivity can be increased by the use of some absorbent coatings[ 33]. The most com-
monly used absorbent coatings are colloidal graphite, manganese phosphate, zinc phos-
phate, and black paint. A mixture of sodium and potassium silicate is also known to
produce very high absorptivity. Nonetheless, exact absorptivity of any of these coatings is
a matter of debate. Arata[41] quoted 50-90% absorptivity for phosphate coating without
melting the substrate, whereas Trafford et al [42] quoted a value around 70-80% for no
melting situations depending on the traverse speed. For colloidal graphite coating Trafford

et. al. reported a value around 70% for colloidal graphite coating.

2.2.4 Traverse Speed

Traverse speed determines the laser interaction time with specimen surface. Itis inversely
proportional to the depth of hardening as shown in figure 9. The correlation of penetration
depth with laser welding speed is discussed by Duley[43 ] and Locke et. al.[27 ]. Figure
10 shows the variation of penetration depth versus weld speed for 304 stainless steel.
Increasing efficiency tends to be obtained at high velocity, since low incident power is lost

by conduction into the workpiece [45,46].

2.2.5 Shielding Gas

The plasma produced during laser welding absorbs and scatters the laser beam. It is neces-
sary, therefore to remove the plasma. The plasma of this type can be removed by supplying
a shielding gas such as He. In addition to removing the plasma, shielding gas also protects
the surface from oxidation. The effect of the composition of shielding gas on depth of pen-
etration was studied by Seaman [47]. Figure 11 shows the comparison of effectiveness of

various gases as shielding gas during laser welding. From figure 11 it can be seen that
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Helium, as shielding gas, serves best for maximum penetration depth as compared to argon
or air. Helium gas was found to improve transmission whereas argon caused severe beam
blockage[47]. This is probably due to the lower ionization potential of argon as compared
to that of helium. This hypothesis is further substantiated by the data from the addition of
1% hydrogen to helium as shielding gas. Since hydrogen has even higher ionization poten-

tial than helium, the hydrogen-helium mixture improves the transmission of the beam.

The ionization potential of the shielding gas is not the only consideration in choosing one
for laser materials processing, especially at higher speeds. This is because gases with
higher ionization potential have lower atomic numbers and lower masses. Thus lighter
gases are less effective in displacing air from laser material interaction area, in the short
time available in high speed welding. Heavier gas are better able to displace air in a short
time. Therefore, a mixture of heavier and lighter gases will result in optimum penetra-
tion[36]. Figurel2 shows that, as speed increases, the improvement resulting from the
addition of small amount of argon to helium (10% argon-90% helium) becomes more

noticeable.

2.3. Laser Surface Treatment

Erosion, wear and corrosion play an important role in determining the effective life of
most of metallic structures. All of above three phenomena occur at the surface of parts.
Wear resistance and corrosion of surface can be improved by various means such as,
organic coatings or painting, designing the entire part with a wear resistant material, and
cladding, metallizing or surface alloying. While coating or painting can provide a protec-
tion (at least temporarily) against corrosion, they have very little effect, if any, in improving
mechanical properties of the surface. The second option, i. e., designing the entire structure

with a high strength and wear resistant metal or alloy, is economically and strategically
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unrealistic in most cases. Thus improvement of the surface properties by cladding or met-
allizing is a more realistic approach. It is in this area that laser surface treatment has the
most potential. Laser surface treatments can be of various kinds such as those involving
heating, melting or shocking. Figure13 shows various laser surface treatments. Operation

regimes for various laser surface treatments, currently used are illustrated in Figurel4.

The low power density processes such as transformation hardening [50], annealing, and
grain refining [51] rely on surface heating without surface melting. Processes which rely
on surface melting [53] require higher power density tc overcome the conduction heat
losses. Such processes include simple surface melting to achieve greater homozenization
or very rapid self quench processes as in laser glazing [55] for the formation of metallic
glasses in certain alloys. The melting processes also include those where a material is
added either with a view to mixing into the melt pool as in surface alloying [54] or with a
view to fusing on a thin surface melt as in cladding [57,58]). Laser shocking [59,75,76]
involves the impingement of a very short pulse laser of high intensity, which sends mechan-
ical shock waves through the material (generated by fast heating rate), resulting in surface
hardening similar to shot pinning. This last process of laser shock hardening has so far been
little explored, but may eventually find a few special cases where it could compete indus-
trially.

