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Abstract

Laser surface transformation hardening becomes one of the most effective processes used to im-
prove wear and fatigue resistance of mechanical parts. In this process, the material physicochem-
ical properties and the heating system parameters have significant effects on the characteristics of
the hardened surface. To appropriately exploit the benefits presented by the laser surface har-
dening, it is necessary to develop a comprehensive strategy to control the process variables in or-
der to produce desired hardened surface attributes without being forced to use the traditional and
fastidious trial and error procedures. The paper presents a study of hardness profile predictive
modeling and experimental validation for spline shafts using a 3D model. The proposed approach
is based on thermal and metallurgical simulations, experimental investigations and statistical
analysis to build the prediction model. The simulation of the hardening process is carried out us-
ing 3D finite element model on commercial software. The model is used to estimate the tempera-
ture distribution and the hardness profile attributes for various hardening parameters, such as
laser power, shaft rotation speed and scanning speed. The experimental calibration and validation
of the model are performed on a 3 kW Nd:Yag laser system using a structured experimental design
and confirmed statistical analysis tools. The results reveal that the model can provide not only a
consistent and accurate prediction of temperature distribution and hardness profile characteris-
tics under variable hardening parameters and conditions but also a comprehensive and quantita-
tive analysis of process parameters effects. The modelling results show a great concordance be-
tween predicted and measured values for the dimensions of hardened zones.
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1. Introduction

Surface transformation hardening processes are designed to improve wear and fatigue resistance by hardening
the superficial critical areas using brief and localized heat gains. Among these processes, laser surface transfor-
mation hardening process is well-known by his capacity in terms of power flux density and is recognized by his
fast, local and accurate thermal cycles, while limiting the risks of undesirable distortion and deformation effects.
Application of the laser beam rapidly raises the surface temperature (more than to 1000 K/s), resulting in a thin
layer that is converted into austenite. Subsequent removal of this energy results in self-quenching caused by the
conduction of heat into the relatively cool bulk of the material. This produces a rapidly cooled surface layer and
causes a transformation of the austenite into martensite [1]-[5].

Laser surface transformation hardening offers several advantages: localized treated areas, a relatively small
heat affected zone, limited metallurgical changes, reduced residual stresses, very fast thermal cycling and auto-
genous quenching, and appropriate process for automation and complex production lines when using robots.
Despite all its advantages, applications of laser surface treatments represent a very small percentage of industrial
plants. Laser surface hardening is still in its infancy, with only a few years of development and it is virtually on-
ly developed in the aerospace and automotive industries. This work is a continuing effort to develop power laser
applications for surface treatments.

The modeling of laser heat treatment went through several stages. In the first, researchers were interested in
statistical modeling to understand the influence of certain parameters and develop empirical formulas [6]-[8].
Then, other researchers became interested in analytical modeling based on the general equation of heat conduc-
tion proposed by Fourier [9]-[11]. During the 90s, advancements in IT brought more powerful computational
tools to researchers in all fields. Several numerical modeling platforms made their appearances and greatly ac-
celerated technical developments. These improvements allowed more complex problems to be modeled and
solved. According to the literature, there were three methods to model a mobile heat source. The first method
was based on the Rosenthal equation of a mobile heat source [12] [13]. The second was to move the source im-
plicitly based on the transport term in the heat equation [14]. The last one was the method of Area Sector Ap-
proach. The geometry of the heat treated sample was the main factor in selecting the method of modeling [15]
[16]. The second method was efficient only if the geometry was not intricate, and the third was applicable when
the movement was simple. The first method was effectual with complex geometries and complex movement, but
the challenge was finding the ideal trajectories of the heat source.

To treat revolutionary geometries, the sample must be rotated, and the laser beam must be in a translational
movement as illustrated in Figure 1. In accordance with the literature, Rahul Patwa and Shin achieved a 3D fi-
nite-element model [17]. The model combines a transient digital three-dimensional solution (based on the mod-
eling of Rozzi et al. [18] [19]) for a rotary cylinder undergoing laser heating by beam translation with a kinetic
model. In order to verify the results of the simulation, an experiment is performed. Both researchers reach a
depth of 0.54 mm with a hardness of 63 HRC on an AISI 5150 steel sample with a laser (diode) power of 500 W
and a rotational speed of 6 RPM [17]. Skvarenina et al. were capable of predicting and experimentally validating
a 2.5 mm hardening depth with a uniform hardness of 57 HRC on an AISI 1536 steel cylinder 60 mm in diame-
ter, using a scanning speed of 2.9 mm/s, a diode laser power of 1220 W and a rotation speed of 1 RPM [20].
Another thermal transient 3D model is developed by Leonardo Orazi et al. [21]. The model is based on the
geometry of the ring spot and was validated by experimental tests. The advantage of the Leonardo model over
other models is that it achieves very high speeds. For a rotational speed of 1140 RPM, a power of 1 kW, a scan-
ning speed of 30 mm/min, and a test piece of AISI 1040 steel 30 mm in diameter, he found a hardness of 690
HV. In general, a second laser pass generates a tempering of the material that is characterized by a drop in micro
hardness. In the same context, low processing speeds create a superposition of treatment which gives a non-
homogeneous micro hardness.

