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Abstract

An analytical solution for the temperature rise distribution in laser surface transformation hardening of a steel
workpiece of finite width is developed based on Jaeger’s classical moving heat source method [Proc. Roy. Soc. NSW 76
(1942) 203] and Carlsaw and Jaeger [Conduction of heat in solids, Oxford University Press, Oxford, UK, 1959] to
predict the optimal operational parameters. The laser beam is considered as a moving plane (disc) heat source with a
pseudo-Gaussian distribution of heat intensity. It is a general solution in that it is applicable for both transient and
quasi-steady state conditions. The effect from two boundaries of the workpiece of finite width is included in the analysis.
The solution can be used to determine the temperature rise distribution in and around the laser beam heat source on the
work surface as well as with respect to depth at all points including those very close to the heat source. The width and
depth of the melt pool (MP) and the hardening zone near the surface of the workpiece with finite width can also be
calculated under transient and quasi-stationary conditions. The analytical model developed here can be used to de-
termine the time required for reaching the quasi-steady state. Steen and Courtney [Metals Technol. (December 1979)
456] reported a five level, full factorial experiments of laser surface transformation hardening. They considered the
surface temperatures and the depth of hardening as approximate functions of the laser input parameters, namely, the
laser beam power, P, the laser beam diameter, D,, and the traverse velocity of the beam, v. A comparative study is made
on the analytical approach presented here with the multi-parameter experimental and the semi-empirical approach by
Steen and Courtney. While good agreement was found between the results of the analytical work and the semi-empirical
approach for the case of scanning velocity for no surface melting, significant differences were found for the laser
transformation hardening for a depth of hardening of 0.1 mm. This was due to the nature of the semi-empirical re-
lationships considered by Steen and Courtney for each case. For example, the traverse velocity was assumed to be
proportional to P/D} (i.e., power intensity) for no surface melting which has some physical significance, while it was
assumed to be proportional to P?/D,, for laser transformation hardening for a depth of hardening of 0.1 mm, for which
there is no physical or analytical basis. Steen and Courtney developed semi-empirical equations based on the regression
analysis of the experimental data, while the analytical solutions presented here are exact. The analytical solutions
provide a better appreciation of the physical relationships between the relevant laser parameters and the width of the
workpiece. The analysis facilitates the prediction and optimization of the process parameters for practical applica-
tions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lasers are increasingly finding broader industrial
applications in materials processing, including cut-
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744-7873. alloying, to name a few [1]. This is partly due to a better
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Nomenclature

a thermal diffusivity of the medium, cm?/s

Gre heat liberation rate of a ring heat source, J/s

qpl heat liberation rate of a moving disc heat
source, J/s

90 heat liberation intensity of a moving disc heat
sources, J/ecm? s

Ry distance between the center of the moving disc

heat source and the point where the
temperature rise at time ¢ is concerned, cm

R, R, distances between the center of the image
moving disc heat sources and the point where
the temperature rise at time ¢ is concerned, cm

Xo projection of the distance on the X-axis
between the center of the moving disc heat
source and the point where the temperature
rise at time ¢ is concerned, cm

X1,X, projection of the distances on the X-axis
between the center of relevant image moving

disc heat sources and the point where the
temperature rise at time ¢ is concerned, cm
t time of observation or the time after the
initiation of a moving disc heat source, s
X,y,z coordinates of any point M in a moving
coordinate system where the temperature rise
is concerned

P laser beam power, W

Dy laser beam diameter, cm

v scanning velocity, cm/s

7o radius of the moving disc heat source or
moving ring heat source, cm

7; radius of a segmental ring heat source, cm

A thermal conductivity of the medium, J/cm s °C

Om temperature rise at any point M and at any
time ¢, °C

o density of the medium, g/cm?

Ip(p) modified Bessel function of first kind order
zero = L [P eresdy

interactions and partly due to the advances in the laser
technology including the availability of lasers as a fully
integrated, computer-controlled or numerically con-
trolled (NC), automated, turn-key systems, in many
cases. The latter relieves the user from taking expensive
and difficult steps of integrating the laser with the rest of
the system for a given application. Heat treatment or
surface transformation hardening of steels, which is the
subject of this investigation, is a particularly attractive
application for industrial lasers in view of the vast usage
of steel for a myriad of applications and the fact that a
fine laser beam enables selective hardening (to a required
depth and width). For example, in laser hardening of
gears (Fig. 1), hardening is needed only at sites of ex-
cessive wear (using a laser beam of relatively small di-
ameter) without affecting the desirable toughness of the
underlying substrate material. All this can be accom-
plished in an automated system effectively and econ-
omically. As heating is from the surface, the effect is
highly localized thereby reducing thermal distortions to
a minimum. Other advantages of laser heat treatment
include: high processing speeds, selective area treatment,
accessibility to remote areas via appropriate laser optics,
requirement of no external quenching media (the rapid
heating and cooling rates with the laser enables trans-
formation of the steel into austenite initially and self-
quenching of steel (by conduction into the cold substrate
material underneath) resulting in the transformation of
it into martensite, no chemical contamination, versatil-
ity, and the ability of the laser to be fully automated
using either a numerical control (NC) or a computer-
controlled system [1]. Typically, a minimum interaction
time of 1072 s, a power density of >10° W/cm?, and a

Laser beam

Fig. 1. Schematic of the laser surface transformation hardening
of gears.

traverse speed of 5-50 mm/s are required for transfor-
mation hardening of steels [1]. No melting is involved or
rather should be avoided in laser surface hardening
which sets one limit on the magnitude of the process
parameters. However, the temperatures should be high
enough and the duration long enough for the transfor-
mation of steel into austenite. For example, if the work
material is a medium to high carbon steel, the tem-
perature of the surface layer during heat treatment
should be >780°C (critical phase transition temperature
of high carbon steel, Ac3). For various quenchable alloy
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steels, it is in the range of ~800-900°C. Following this,
the cooling rate should be fast enough (~103°C/s) for
quenching to take place that will enable the transform of
austenite into martensite. This sets the other limit on the
magnitude of the process parameters. Thus, it is possible
to set the operating regime of the process parameters for
the laser surface transformation hardening process, as
will be shown in this investigation.

The major processing parameters for laser surface
heat treatment include laser beam power, laser beam
diameter, distribution of power (or heat intensity dis-
tribution) across the beam, laser beam absorptivity into
the work material, traverse speed of the laser beam
across the substrate surface, and the thermal properties
of the work material. To reduce reflectivity, some type of
absorbent coating, such as a colloidal graphite coating, a
mixture of potassium and sodium silicate coating, or a
phosphate coating is almost always used. As a result, the
surface absorptivity is ~80% in most cases [1,2]. In this
investigation, a surface absorptivity of ~80% is assumed
in the analysis on this basis. The dependent variables are
the depth of hardening, geometry of the heat affected
zone (HAZ) and the microstructure, and the properties
and performance of the resulting heat treated material in
service. For a better appreciation of the laser heat
treatment process and a wider application of it in in-
dustry, it is necessary to establish appropriate relation-
ships between the output variables and the input
parameters. It is also necessary to know the operating
range of these parameters for laser surface hardening of
steels for proper application in industry. The thermal
analysis presented in this investigation addresses these
issues.