Most of the laser surface treatments ideally require uniform power density, unlike welding
and cutting where a focused beam is preferred. But in practice, a defocussed gaussian beam
(TEM(y), which has a maximum power density at it centre, or TEM; which has maximum
power density at outer portions of the beam, can be used for surface treatment. A more
complex beam handling system can be utilized to give a uniform power density [60], but

this usually is reflected in higher cost optical components, together with less flexibility.
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22.3.1 Laser Surface Alloying

L aser surface alloying is a material processing method, which utilizes the high power den-
sity available from focused laser source to melt metal coating and a portion of the underly-
ing substrate. Since the melting occurs in a very short time and only at the surface, the bulk
of the material remains cool, thus serving as an infinite heat sink. Large temperature gra-
dients exist across the boundary between the melted surface region and the underlying cold
substrate. This results in rapid self-quenching and resolidification. Quench rate as high as
101 KS! and concomitant resolidification velocity of 20 ms™! has already been achieved
[61]. What makes surface alloying both attractive and interesting is the wide variety of
chemical and microstructural states that can be retained because of the rapid quench from

the liquid state. The types of microstructures observed include extended solid solutions,

metastable crystalline phases and metallic glasses.

Laser surface alloying of iron based metal or alloys will be described in detail in the section
dealing with laser surface treatment of steel. In this section surface alloying of only non-

ferrous metal or alloys has been outlined.

Most of the Laser surface alloying (LSA) studies have been carried out on the technically
ixnponant clements (or alloys of) Al, Cu, Ni and Ti. Among these there are relative advan-
ages and disadvantages from the standpoint of ease of laser processing, thermophysical
COnstantsand post-treatment analysis. For example, high purity Cu, and Al have very high
tl.'et‘lfnal conductivity and thermal diffusivity. This, in combination with high reflectance,
™A ke it more difficult to melt these metals. On the other hand, larger conductivity and dif-
f"l&i"ity will result in more efficient quenching. The lower thermal conductivity and diffu-
sivity of Ni and Ti make it much easier to laser processing them.
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If sufficiently high cooling rates are achieved then both epitaxial regrowth and crystalline
nucleation from the melt may be suppressed and a metallic glass may result. Continuous,
pulsed (ms), Q-switched(ns), and mode-locked (ps) lasers have been used with the intent

of retaining the amorphous surface layer of melt puddles. Both multiphase crystalline sub-
strates and multilayered thin films have been used to provide melts with required compo-

sitions.

Lin and co-workers [66,67] have reported using the picosecond output of a mode-locked
Nd:Yag laser to make amorphous thin film multilayer structures of Ni-Nb[66] and Mo-Ni,
Mo-Co, and Nb-Co binary systems [67]. In the Ni-Nb system the glass forming range was
determined to cover the range 23-82 at% Ni with supersaturated fcc and bee solid solutions
outside of the glass forming region. The authors point out that the glass formation range in
the Ni - Nb system, when produced by conventional splat - cooling method [68], is only 40-
70 at. % Ni. In the case of Mo- Ni system reported studies were performed at three com-
positions 30, 50, and 60 at. % Ni. In all instances amorphization took place as a result of
laser alloying and melt quenching of the homogeneous liquid. Lin et al. [67] found, in case
of the 30 at. % Ni sample some bcc microcrystallites at the edge of the melt spot. They
pointed out that the laser fluence is spatially gaussian, and may produce ony a partially
melted region around the perimeter of the spot, thus providing a site for epitaxial growth.

Bonora et al. [69,70] reported the successful production of an amorphous layer, while melt-
ing Aluminium with a 15ns Q-switched ruby laser. He found that the this amorphous alu-
minium layer significantly improved electrochemical corrosion behaviour of the treated

specimens. Another example of corrosion resistant behaviour of laser treated surface is the
recent work on the Pd-Ti system. Commercial available bulk alloys of Ti, containing frac-
tions of a percent Pd, are widely used by chemical processing industries. Protection against

the reducing- acid environments is required only at the metal/corrosive interface, rather
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than throughout bulk, hence surface alloying appears to be reasonable approach, particu-
larly to save cost in reduced consumption of Pd. Surface alloying of Ti with Pd has been
accomplished by thermal solid-state diffusion of thin Pd-electroplates [71] and by laser
alloying [72]. Laser surface alloying of Pd in Ti offers several advantages over thermal dif-
fusion. The thermal diffusion (solid state) suffers from concentration irregularities [71]
associated with block or grain boundaries. The rapid diffusion and intermixing associated
with laser melting has been shown, to produce homogeneous surface alloyed regions. Nor-
mally the long times at elevated temperatures associated with furnace diffusion require an
inert atmosphere to protect Ti from embrittlement by oxygen, nitrogen or hydrogen. The
reduced time, required during Q-switched laser alloying, enables the processing to be done
in air. Another advantage of laser processing , over furnace treatment, is the smaller dis-

tortion caused during processing.