The literature review reveals the small number of researches dealing with revolutionarily complex sample
processing. The majority of the researchers focused mainly on the study of this phenomenon on gears. Benedict
and Eskildsen tested an approach to treat small gears, which proved very promising [22]. In fact, this method
consisted of the laser beam scanning from one gear tooth tip to another through variation of the angle of inci-
dence, power, and interaction time (forward speed). In 2003, Zhang et al. used this approach to treat sprockets
with 98 mm outside diameters and 23 teeth [23]. They were installed on a mounting allowing the wheel to be
moved laterally and be brought into rotation. The results were very conclusive: the cured depth of the flanks was
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Figure 1. Basic configuration of the laser hardening of a cylindrical part.

of a relatively uniform thickness and was not a stressed fusion surface. However, no process modeling was pre-
sented. Pretorius and Vollertsen have modeled a form of laser heat treatment on a toothed wheel, where the heat
treatment was applied only in the tooth root [24]. The 3D digital model was developed using the SYSWELD
package and consisted of modeling the thermal flow, metallurgical transformations, and geometrical. Clearly,
the modeling of heat treatment of the revolutionary complex geometry is limited. Among such geometries are
spline shafts. Until now, there is no work, neither experimental nor modeling, which presents the laser heat
treatment of the spline shaft. Due to its ability to transmit large torques and ease machining, spline shafts have
become the essential tools for power transmission. In this work, a method for the prediction of hardened depth
using laser heat treatment of a spline shaft with a high speed of revolution is presented.

The main objective of this work is to develop an integrated approach for hardness profile predictive modeling
and experimental validation for spline shafts using a 3D model. The numerical simulation of the hardening
process is carried out by 3D finite element model using Comsol Multiphysics software. The model is used to es-
timate the temperature distribution and the hardness profile attributes for various hardening parameters and ma-
terial properties. Applied on AISI 4340 steel spline shaft, the experimental calibration and validation of the
model is performed on a commercial 3 kW Nd:Yag laser system using a structured experimental design and
confirmed statistical analysis tools. The results reveal that the model can provide not only a consistent and ac-
curate prediction of temperature distribution and hardness profile characteristics under variable hardening para-
meters and conditions but also a comprehensive analysis of process parameters effects. The results show great
concordance between predicted and measured values for the dimensions of hardened zones.

2. Finite Element Modeling

In this study, the laser was modeled as a source of circular Gaussian heat. The laser moves along the spline shaft.
The latter is mounted in a test stand that allows it to be turned at rather high rotational speeds.

In general, non-linear mathematical models of heat transfer by conduction in a homogeneous and isotropic
medium take the following form:

pCp(:j—I+pCpuVT +V(-kVT)=Q(x,y,z1t) 1)
The volume density of the laser Q (x, y, z, t) applied to the material, is given by:
1-R
Qxy.zt)- LALR ; 2t (uy.21 @
2w

Here Qq is the power of laser, A. is the coefficient of absorption, R, is the coefficient of reflection, W is the
radius of the laser beam, and f (X, y, z, t) is the function that describes the shape and the path of the beam, given

by:

2 2
(ax,t + by,z,t

f(x, y,z,t)=exp{—(zT))]exp(—Alcw) (3)

O,
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The challenge in modeling the laser heat treatment of splines is that the geometry is complex and the heat
source must follow the teeth and the flanks of groove. For this, the solution was to find a mobile frame of vector
space at each time t, of which a, b and c are given by:

ool

b, .« = Z, COS(awt)+ Y, sin(ot) 4

Cy.t = —Zo Sin(wt)+y, cos(wt)

where x; is the length travelled by the laser beam, t; is the duration of treatment, w is the rotational speed in rad/s,
Yo and z, are the instantaneous positions along y and z, respectively, and are given by Equation (5):

Yo = Y—Rsin(at) ©
z,=z—Rcos(wt)

The beam should treat tooth and flank, which requires clarified beam position either on the tooth or the flank.
R=R; —eH(t) (6)

Here Ry is the outer diameter of spline shaft, e is the depth of the groove and H (t) is the position function of

the laser beam:
1 ifteA
H(t)= 7
(®) {O ifte A )

where A is a function dependent on the number of teeth.