It is generally preferable for laser heat treatment of
steel to use a wider laser beam with a uniform heat in-
tensity distribution for it enables uniform case depth [1].
This can be accomplished by using an expensive beam
integrator or a beam manipulator system consisting of a
segmented mirror system, or a two-axis vibratory sys-
tem, or a system using toric mirrors. The second alter-
native, without adding significantly to either the
complexity or the cost to the system, involves the use of
a bimodal (TEM;) shaped laser beam. The third alter-
native involves the use of a not-so-sharp focussed high-
peak power, low order (TEMyy) mode Gaussian laser
beam. In this investigation, a disk shaped heat source
with a pseudo-Gaussian heat intensity distribution is
used in the thermal analysis and the results compared
with the experimental and semi-empirical analysis of
Steen and Courtney [2].

2. Brief review of literature

Steen and Courtney [2] conducted a comprehensive
investigation of laser transformation hardening of AISI

1036 (EN 8) steel using a 2 kW continuous wave CO,
laser. They conducted a five level, full factorial design
experiments by varying the power from 1.2 to 2.0 kW,
the laser beam diameter from 1.6 to 5.8 mm, and the
traverse speed from 25-400 mm/s and analyzed the re-
sults statistically. Based on the experimental fit of the
data, they determined the depth of hardening as a
function of the parameter P/+/Dyv and the onset of
surface melting as a function of the parameter P/Div.
They prepared operating charts of the laser power versus
the traverse velocity for various laser beam diameters,
including operating lines for 0.1 mm hardening depth
and surface melting lines for each beam diameter. In a
subsequent publication (Davis et al. [3]), the authors
pointed out that these relationships are strictly based on
empirical relationships of the experimental data and
have no physical or analytical basis. Nevertheless, their
contribution is considered very significant in that they
not only presented experimental results but also at-
tempted to develop operating charts for the first time.
There are, however, some limitations of this analysis as
will be shown, based on the analytical results and a
comparison with the exact relationships developed here.

Cline and Anthony [4] conducted one of the first
comprehensive thermal analysis of the laser heat treat-
ment with a scanning laser beam using a circular (or
disc) shaped moving heat source with a Gaussian dis-
tribution of heat intensity under quasi-steady state
conditions. They note the temperature distribution of
the moving heat source to be asymmetric along the di-
rection of the laser beam traverse. They also found that
as the velocity of traverse increases, the maximum
temperature decreases and shifts towards the trailing
edge of the heat source, as Jaeger [5] and Carslaw and
Jaeger [6] originally demonstrated, and the temperature
decreases at various depths below the surface. The
temperature under the laser beam was shown to decrease
with increasing velocity for there is less time available
for heating the material. They also showed that spot size
has a strong influence on the maximum temperature
attained as well as on the mechanism of deep penetra-
tion.

Lax [7] pioneered the modeling of the temperature
distributions induced by laser irradiation in solids. He
determined the spatial distribution of the temperature
rise induced by a stationary Gaussian laser beam nu-
merically for steady-state conditions by reducing it to a
1-D integral.

Sanders [8] developed a general solution for a moving
circular disc heat source with a Gaussian distribution of
heat intensity by applying the solutions of Lax [7] for a
stationary point and a circular disc moving heat source.
He then applied the general solution to determine
approximate solutions for: (1) steady-state conditions
(i.e., for slow scan speeds); (2) energy density solution
(i.e., for fast moving beam heat sources where the
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temperature rise is proportional to the integrated beam
intensity); (3) surface absorption solution (i.e., for
strongly absorbing material) for scanning beam prob-
lems. He also reported similar solutions for pulsed laser
irradiation. He found the temperature rise to depend
only on the ratio, v (= vd/4D) which is the ratio of scan
speed (v) to the rate of heat diffusion (4D/J) in the solid
and a geometric factor, y (= «d/2) which is the ratio of
the beam radius (6/2) to the absorption depth (1/x). He
also found the solution to approach the steady-state
limit for small values of v, the energy density limit for
large values of v, the surface absorption limit for large
values of y. While this relationship may be reasonable
for approximate solutions, it will be shown in this paper
that the temperature rise is a much more complex
function of the laser beam diameter, beam velocity, and
laser power. They enter in the integral limits of the
special function as well as constants in the general so-
lution (see Eq. (6)) as will be shown in this investigation.

Mazumdar and Steen [9] developed a 3-D heat
transfer model for laser material processing with a cir-
cular (or disc) shaped moving heat source with a
Gaussian distribution of heat intensity using a finite
difference numerical technique. They limited their in-
vestigation to quasi-steady state conditions in that the
thermal profile is considered steady relative to the
position of the laser beam. The model was used to pre-
dict melting or fusion, HAZ, and thermal cycles in the
neighborhood of laser-surface interaction.

Moody and Hendle [10] developed solutions for the
temperature distribution for a moving CW laser beam
with a Gaussian intensity distribution in a semi-infinite
material. They introduced an interesting concept of
using a highly elliptical beam at rapid scan rates to an-
neal large areas. It is an intriguing solution when limited
by beam size, laser power intensity, and beam velocity.
It can also be considered for expanding the region of
laser annealing by taking advantage of the diffusing el-
liptic beam instead of a concentrated Gaussian beam.

Kou et al. [11] conducted an experimental and nu-
merical analysis of laser transformation hardening of an
AISI 1018 steel. They developed a 3-D heat flow model
using the finite difference method. On the experimental
side, they used a continuous wave CO; laser of 15 kW
capacity along with a beam integrator that would pro-
vide a uniform distribution of heat intensity on a
12 mm x 12 mm square cross-section. Such a uniform
laser beam of a square or a rectangular shape is ideal for
surface transformation hardening due to uniform depth
of the hardened case and the high coverage rate that can
be obtained. They varied the beam power and the tra-
verse speed and determined the onset of surface melting.
The experimental results were compared with the results
from the numerical analysis.

Chen and Lee [12] investigated transient temperature
profiles in solids heated with a scanning laser with par-

ticular emphasis on the annealing of semiconductor
materials. Their thermal analysis involved the use of a
circular laser beam with a Gaussian distribution of heat
intensity. They showed that the input energy density is
constant when the input power is varied linearly with the
scan velocity. They also contended the existence of a
critical velocity (a/ry) (which is defined as the ratio of
the thermal diffusivity of the work material to the beam
radius) below which the effects of the moving velocity
becomes practically negligible. In the present investiga-
tion of laser surface hardening of AISI 1036 steel, the
critical velocity for different beam radii used (using
the conditions used by Steen and Courtney [2]) are in the
range of 2.1-7.625 cm/s which is much lower than the
values of the traverse velocities used in practice.