2.3.1.1 Alloy Deposition Systems

Deposition methods may be broadly classified as predepostion ( laying powder on sub-
strate, in a separate step before the laser treatment) or codeposition (injection of powder
into the melt at the time of laser treatment). The very thin films (less than 500 nm )used,
when surface alloying with a Q-switched laser pulses, are invariably put down with prede-
postion methods such as vacuum evaporation [62] or ion implantation. Thicker predepos-
ited films are more commonly electroplated [61] or sprayed [63). The ideal predeposited
film would be of uniform thickness, be low in porosity, possess a clean substrate/film inter-

face, and have an optically clean surface.

The codeposition method is more popular in laser surface alloying, because it implies single
step processing and allows better automation and control. Codeposition method includes

the particle injection directly into the laser melts [64] and wire feeding [65]



i



35

2.3.2 Laser Cladding

The objective in laser cladding is to fuse an alloy on to the surface of a substrate with the
minimum of dilution. As in surface alloying, cladding can be done by either preplacing a
powder on the substrate, or injecting the powder into the laser generated melt pool. In pre-
place powder cladding, described by powell [57] the laser sends a melt wave through the
powder bed. Since the powder bed has a low thermal conductivity, the pool is almost ther-
mally insulated until it reaches the substrate surface. At that moment it will freeze back
forming only a sold/liquid bond, which is relatively weak compared to a full fusion bond.
In injected powder cladding [58], the powder in an inert gas stream, is injected into the
laser generated melt pool as illustrated in figure 15. The leading edge of the melt pool will
incorporate the substrate. Particles arriving in this area will be solid. If the leading edge
of the substrate is also solid then the particle will not stick and cladding will not occur. If
however the leading edge is molten then the particles will stick and will melt instanta-
neously and thus forming a fusion bond. The level of dilution is controlled by the powder

feed rate determining the size of the substrate leading edge.

The first industrial use of laser in cladding was done by investigators in Rolls Royce [73]
in 1981. They clad turbine blade shroud interlocks on the RB211 engine. Since then many
companies are applying or considering applying this process. Eboo [74] lists the laser clad-

ding activities in table 2.1.

2.3.3 Laser Glazing

The laser glazing involves melting a thin layer of metal, using high laser power density, and

short interaction time (high traverse speed). Rapid surface melting, which allows almost
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Figure 15. Laser cladding with blown powder. [48]
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Table 1. Laser cladding activities[74]

Production stage
Company Component Comments
Rolls Royce turbine blade triballoy/nimonic
shroud interlock | powder feed
Pratt & Whitney turbine blade PWA 694/nimonic
preplaced chips
General Electric proprietory reverse machining
with Ti
powder feed
Pilot Demonstration Stage
Company Component Comments
Combustion Eng. | offshore drilling stellites, Colmonoys
& production parts
valve components
boiler firewall powder feed
valve stem .
FIAT valve seat Cr C, Cr, Ni, Mo/C.I
aluminium block
General Motors automotive cast iron system
Rockwell aerospace T-800, Stellites
powder feed
Westinghouse turbine blades stellites, Colmonoys
preplaced beds
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negligible amount of thermal energy to pass into the base metal, produces sharp tempera-
ture gradients between the solid and the liquid. The sharp temperature gradient leads to
very rapid quenching (~108°C s) [55] of melt, producing a fine homogeneous structure.
This structure is often harder and more corrosion resistant than the untreated part [55].
Superficial melting and high traverse speed results in little thermal penetration, thus the

laser glazing can be used quite close to thermally sensitive components.
2.3.4 Laser Shock Hardening

In this technique the effect of high amplitude stress waves on microstructure and stress state
of metal and alloys is exploited [75]). When an intense laser beam strikes the metal surface
(~pulsed duration of 20-40X10°9 s), the surface layer is instantly vaporized. The rapidly
expanding high temperature vapor exerts pressure on the target surface, which then propa-
gates into the specimen as a stress wave. High surface pressures are obtained by placing
on the target an overlay, transparent to the laser beam, such as fused quartz or water, which
continues the ‘blow off’ material between it and the specimen surface for the duration of
the laser pulse. The rapid thermal expansion of this confined vapor produces the enhanced
peak pressures necessary for plastic deformation of the target specimen, which causes dis-
locations to nucleate, in situ, in the submicrostructure of the materials. The altered dislo-
cation density increases the hardness and tensile strength of material [59,76]. The
specimen surface can be protected, and peak pressures be further modified by applying a
thin layer of black paint between the transparent overlay and the specimen surface as shown
in figure 16. Black paint serves in two ways; protects the surface and causes explosive pres-

sure by getting vaporized, when struck by the laser.

2.4 Laser Heat Treatment of Steel
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Figure 16. The laser shock process [90]
(a) laser shocking setup

(b) Schematic of the vaporization and pressure reactions at the
metal surface during laser irradiation.
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Laser surface treatment of steel can be classified into three catergories; transformation

hardening, laser alloying, and cladding of steels.