3. Metallurgical Modeling

The metallurgical transformation process for the heat treatment of steel occurs over three major steps: the pear-
lite transformation to austenite (pearlite dissolution), the homogenization of the carbon in austenite, and the aus-
tenite transformation to martensitic [25]. By heating the material up to the temperature of eutectoid Acl, colo-
nies of pearlite in the microstructure are transformed into austenite. The distance between the pearlite plates,
which allow colonies pearlite to be completely transformed into austenite, is given by the following formula:

RgTp

12 =2D,¢, rhe[_Qaj ®)

where Dy is the diffusion constant, Q, is the activation energy, R the gas constant, T, is the temperature of
spades, and the two constants cqand 7, are given by Equations (9) and (10):

cy =3 % 9)
7, = _(-R)P__ (10)
2nKeV (T, -T,)

Here K the thermal conductivity, V is the scanning speed, T, is the initial temperature and R is the reflection
coefficient. The homogenization mechanism is simple: around a ferrite grain and a cementite grain, an austenite
germ can be created. This germ is formed by eutectoid transformation with a chemical composition of 0.8% C.
As the temperature rises it undergoes a systematic change in its composition. Rapid cooling of the austenite,
which is formed only within a thin layer during laser hardening due to the self-sealing of the material when the
laser beam is moved away, makes it difficult for carbon to diffuse outside its lattice [26] [27]. When the carbon

()
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is trapped in the network and cooled, the face-centered cubic crystal structure of austenite is transformed into a
hybrid quadratic structure, called martensite [5]. The martensitic volume fraction, f, which is formed on a period

T, is given by Equation (11):
B
f=fm—(fm—fi)e gs\/; 2C. V2

where f; = C/0.8 as the initial volume fraction of pearlite and f;, is the volume fraction of martensite, given by the
following relationship:

(11)

0 if T, <A
ﬁ+@JJR:A if A <T, <A, 12)
1 if T, <A

The hardness of the material is calculated as follows:

H=fH +(1-f)H, (13)
Hn and Hz., are calculated following Maynier’s equations and taking into account the initial chemical compo-

sition [10] [11].

4. Simulation Results

This study investigates the machine sensitivity parameters of laser heat treatment of an AISI 4340 steel spline
shaft. The AISI 4340 steel is very common in the aerospace and automotive industries in the manufacture of
propeller shafts, connecting rods, gear shafts and other parts, and automobiles due to its high tensile strength.
The AISI 4340 chemical composition is given in Table 1. The sample used in the simulations and validation is
15 mm in diameter, 2.5 mm in thickness and is inclined at an angle of 20°C. Primary results of the simulation of
heat treatment showed that there is no heat affected area and the temperature does not exceed 350°C, even with a
speed of 2 mm/s, a power of 2500 W, and rotation speed of 1500 RPM. The results are experimentally validated.
To achieve a heat affected zone by the laser beam, it must pass through a preliminary heating. Multiple scanning
was carried out to increase the original sample temperature from 20°C to 500°C. Table 2 shows the material
properties used for the simulation.

It is clear in Figure 2 that the laser is in the process of turning around the spline shaft, treating both the tooth
and the flank. The temperature rises to 837°C with a rotational speed of 1000 RPM, a scanning speed of 5 mm/s,
and a power of 2200 W. Note that the austenitizing temperature is 790°C.

Figure 3 and Figure 4 show that the temperature progressively increases approaching the measurement point,

Table 1. Material chemical composition of 4340 steel.

Element Content (wt%)
Cc 0.38-0.43
Cr 0.70 - 0.90
Mn 0.60 - 0.80
Mo 0.20-0.30
Ni 1.65-2.00
P 0.040 max
Si 0.20-0.35
S 0.040 max
Fe Balance
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Figure 4. The evolution of temperature versus time (x =5,y =0, z=15).

then gradually decreases away from the measurement point. It is clear that the temperature increases and de-
creases when the laser beam turns around the spline shaft.

5. Experimental Validation

A Yag laser with a maximum power of 3 KW was used to validate the finite element model. The laser head is
mounted on a Fanuc robot with six degrees of freedom (see Figure 5 left). The laser beam diameter is evaluated
at 1.08 mm when focused. The specimens are treated by a hardening and tempering process to ensure a core
hardness of 35 HRC. The latter is the untreated area. The prediction algorithm is intended to look at the har-
dened area. Two validation tests shown in Table 3, are performed to validate the hardened depth at the tooth (Dy)
and the flank (Dy).

The curve describing the hardness profile is divided into three zones. The first is the hardened zone, consist-
ing of 100% martensite. The second is the transition zone, consisting of ferrite, perlite and martensite. The third
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Table 2. Material properties of 4340 steel.