Ashby and Easterling [13] and Li et al. [14] investi-
gated transformation hardening of hypo- and hyper-
eutectoid steels, respectively, using a scanning laser
beam. Two continuous wave CO, lasers (0.5 and 2.5
kW) were used in this study. The beam diameter was
varied from 1-10 mm and the beam velocities in the
range of 2-30 mm/s. The measured absorptivity was
reported to be 0.7 4+ 0.03 with an appropriate absorbent
coating. They considered both Gaussian as well as “top
hat” or uniform energy density distributions. As can be
expected, the profile produced by the “top hat” was
more uniform than that of the Gaussian beam. They
developed approximate solutions for the heat flow and
combined them with the kinetic models to predict the
microstructure and hardness variations with depth from
the surface due to laser transformation hardening. They
developed diagrams which show the combination of
process variables, such as energy density, beam radius,
and depth below the surface for a given microstructure
and the associated hardness profile.

Davis et al. [3] developed a thermal model for laser
hardening of steel. They considered each of the con-
ditions that is required for surface transformation
hardening in their analysis, namely: (1) the material must
reach the Az temperature of steel for austenitizing; (2) it
must remain above this temperature for a sufficient time
for carbon diffusion to take place (the time required for
the carbon diffusion to take place is estimated as 0.003 s);
and (3) it must then be quenched rapidly to transform
austenite into martensite (the cooling rate of ~103°C/s).

Festa et al. [15] and Festa [16] developed simplified
thermal models for laser and electron beam surface
hardening. They developed a relationship between the
hardening depth as a function of austenitization tem-
perature and Peclet number for 1-D stationary and 2-D
uniform strip moving heat source problems. They
compared the analytical results with the experimental
results in the literature and found a good correlation
(maximum deviation being ~9.1%).

Usually, the thermal properties of carbon steels are a
strong function of temperature. In laser transformation
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hardening, significant temperature gradients can be
generated in the vicinity of the laser beam. The question
is at which temperature, should the thermal conductivity
be taken in the analysis, as only one value can be used in
the analytical method. Isenberg and Malkin [17] and
Kuo et al. [11] addressed this issue of variation of
thermal conductivity with temperature. They found that
the errors would be minimal so long as the thermal
conductivity is taken close to the transformation tem-
perature (or the melting temperature) as the case may be
and not at room temperature. Komanduri and Hou [18]
also conducted a similar analysis for the arc welding
process and compared it with the FEM analysis of
Tekriwal and Mazumdar [19]. The latter was conducted
considering variable thermal properties. Komanduri and
Hou [18] found the error to be <5-10% so long as the
thermal conductivity is taken close to the transforma-
tion temperature. Significant errors were found using the
room temperature thermal conductivity value. In this
investigation, we have taken the thermal conductivity at
the transformation temperature (A.;) which is the same
as that used by Steen and Courtney. This way, our an-
alytical results can be compared with their semi-empir-
ical analysis based on experimental results and the error
can be minimized by not taking the thermo-physical
properties at room temperature; instead at the trans-
formation temperature (Ac).

It can be seen from the above brief review of litera-
ture that most of the analyses to date were for quasi
steady-state and very few, if any, for the transient con-
ditions. Also, the boundary effects were not generally
considered which assume significance when dealing with
a narrow width work material. In this investigation, an
attempt was made to develop general equations (both
transient and quasi steady-state) taking into account the
boundary effects. The analysis enables the determination
of temperature at any point on the surface including
close to the heat source but also the temperature profiles
with variation in depth. It can also plot the variation of
temperature from transient to steady-state conditions
and determine the time required to reach steady-state
conditions. Also, using this analysis, operational regions
involving critical velocity for no surface melting on one
end and critical velocity for a given hardening depth,
say, 0.1 mm on the other, for different laser powers and
beam diameters are developed.

3. Thermal model of the surface transformation hardening
by a scanning laser beam

Fig. 2 is a schematic of the heat transfer model used
for the example of surface transformation hardening of
gears (see Fig. 1). When the moving laser beam (heat
source) approaches either of the boundaries a—a or b-b,
the boundary effects assume significance and cannot be

Z1 70 z2
Moving disc jheat source I .
mage heat{source 2
‘ with radius _|ro=3 mm g
< a 4 b P—r X
01\;& 2 V 0 X
Image heat sourge 1{p¢ S M(‘W /vt
X1 'g 2
S ’
a TH b TH
_’i

vt vt

Fig. 2. Schematic of the heat transfer model for laser surface
transformation hardening of gears.

neglected. Consequently, two image heat sources corre-
sponding to the two boundaries o, and 0, need to be
considered. The width of the gear tooth is considered
large compared to the thickness of the layer where the
temperature rise during heat treatment is considered.
These points in the layer are near the surface where the
laser beam impinges but far from the opposite involute
surface boundary of the gear tooth (see Fig. 1). Thus the
boundary effect on the opposite involute surface can
reasonably be ignored. Referring to Fig. 2, 0, 01, and o,
are the centers of the primary and the two image heat
sources, respectively. ox is the x-axis of the absolute co-
ordinate system, 0o X, 0;.X and 0,X, are the X-axes of the
three moving coordinate systems related to the primary
and the two image heat sources, respectively. The moving
coordinate system moves along with the relevant heat
sources at the same velocity and in the same direction.

The heat source is considered as a moving circular
disc heat source (with a Gaussian heat intensity distri-
bution) of radius 7y, cm, a heat liberation rate of gy, J/s,
and moving with a traverse speed of v, cm/s. The moving
disc heat source can be considered as a combination of a
series of concentric segmental moving ring heat sources
of radii »; (r; varying from 0 to ry). The solution of a
moving ring heat source for a semi-infinite conduction
medium is given by [20]:

v2t/4a 2
qrgl _xv dw u
Oy = ———¢ ——exp| —w——
M 8lam ./wzo w2 P ( 4w)

where V =v/2a, u=V\/ri +X>+)y>+2%, X,y,z, are
the coordinates of point M in the moving coordinate
system, and ry is the radius of the ring heat source. Eq.
(1) is used as a basis for the derivations to follow.