2.4.1 Transformation Hardening

In laser transformation hardening [ 78,79] the temperature of steel specimen surface is
raised to austenitic temperature with laser beam. The sharp temperature gradient between
the surface and core causes sharp cooling rate, thereby producing martensite. The cooling
rate has to exceed the critical cooling rate for martensite formation. Ashby and Easterling
[50] ransformation hardened a Nb microalloyed steel, a medium carbon steel and low car-
bon steel. They found steels, with a carbon content of below about 0.1 wt. %, do not
respond to transformation hardening. The low carbon content of martensite gives a hard-
ness, which is hardly changed by the process. Shiue and Chen [81] hardened the surface of
AISI 4340 steel specimens. By TEM studies they found that microstructures in the hard-
ened zone consisted of mainly lath and twinned martensites. In the transition zone of laser
treated specimens, they found partially dissolved carbides with austenite envelops, and/or
austenite islands in a matrix of martensite. The limitation of laser transformation hardening
was pointed out by Sandven[12], after his experience with laser transformation hardening
of cast iron with a high content of free ferrite. He pointed out that under certain conditions,
laser processing may occur too rapidly to allow for complete carbon diffusion. This prob-
lem is obviously most prevalent where carbon distribution in the starting material is non-
uniform, such as in coarse pearlite structures, structures containing proeutectoid cementite,
spheroidized materials, and cast iron, particularly cast iron with a high content of free fer-
rite. Cast iron housing bores, in Saginaw Steering Gear Div. have been successfully hard-
ened [2]. Crystalline coating of manganese phosphate was used as a preprocessing coating

to improve absorption of laser beam.



41

In laser hardening, the surface coating plays a very important role. Normally a polished
iron surface will reflect a large percentage of the 10.6 micron laser energy. Absorption can
be enhanced to more than 90% by coating the surface with a thin layer of a high absorbing
materials, such as lamp black [3], zinc phostphate [10], cuprous oxide,and polycrystalline
tungsten [1].

A comprehensive study of laser transformation hardening of nodular cast iron by Gnana-
muthu et. al [63] has investigated fatigue behavior and the wear rate of laser hardened sam-
ples. They observed significant increase in the fatigue life of samples. Wear rate was
decreased by a factor of ~2.5 when compared to untreated steel. Laser hardening has been
recently used to treat cylinder liners for diesel engines [82,91] and to treat camshaft [83].

2.4.2 Laser Alloying and Cladding of Steel

Principles of alloying technique has been described in surface alloying section. Extensive
work has been done on laser steel [84-88). Molian [85] has investigated the compositional
uniformity of electroplated Cr alloyed into high purity iron, as function of CW-CO, laser
incident power density. Figure 17 shows the Cr concentration depth profile. This partic-
ular melt stripe may be physically described as semicircular and has a uniform 38% Cr over
the entire 250 micron melt depth. Molian and Wood [87] have also reported the results of
microstructural investigation on Cr surface alloys produced with CW-CO, laser in both low
carbon (.2% C) steel [89] and high purity Iron [86-87]. The laser surface alloyed micro-

structure consisted of austenite in a dislocated ferritic matrix. The austenite contained a

high density of twins.

Moore et. al. [84] have described the surface alloying of Cr into low carbon (.18% C) steel.
Cr was electroplated to thickness of 15 jlm and melting was accomplished with CW-CO,
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laser over a wide range of traverse speeds and incident power density. Since one of the
main interests in laser surface alloying of iron based substrate is the production of a stain-
less steel surface equivalent, these investigators have sought to characterize the electro-
chemical behavior of laser surface alloyed steels. Laser surface alloyed (stainless steel)
were subjected to anodic polarization scans in deaerated .1M Na;SO4 solution With
increasing Cr content, both the critical current density and passive current density
decreases. Under above environment AISI 1018 steel, without the Cr surface alloying, gets

corroded at all anodic potential.

Glaeser et. al [90] observed that laser treated, TiB, plasma coated, AISI A-6 steel (.7 % C;
2.0% Mn; .3% Si; 1.0% Cr; 1.3% Mo) surfaces displayed significant

abrasion resistance, when compared with the hardened steel surface. A wide range of
microstructures were obtained by controlling the energy input to TiB, plasma sprayed
steels surfaces. Abrasion tests were performed on samples having three different micro-
structures described in figure18. The wear resistance of laser treated TiB, coated AISI A-
6 steel specimens were found, on the average, 3-4 time better than untreated steel (hardened
A-6 tool steel). The fused TiB, coating attached to steel by a melt zone demonstrated a
superior abrasion resistance to all other structures. It was about an order of magnitude bet-
ter than the uncoated steel. Ayers et al. [92] laser surface alloyed 304 stainless steel by
injecting fine particles of WC and TiC into a shallow laser melted zone. They found that
the process of injecting wear resistant particles into a laser melted surface, is quite versatile,

being applicable to a wide range of materials combinations.
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