Property Symbol Unit Value
Reflexion coefficient Rc 0.6
Steel absorptivity Ac m* 800
Eutectoid temperature Acl K 996
Austenitization temperature Ac3 K 1063.15
Austenite grain size (assumed) g um
Activation energy of carbon diffusion in ferrite Q KJ/mol 10
Pre-exponential for diffusion of carbon DO m?/s 80
Gas constant R Jmol-K  6.107°
Steel carbon content Cc 0.34%
Austenite carbon content Ce 0.8%
Ferrite carbon content Cf 0.01%
Critical value of carbon content Cc 0.05%
Volume fraction of pearlite colonies fi 0.5375

Table 3. Numerical model validation tests.

Test P (W) V (mm/s) W (RPM)
1 2500 4 1500
2 2200 4 2000

1 mm

Robotic laser cell Sample of hardness profile-2200 W, 4 mm/s and 2000 RPM

Figure 5. Experimental setup and example of hardness profile.

zone is the untreated area. The transition zone is not considered in the modeling. The modeling of the transition
zone with precision depends on two main parameters: the cooling rate and the initial hardness of the material [26]
[27]. In the Figures 5-7, we can see that the error of modeling the martensitic area is below 15%. The tests show
that the flank hardened depth is always less than or equal to the depth of the hardened tooth.

6. Statistical Analysis

The objective of this part is to identify the influence of various system parameters on the hardened depth. This is
carried out with the help of experiment designs, consisting in producing a series of N experiments and determin-
ing the value of the response function for these N configurations. So, in this case, the selected solution is the pro-
file of the hardened depth shown by the tow characteristic measurements {D;, Ds}. The experiments are carried

)
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Figure 7. Sample of hardness profile-2200 W, 4 mm/s and 2000 RPM.

out using a 3D model with COMSOL software (see Figure 2). The factors to be examined in this study are pow-
er, rotary speed and scanning speed. Taguchi proposed that in order to optimize a process or a product, experi-
ments should be carried out in a three-step approach, i.e. system design, parameter design, and tolerance design
[28]. The Taguchi orthogonal designs offer minimizes the effect of aliases and measures error with minimum
testing. In this context, aL.9 orthogonal array of 3 factors and 3 levels was chosen (see Table 4).

The present study used ANOVA to determine the optimum combination of process parameters more accu-
rately by investigating the relative importance of each parameter [29]. Table 5 presents the results of ANOVA
for the tooth hardened depth (Dy). It is observed from the results (Table 5 and Figure 8) that the scanning speed
(68.66%) is the most significant parameter, followed by power (25.14%). The rotary speed has the smallest ef-
fect (3.02%) in hardened depth. Statistically, the F-test determines whether the parameters are significantly dif-
ferent. A larger F value shows a greater impact on the machining performance characteristics [29]. Larger F-
values are observed for scanning speed, as 25.24, and for power, as 7.18.

As seen from the ANOVA results in Table 6 and Figure 9, the influence of the scanning speed (66.06%) in
the hardened depth of the flank is significantly larger. The power (27.28%) is the second most significant factor.
Again, the rotary speed has the least effect (3.45%) on Dx. It is also observed that there is an error contribution of
3.21% in the hardened depth on the flank.

7. Conclusion

In this paper, an integrated approach used to build a hardness profile prediction model for AISI 4340 spline
shafts heat treated by laser is presented. Numerical simulation carried out through 3D finite element model using
Comsol Multiphysics software is discussed. A commercial 3 kW Nd:Yag laser system, a structured experimental
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Table 4. Experimental planning.
Test P (W) V (mml/s) W (RPM) Py (um) Ps (um)
1 1900 2 1500 340 144
2 1900 4 2000 111 56
3 1900 6 2500 0 0
4 2200 2 2000 695 308
5 2200 4 2500 260 106
6 2200 6 1500 63 54
7 2500 2 2500 923 407
8 2500 4 1500 325 154
9 2500 6 2000 156 108
Table 5. Variance analysis case of depth (Dy).
Source DF  SumofSquares Mean Square  F-Value P-Value C (%)
P 2 153188 76594 7.18 0.122 25.14
\Y 2 538255 269127 25.24 0.038 68.66
w 2 34514 17257 1.62 0.382 3.02
Error 2 21323 10661 3.18
Total 8 747280 100

()
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Table 6. Variance analysis case of depth (Dy).

Source DF  SumofSquares  Mean Square  F-Value P-Value C (%)

P 2 36910 18455 8.47 0.105 27.28

\Y 2 89375 44687 20.56 0.046 66.06

w 2 4667 2333 1.07 0482 3.45
Error 2 4347 2173 3.21
Total 8 135298 100

design and confirmed statistical analysis tools are used to conduct the experimental study for the prediction
model calibration and validation. The results reveal that the numerical simulation can effectively lead to a con-
sistent and accurate model and provide an appropriate prediction of the hardness profile attributes under variable
hardening parameters and conditions. With a maximumerror less than 15%, the validation process shows great
concordance between predicted and experimental results.
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