The heat liberation rate ¢,, of a segmental ring heat
source is given by

Grg = qo2mr;dry, (2)

where ¢ is the heat liberation intensity of a circular disc
heat source, in J/cm? s. For a uniform distribution on a
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circular disc heat source, it is a constant (given by
qo = gp/(nr3)). For a Gaussian distribution, it is a
function of r; — the larger the r;, the smaller the value of
qo- When r;, =0, go has its maximum value. When
r; — ro,qo — 0. The approximate functional relationship
for a pseudo-Gaussian distribution is given by

3r; 2
=11 3
(2) ] ()
The coefficient C is determined by integrating the
heat liberation rates of all the segmental ring heat

sources from r; = 0 to r; = ry and equating it to the total
heat liberation rate of the disc heat source g, i.e.,

ri=ry
qdpl :/ dq
ri=0
ri=ro . 2
:/ C exp [ (%) }2nr,~dr,v. (4)
=0 4]

Here,

qo = C exp

> >
2r;dr, =d(?) =1} —d(’;) = r(z)d(r—i) =rddz,

) }"0 r%
v
where z = (—)
U
Substituting, z and 72dz for (r;/ry)” and 2r;dr; in Eq.
(4), we get

z=1

z=1 -9z 2
e nr; C
— 2 —9z _ 2 ~ o
qpl—nVOC/ e dz—m’OC‘fT ~ =y
z=0 z=0
9
or C==—2.
nrg

Substituting (9¢,)/(mr3) for C in Eq. (3), we get

9 3\ 2
qrqilexp[_( )]
TU"O 140)

Substituting ¢, in Eq. (2), the heat liberation rate of each
segmental ring heat source (from a disc heat source of
Gaussian distribution) is given by

9¢q 3\’
Grg = ?%1 exp |:— (E) :|27tr,-dr,~

2
:9L2plexp {— (ﬁ> }Zn-dr,-.
I"O 140)

Using Eq. (1), the differential temperature rise at any
point M(X,y,z) caused by this segmental ring heat
source is given by (considering the origin of the moving
coordinate system to coincide with the ring center)

v’t/4a
46y, = 9gy1v e’“"'/"“)zridrie’x'// do

= 32,2 32
4ham3?r} oo W3

2 e 20\
X exXp —w—:—w Iy VZw (X+7w) +2,

(5)

where V =v/2a, u=V+\/r? +X2+* +22. The tem-
perature rise at point M(X,y,z) caused by the entire
circular disc heat source with a Gaussian distribution of
heat intensity is given by

ri=ro v*t/4a
_ Ot o [T do
HM—4, 3/226 € i",'d}"i 32
AT Sry ri=0 =0 @

u? V2 20\’
—w—— || = X +— 2.
X exp w 20 11 24 ( + % ) +y

(6)

Referring to Fig. 2, the temperature rise at any point M
and at any time ¢ caused by each of the three heat
sources (i.e., the primary moving disc heat source (6y)
and its two image heat sources (0),) and (0,p), re-
spectively) is given by

o 2
9q 0 ri=ro ) ) v*t/4a do
Ouro L e On/nl 1 dpe
ri=0 =0

- 4/.am3/2r} 32

xexp| —o—— |1

=K v*t/4a
HMI 9‘]131” e—XlV/ Ue—(3r,/r0)2r’_dr’_/ do

=4 2,2 2
4.am’?r} -0 om0 OV

2 2 2
uj rV 2w
NI X +2 2
X exp “ 40 | 20 (1+V) ek

(®)

— 2t /4a
9g,1v 1=t RS wrfha dey
Oyr = —_ eV e~ (iln) ridr; -
am3/?r; =0 =0

032

Using the principle of superposition, the total tem-
perature rise at any point M and at any time ¢ is given
by

ri=rp n=2 *1/4a
_ gpv —(3ri/ro)? X,V do
M =373 e rdr; e —
32,2 & 3/2
4am3/%r§ — by O

ri=0

o u? |7 V2 X+ 20\’ iy
exp| —o— n = )
P 4o |7 20 vV 7

(10)
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where

uy = Ryv/2a, u; =Rv/2a,
Ry = /P + X} +y*+ 22,
R =\ri + X} +3* +2,
Ry =\ri + X3 +y* + 2,

Xo=x—vt, X;=—-(x+vt), X, =2Th—x—ot.

u, = Rov/2a,

Egs. (6) and (10) are for transient conditions. For ap-
plication to quasi-steady state conditions, theoretically
the time ¢ should be considered as oo, i.e., the upper limit
of the second integration in these equations, namely,
v*t/4a = oco. It has been shown [20] that when this upper
limit — 5, the temperatures calculated by these equa-
tions approach a constant value, i.e., when the upper
limit is >5, no matter how large, the results of the cal-
culations would have the same value indicating quasi-
steady state conditions. It is, therefore, not necessary to
consider ¢ = oo in practice. Instead, a finite value, such
as 5, in this case, can be used. Thus, Egs. (6) and (10) can
be used for quasi-steady state conditions by merely
substituting 5 for the upper limit of the second integra-
tion v*¢/4a. Using this relationship, the time required for
reaching the quasi-steady state can be estimated, as

tquasi-steady ~ 200/1}2 . (1 1)

4. Results and discussion
4.1. Transient thermal analysis and boundary effects

In many practical applications, both transient and
boundary effects can be significant and should not be
neglected. A typical case is the laser surface hardening of
gears (as shown in Figs. 1 and 2) which is analyzed in
this investigation. Appropriate processing parameters
including the laser power, the traverse velocity, and the
beam diameter as well as the average thermal properties
of the work material are given in Table 1 [2].

Fig. 3(a) shows the temperature rise distribution
along the X-axis (refer to Fig. 2) at various instants of

Table 1
Laser processing parameters and the thermal properties of the
work material [2]

Beam power, P 500 W
Absorptivity, Cabsorp 0.8

Effective beam power, Py 400 W
Scanning velocity, v S cm/s

Beam spot radius, ry 3 mm
Thickness of the gear, Th 25 mm
Thermal conductivity, Zac; 0.339 J/s cm °C
Thermal diffusivity, a 0.061 cm?/s

time (i.e., from ¢ = 0.016 to 0.064 s) without the influ-
ence of the boundaries a—a and b-b. These plots were
obtained using Eq. (6) (for y =0 and z =0) and the
moving coordinate system. Point X = 0 is the location of
the center of the circular disc heat source. It can be seen
that longer the interaction time, the higher is the tem-
perature rise. It can also be seen that the maximum
temperature rise shifts towards the trailing edge of the
heat source with time. The computational results also
indicate (not shown in Fig. 3(a)) that when ¢ > 0.048 s,
the temperature rise distribution for various times are
nearly the same which indicates that quasi-steady state
has been reached. As derived earlier, the time for es-
tablishing the quasi-steady state can be calculated using
Eq. (11), i.e.,

fquasisteady ~ 20a/0* ~ 20 x 0.061/5> ~ 0.049 s.

Figs. 3(b)—(d) are plots showing the effect of one
boundary (on the left of the heat source or at the trailing
edge) on the temperature rise distribution at different
laser interaction times ¢ (i.e., from ¢ = 0.016 to 0.048 s).
At t = 0.016 s, the center of the moving disc heat source
has moved a distance vt =5 x 0.16 =0.8 or 0.8 mm
from the left edge. Thus, the distance between the heat
source center and the left boundary a—a is 0.8 mm. At
the same time, the corresponding image heat source has
also moved a distance of 0.8 mm in the opposite direc-
tion. Therefore, the distance between the image heat
source center and the left boundary a—a is 0.8 mm. Re-
ferring to Fig. 3(b) (with the point X = 0 denoted as the
location of the center of the primary moving disc heat
source) the left boundary a—a at t = 0.016 s is located at
X = —0.8 mm and the center of the image heat source at
X = —1.6 mm. Fig. 3(b) shows the two corresponding
temperature rise distribution curves due to the primary
and image heat sources. They are the same as the tem-
perature rise distribution curve shown in Fig. 3(a) for
t =0.016 s but in the opposite direction to each other.
The actual temperature rise distribution on the work
surface at the right side of the boundary a—a is the result
of the superposition of the two curves at the right side of
the boundary. Fig. 3(b) shows the combined effect of the
temperature rise distribution at 1 =0.016 s. Figs. 3(c)
and (d) show similar temperature rise distributions at
t =0.032 and 0.048 s, respectively, due to the effect of
the boundary a—a. It can be seen that longer the time,
the longer is the distance between the centers of the
primary and the image heat sources and less is the in-
fluence of the boundary.

Fig. 4 shows the summary results of the calculations
(using Eq. (10)) taking into account the influence of the
boundaries, a—a and b-b. The temperature rise distri-
bution curves obtained for ¢t = 0.016, 0.032, and 0.048 s
are identical to the combined temperature rise curves
shown in Figs. 3(b)-(d) without showing per se the
temperature rise distributions caused only by the image
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Fig. 4. Summary results of the temperature rise distributions
due to primary and image heat sources (see Fig. 3).

heat source or the primary heat source. It may be noted
that during this time, the right side boundary b-b (see
Fig. 2) is relatively far from the primary heat source. So,
its effect on the temperature rise around the area near by
the primary heat source is not noticeable.

Figs. 5 and 6 are isotherms of various temperatures of
interest on the top surface (z = 0, in plane x—o—y at dif-
ferent times (from ¢ = 0.016 to 0.080 s) for Fig. 5 and
(from ¢ = 0.468 to 0.500 s) for Fig. 6 obtained using

Eq. (10). Figs. 5(a)-(e) are the temperature contours
obtained during the transient stage while Figs. 6(a)—(c)
are the same isotherms obtained during quasi-steady
state conditions. The effect of the boundary a—a, espe-
cially on the 775°C contour is noticeable in the early
stages of Fig. 5 by way of stretching of this isotherm
towards the boundary a—a. Similarly, the effect of the
boundary b-b, especially on the 775°C contour is no-
ticeable in the later stages of Fig. 6 again by way of
stretching of this isotherm towards the boundary b-b.
But this is hardly noticeable for the contours of the
isotherms of 1370° (except at the very beginning (Fig.
5(a)) or at the very end (Fig. 6(c)) of the scanning process
when the boundary effects are very high because this
temperature is rather high and the percentage of the
boundary effect in the total value is comparatively low.
Fig. 6(a) shows a set of typical quasi-steady state (with-
out noticeable boundary effects) isotherms of 775°C
(phase transition temperature) and 1370°C (close to but
lower than the melting point). The shape and size of the
isotherms are found to be nearly constant from ¢ = 0.128
to 0.468 s (the corresponding centers of the primary
moving disc heat source are located in the range of
x =164 to 23.4 mm). In this range, no isotherm of
melting temperature is detected, i.e., no surface melting.
Figs. 6(b) and (c) show the same isotherms at the time
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Fig. 5. (a)—(e) Isotherms of various temperatures of interest on the top surface (z = 0, in plane x—o0—y) at different times (from ¢ = 0.016

to 0.080 s).

when the centers of the heat source are very close to the
right side boundary »-b. It can be seen that the boundary
effect raises the right side of the contours of these iso-
therms quite significantly compared to the plots for the

quasi-steady state (dotted lines). In Figs. 5(a) and 6(c),
the appearance of the isotherms of the melting temper-
ature (1470°C) show a strong influence of the boundaries
a—a and b—b when the heat source is close to them.
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Fig. 6. (a)-(c) Isotherms of various temperatures of interest on the top surface (z = 0, in plane x—o-y) obtained during quasi-steady

state conditions at different times (from ¢ = 0.468 to 0.500 s).

Figs. 7(a) and (b) are the isotherms of 775°C in the
x—o—z plane (y = 0) at various instants of time (from
t =0.016 to 0.080 s for Fig. 7(a) and from ¢ = 0.452 to
0.500 s for Fig. 7(b)). It can be seen that from
~t = 0.048 s, a stable depth of this isotherm (0.28 mm)
has reached which remains unchanged until ~¢ = 0.484
s. Correspondingly, in the range of x = 2.4 to 24.2 mm,
the depth of hardening is ~0.28 mm. That means for
~87% of the scanning travel (from x = 0 to x = 25 mm),
a constant thickness of hardened layer results. At the
very beginning (¢ = 0 to 0.032 s, or x = 0 to 1.6 mm), the
depth of hardening varies from 0 to 0.30 mm (due to
transient conditions and the effect of boundary a—a).
Similarly, towards the end (¢t — 0.50 s or x — 25 mm)
the depth of hardening increases to 0.39 mm (again due
to the effect of boundary 5-b).

Figs. 8(a) and (b) are isotherms of 1370°C (lower but
close to the melting temperature) and 1470°C (melting
temperature) in the x—o—z plane (y = 0). It can be seen
that at 1 = 0.064 s, a stable depth for the 1370°C iso-
therm has reached which remains unchanged until
~t = 0.468 s. Correspondingly, in the range of x = 3.2 to
x = 23.4 mm, the stable depth of this isotherm is ~0.031
mm. That means for ~78% of the scanning travel (from
x=0 cm to x =25 mm) no surface melting is experi-
enced. Only at the very beginning, i.e., when ¢ = 0.016 s,
surface melting appears (due to the influence of the
boundary a—a). Its depth varies from 0 to 0.068 mm in
the period of =0 to 0.016 s. After + =0.016 s, the
depth of the isotherm of the melting temperature di-
minishes rapidly due to decreasing influence of bound-
ary a—a. Similarly, towards the end (+ — 0.50 s or x — 25
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Fig. 8. (a) and (b) Isotherms of 1370°C (lower but close to the melting temperature) and 1470°C (melting temperature) in the x—o—z
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mm) the surface melting appears again and reaches a higher towards the end than at the beginning because
maximum value of ~0.18 mm (due to the influence of one is already quasi-steady state while the other is at the
boundary 5-b). Also, note the depth of the melt zone is very beginning of the transient state.
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Fig. 9. Variation of the hardening zone under the surface after one traverse of the laser beam scanning. The thickness of the hardened
layer is ~0.28 mm for most of the length. Also, melting has occurred at entry and exit.

Fig. 9 shows the resulting hardening zone under the
surface after one traverse of the laser beam scanning
with the parameters used in Table 2 [2]. The thickness of
the hardened layer is ~0.28 mm for most of the length. It
also shows the areas (entry and exit) where melting has
occurred. At the very beginning, the thickness of the
melt zone is ~0.068 mm and towards the end it is ~0.18
mm. Fig. 10 is a schematic showing the area where the
temperature is higher than the phase transition point at
any given instant after the quasi-steady state has been
established. This area is moving with the moving disc
heat source at the same velocity v and will be self-

Table 2

Laser processing parameters and metallurgical and thermal
properties of the work materials used in the optimization
studies [2]

500, 750, 1000, 1250, 1500,
1750, 2000 W
1.6, 2.6, 3.7, 4.8, 5.8 mm

Laser beam power, P

Laser beam diameter, Dy,
Work material AISI 1036 (EN 8) steel
Melting temperature 1470°C

Phase transition 775°C

temperature

Thermal conductivity
(mean), Zac3

0.339 W/em °C

Thermal diffusivity 0.061 cm?/s
(mean), a
Absorptivity 0.8

Hardening zone under quasi-steady
state without boundary cffect

Fig. 10. Schematic showing the area where the temperature is
higher than the phase transition point at any given instant after
the quasi-steady state has been established.

quenched by conduction into the cold material beneath
the surface. The depth of hardening is nearly the same as
the depth of the zone where the temperature had been
higher than the phase transition temperature.

Based on the above analysis, it can be seen that the
parameters of the laser beam scanning for surface
transformation hardening are not optimal even though
most part of the process is satisfactory. The resulting
surface temperatures are high near the two edges re-
sulting in melting. It indicates that the selected power is
somewhat high or the selected scanning velocity some-
what low at the very beginning and during the last
moments of each scanning period. In fact, this effect is
more pronounced towards the exit than at the entrance
due to the reason mentioned above. For good laser
surface hardening practice, i.e., without the melt pool, it
is necessary to alter the process parameters towards the
last stage of the process, if one were to use the same laser
parameters given in Table 2 [2]. For this, it is necessary
to adopt a different strategy involving reduced power or
increased scanning velocity, or switch-off power alto-
gether towards the end of the laser scanning cycle. This
can be accomplished quite easily with most NC operated
machine tools. Such a strategy was recently developed
for welding of thin plates [21] and can be extended to the
laser surface hardening process readily.

In the following, a procedure for the optimization of
process parameters for laser surface hardening, namely,
laser power, P, beam diameter, D., and scanning vel-
ocity, ¥ within the two constraints, namely, critical
velocity for no melting and critical velocity for a hard-
ening depth of 0.1 mm for an AISI 1036 steel (EN 8) will
be considered. This will enable the determination of the
operating regime for laser surface hardening. It will be
shown that this range is somewhat narrow due to the
above constraints. The results of the analysis are com-
pared with the experimental and semi-empirical analyt-
ical results of Steen and Courtney [2].

4.2. Optimization of process parameters

As mentioned in Section 2, Steen and Courtney [2]
conducted a five level, factorial design of experiments for
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surface hardening of an AISI 1036 (EN 8) steel using a
continuous wave CO, laser at various conditions of laser
power (1.2, 1.4, 1.6, 1.8, and 2.0 kW), beam diameter
(1.6, 2.6, 3.7, 4.8, and 5.8 mm), and traverse velocity (25,
50, 100, 200, and 400 mm/s) (Table 2). It would have
been beneficial had the experimental results been tabu-
lated in their valuable paper. Since their work will be
compared with the analytical results of the present in-
vestigation, it will be discussed in some detail here.

Steen and Courtney [2] conducted a statistical anal-
ysis of the experimental results. They initially fitted a
response surface for depth of hardening using laser input
parameters, namely, the laser power, P, scanning
velocity, V, and the laser beam diameter, D,. However,
the expression generated was very complex and difficult
to use or interpret the results. Hence, they attempted an
alternate empirical approach.

Fig. 11 shows the variation of the parameter P/+/Dyv
with the depth of hardening, z. It can be seen from the
figure that the scatter of this parameter (P/+/Dyv) with
depth of hardening is quite significant with the scatter
increasing with increasing hardening depth. Using a re-
gression analysis of the experimental data (Fig. 11),
Steen and Courtney arrived at the following relationship
for the hardening depth z.

z=—0.10975 + 3.02P/+/Dyv. (12)

As an example, they considered the case of hardening
depth z of ~0.1 mm, for if the wear is to exceed this
value, the component in service would most likely loose
its accuracy of size and geometrical shape and needs
replacement. Fortuitously, the scatter is small or negli-
gible in the range of hardening depth of up to 0.1 mm.
Substitution of z = 0.1 mm in Eq. (12) yields

P/+/Dyv = (0.1 +0.10975)/3.02 = 0.06945
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Fig. 11. Variation of the parameter P/+/D,v with the depth of
hardening, z after Steen and Courtney [2].

or

P ,
0_207.305D—b. (12)
Eq. (12') indicates that for a given depth of hardening,
the parameter P//Dyv is a constant. For example, for
the case of z=10.1 mm, it is 0.06945. Using Eq. (12),
Steen and Courtney developed a series of plots of critical
scanning velocity for 0.1 mm hardening depth versus
power for different beam diameters, as shown by the
dotted lines in Fig. 12(a). Only when the scanning ve-
locity v is at or below the corresponding curve, the
hardening depth can reach or exceed 0.1 mm, otherwise
it will be <0.1 mm.

Figs. 12(a) and (b) show for various beam diameters,
the variation of the critical scanning velocity with the
laser power for a hardening depth of 0.1 mm and for the
onset of surface melting, respectively. The solid lines are
the analytical results obtained in this investigation and
the dotted lines are the semi-empirical results of Steen
and Courtney using Eqgs. (12") and (13'), which are de-
rived from the linear regression analysis of the exper-
imental results. The solid lines are obtained using Eq. (6)
and the parameters from Table 2 for quasi-steady state
conditions (i.e., by substituting 5 for the upper limit of
the second integration (v*¢/4a) in Eq. (6)).

It can be seen from Fig. 12(a) that the analytical
results are not in good agreement with the semi-em-
pirical plots of Steen and Courtney. This is not because
the analytical results do not agree with the experi-
mental results but due to the way the semi-empirical
plots were made using the experimental results. Steen
and Courtney considered the scanning velocity to be
proportional to the square of the laser power, P and
inversely proportional to the diameter of the laser
beam, D,, for a hardening depth of 0.1 mm. The
physical basis of this, however, is not clear. In fact, the
authors themselves stated subsequently [3], that Eq.
(12') is strictly based on an empirical relationship of the
experimental data and has no physical or analytical
basis. Consequently, it is not too surprising that the
semi-empirical results do not agree with the analytical
results for laser surface hardening for a depth of
hardening of 0.1 mm.

As stated in Section 1, for transformation hardening
of steels, which is a diffusion process, a minimum in-
teraction time of 1072 s and a power density of 103-10*
W/cm? are required for a hardening depth of 0.1 mm.
The power density should not be too high for surface
melting to take place and at the same time the duration
should be long enough for a depth of hardening of 0.1
mm to take place.

Since the traverse velocity is assumed to vary with the
square of the laser power, the traverse velocity according
to the semi-empirical relationship, will increases rapidly
as the laser power increases. As a result, there will be
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with the laser power for different beam diameters. The solid lines are analytical results of the current investigation and the dotted lines
are the best fit asymptotic curves using Eqs. (14) and (15), respectively.

insufficient time for laser transformation hardening to
take place to a depth of 0.1 mm (see Fig. 12a).

Based on further analysis of the experimental data, it
was found that when the laser power is higher than 1.2
kW, for all possible combinations of laser beam diam-
eters and traverse velocities, using Eq. (12'), no surface
hardening can take place at a depth of hardening of 0.1
mm, for there is insufficient time for transformation
hardening to take place, which is a diffusion-controlled
process. In other words, for these cases, the scanning
velocities are over estimated using Eq. (12'), namely,
v = 207.305(P*/Dy). In the optimization for laser hard-
ening, one should consider two factors simultaneously,
namely, sufficient time for 0.1 mm hardening depth and
insufficient time for surface melting to take place. The
analytical method presented here (Figs. 14(a)—(d)) takes
into account both the factors for optimization of the
process parameters for laser transformation hardening.

Steen and Courtney similarly considered the case of
critical scanning velocity for no surface melting for an
AISI 1036 (EN 8) steel. Based on linear regression of the

experimental results, they found the surface temperature
rise T to be proportional to P/(Div). Thus
P/(D}v) = CiT. (13)
For a given work material, the critical melting temper-
ature Ty and the thermal conductivity A were assumed
to be constants (for e.g., for an AISI 1036 (EN 8) steel,
Tee = 1470°C, A4, = 0.339 J/s cm °C). For the onset of
surface melting, the term P/(Div) is a constant
~2000 £ 1000 J/cm?. Based on the experimental results,
Steen and Courtney assumed this constant to be 1800
J/cm?. Thus, for the onset of surface melting, the critical
velocity is given by

P ,

= 13

"~ 180002 (13)
Based on Eq. (13’) for an AISI 1036 (EN 8 steel), Steen
and Courtney made a series of linear plots of critical
scanning velocity for the onset of surface melting for
various laser powers and beam diameters as shown by
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the dotted lines in Fig. 12(b). No surface melting takes
place when the selected scanning velocity v is above the
corresponding curve but not at or below it, surface
melting occurs. Good agreement can be seen between
the analytical results and the semi-empirical plots of
Steen and Courtney, except at large laser powers (>1.5
kW) and at the smallest laser beam size (1.6 mm diam-
eter). Eq. (13') appears reasonable as the scanning ve-
locity is considered to be proportional to the power
intensity. As stated in Section 1, for surface melting, the
power density levels should be on the order of 10°-107
W/cm?. For example, the power density for the case,
where P = 2000 W, D, = 1.6 mm, is about 1 x 10° W/
cm?. It is close to the lower limit for surface melting. If
the scanning velocity is too high for the case of small
beam diameter, the flash duration at the melting tem-
perature on the surface may be too short and insufficient
for surface melting. This was found to be the case for
this example. Hence, the scanning velocity is estimated
to be too high for the high power case when Eq. (13') is
used. Consequently, the velocity should be lower than
Steen and Courtney’s semi-empirical relationships and
closer to the analytical results.

Based on the above discussion, it appears that the
functional relationships Egs. (12') and (13’) developed
on the basis of the regression analysis are very approx-
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imate at best especially for the transformation hardening
to a depth of 0.1 mm. The actual relationship between
various parameters, as will be shown in the following,
are more complex (given by Eq. (6)) and need to be
considered in detail for a comprehensive understanding
of the thermal process of surface transformation hard-
ening of steel by a traverse laser beam.

To determine the underlying reasons for the differ-
ences between these two sets of analytical data (for a
hardening depth of 0.1 mm and for the onset of surface
melting) with the respective semi-empirical plots of
Steen and Courtney, it would be convenient to convert
the exact functional relationships between the various
parameters of laser transformation hardening with a
scanning laser (as given in Eq. (6)) into a simpler
mathematical expression, such as an asymptotic func-
tion that is sufficiently close to the original function.
This is because the analytical solution is rather complex
and several processing parameters are involved in the
special functions as well as in some integration limits.
Consequently, it is somewhat difficult to analyze this
equation directly in terms of the processing parameters,
namely, laser power and beam diameter. It is also clear
from this equation that the relationship between the
scanning velocity and the laser beam diameter and
power is much more complex than that proposed by
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Steen and Courtney. The closest asymptotic curves to
the solid lines (which are the results of calculations using
the exact analysis of Eq. (6)) (in Fig. 12) are obtained by
considering a polynomial expression.

Thus, the traverse velocity for the case of hardening
depth of 0.1 mm is given by

v=A, +BP+CP, (14)
where
Ay = 17.279 — 87.148Dy, + 94.249D§7 (14a)

B = —0.0015333 + 0.083841D,, — 0.12433D}, (14b)

C) = (0.31794 — 21.319D, + 33.964D2) x 10°°.  (14c)

Similarly, the traverse velocity for the case of no surface
melting is given by

v=A+ BP +CP*, (15)
where

A = —7.0201 + 10.808Dy, (15a)
B =0.11567¢ 73790 (15b)

C=(—18.659+118.29D;, —246.32D} +171.18D}) x 107°.

(15¢)

It can be seen that the traverse velocities for a hardening
depth of 0.1 mm and for no surface melting are ex-
pressed as functions of laser beam power and beam di-
ameter (not merely as a linear function but a linear and a
quadratic terms). Also, note that 4, B, and C as well as
Ay,By,C; (in Egs. (14) and (15)) are not constants but
functions of the beam diameter. This way the functional
relationships can take into account the effect of process
parameters more realistically, as will be shown in the
following.

Figs. 13(a) and (b) show the variation of the critical
scanning velocity for a hardening depth of 0.1 mm and
for no surface melting, respectively, with the laser power
for different beam diameters using the process par-
ameters given in Table 2. The solid lines are obtained
using the exact analysis (Eq. (6)) and the dotted lines
using the asymptotic equations (Egs. (14) and (15)). A
good fit can be seen between them. A comparison of Eq.
(13") [v = P/1800D3] with Eq. (15) clearly shows that the
former is somewhat over simplified. It shows that the
critical velocity for the onset of surface melting is di-
rectly proportional to the laser power P and inversely to
the square of the laser beam diameter Dy. It, also, im-
plies that no matter how small the value of P is and/or
how large the beam diameter D, is, the velocity for the
onset of surface melting can be obtained from Eq. (13').
This leads to an erroneous conclusion, namely, no

matter how low the power density is, if the scanning
velocity is low enough, surface melting will occur. Ac-
tually, when the power density is very low (when the
laser beam power is very low or the beam diameter very
large) surface melting will never takes place even when
the scanning velocity is very low, even close to zero. Eq.
(15), on the other hand, can be used satisfactorily to
explain this phenomena. Referring to this equation, it
can be seen that when Dy is large, the coefficient B will
be very small, and the second term of Eq. (15) would not
be able to compensate for the negative value of the first
term to yield a positive value of velocity. As for the third
term, it is also small when the power is low. For ex-
ample, consider the case of a laser beam of diameter,
D, =0.58 cm. Using Egs. (15a)-(15¢c), 4 = —0.7515,
B =0.001609, and C = 0.45292 x 107°, if P = 400 W
(that means the power density is very low, about
1.5 x 10° W/cm?, it is nearly the lowest limit possible for
laser heat treatment), the critical velocity for the onset of
the surface melting is given by (using Eq. (15))

v =—0.7515 + 0.001609P + 0.45292 x 10~°P?
= —0.7515 + 0.6436 + 0.07247
= —0.0354 cm/s. (16)

This means no surface melting will take place at the
low power densities since the scanning velocity is nega-
tive (<0). Practically, the lowest scanning velocity is
zero. Thus, at low power densities, even when the
scanning velocity is reduced to zero, no melting on the
surface takes place. But Eq. (13’) indicates that no
matter how low the power density, surface melting will
occur when the velocity is sufficiently low. This differ-
ence stems from the different considerations used for the
relationships between the various parameters used in
Egs. (13') and (15). In Eq. (13’) a simple proportional
relationship was considered while in the analytical so-
lution (Eq. (6)) the actual physical phenomena con-
cerning the mechanism of temperature rise was
considered as a starting point for its derivation.

Comparing Eq. (12') (v = 207.305(P?/Dy)) with Eq.
(14), it can be seen that Eq. (12) is somewhat simplified
and the effect of power is exaggerated. Eq. (14), an
asymptotic close to the analytical solution in the range
of conditions used, shows that v is a complex function of
P and P?. The corresponding terms of P and P> have
coefficients of a small number. Thus the effect of P> on
the critical velocity for 0.1 mm hardening depth is rather
weak than that shown by Eq. (12"). Consequently the
solid lines calculated using the analytical solution (Eq.
(6) or (14)) are flatter than the dotted lines (calculated
using Eq. (12')) as shown in Fig. 12(a).

In the following, the operating regions for different
laser processing conditions for laser surface transfor-
mation hardening will be presented based on optimiza-
tion of process parameters for no surface melting and
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0.1 mm hardening depth. Figs. 14(a)-(d) show the
variation of the scanning velocity with the laser power
for various beam diameters, namely, 1.6, 2.6, 3.7, and
4.8 mm, respectively. In these figures, the critical velocity
v for the onset of surface melting is shown by the solid
lines and for the 0.1 mm hardening depth by the dotted
lines. Here, a linear scale is used to show the natural
relationships between relevant parameters. The scanning
velocity should be higher than the solid line curve to
avoid surface melting and lower than the dotted line for
a hardening depth of not less than 0.1 mm.

It can be seen from Fig. 14(a) that for a laser beam
diameter, D, = 1.6 mm, in the power range 500-2500 W
there is no operational region because in this range with
such a small beam diameter, the mean power density is
very high (~2.5 x 10* to 1.2 x 10° W/cm?) and melting is
imminent. However, at the lower power values, a small
operating region is available but at very low scanning
velocities which can be uneconomical in practice. It can
also be seen from Figs. 14(a)—(d), the larger the laser
beam diameter D, is, the wider is the operational region.
For D, = 2.6 mm, the operational range of power is 250
to 1270 W and powers >1270 W can not be used. At this
upper limit, the mean power density is ~2.4 x 10* W/
cm?. For D, = 3.7 mm, the operational range of power
is 350 to 2310 W and powers >2310 W cannot be used.
At this upper limit, the mean power density is
~2.15 x 10* W/em?. It shows that for heat treatment
there is an upper limit of mean power density. In this
case, it is ~2.15-2.5 x 10* W/cm? which is in very good
agreement with the recommended values (on the order
of 10* W/cm?) as indicated earlier. Overall, it can be seen
that within the power considered, the scanning velocity
range is rather limited (~2-10 cm/s) and the power range
decreases with decreasing beam diameter. Also, the op-
erating region can be seen to be somewhat limited. It
may be noted that these plots are for quasi-steady state
conditions and without the consideration of boundary
effects. Using these plots, a set of operational parameters
for 0.1 mm hardening depth without surface melting can
be selected.

5. Conclusions

1. A general solution (transient as well as quasi-steady
state) for the laser scan surface transformation hard-
ening process using a disk heat source with pseudo-
Gaussian heat intensity distribution was developed.
It gives an exact relationship between the process
parameters, such as the laser power, P, beam diame-
ter, D., and traverse velocity, v of the beam relative
to the workpiece and the various temperatures of in-
terest. It can be used to calculate the temperature rise
at any point and at any time on the surface or with re-
spect to the depth around the moving disc heat source.

2. The technique was applied for laser surface transfor-
mation hardening of AISI 1036 (EN 8) steel gears
taking into account the boundary effects which can
be very significant at the beginning and the end of
the laser hardening cycle. The analytical results were
compared with the experimental results and the semi-
empirical approach of Steen and Courtney [2]. The
limitations of such an empirical approach were point-
ed out and more realistic plots of the variation of crit-
ical laser scanning velocity for no surface melting and
a hardening depth of 0.1 mm with laser power for
different laser beam diameters were presented.

3. Operating regions for different processing conditions
for laser surface transformation hardening were pre-
sented based on the optimization of process parame-
ters for no surface melting and 0.1 mm hardening
depth. For small beam diameters, the mean power
density can be very high (~2.5 x 10*-1.2 x 10° W/
cm?) resulting in surface melting. The operating range
was found to enlarge with increase in laser beam di-
ameter. Overall, it can be seen that within the useful
power range considered, the scanning velocity range
is somewhat limited (~2-10 cm/s) and the power
range decreases with decreasing beam diameter. It
was also found that the operating regions are some-
what limited. Using these plots, a set of operational
parameters for 0.1 mm hardening depth without sur-
face melting can be selected.

4. The analytical solution for the temperature rise distri-
bution (Eq. (6)), being exact, is somewhat complex
with several process parameters involved in the spe-
cial functions as well as in some integration limits.
Consequently, it is difficult to analyze this equation
directly in terms of the processing parameters, name-
ly, laser power, P, traverse velocity, v and the beam
diameter, D,. However, by converting the exact func-
tional relationships into simpler mathematical ex-
pressions, it is possible to investigate the effect of
critical scanning velocity with the laser beam power,
P and beam diameter, D, more realistically. Such a
function of critical scanning velocity was found to
be of the form v = 4 + BP + CP?, where A4, B, C are
not constants but functions of the laser beam diame-
ter.

5. The analytical solutions give more accurate predic-
tions that are closer to practice. They also provide a
better insight into the physical process of laser trans-
formation hardening of steels.
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