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Abstract: Laser transformation hardening (LTH) of unalloyed titanium of 1.6 mm-thick sheet, nearer to ASTM Grade 3 of chemical 
composition was investigated using 2 kW CW Nd:YAG laser. The effects of laser power (750−1 250 W), scanning speed (1 000−   
3 000 mm/min) and focal point position (from −10 to −30 mm) on the heat input, and hardened-bead geometry (i.e. hardened bead 
width (HBW), hardened depth (HD) and angle of entry of hardened bead profile with the surface (AEHB)) were investigated using 
response surface methodology (RSM). The experimental plan is based on Box-Behnken design matrix method. Linear and quadratic 
polynomial equations for predicting the heat input and the hardened bead geometry were developed. The results indicate that the 
proposed models predict the responses adequately within the limits of hardening parameters being used. It is suggested that 
regression equations can be used to find optimum hardening conditions for desired criteria. 
Key words: laser transformation hardening; response surface methodology (RSM); unalloyed titanium; titanium; hardened-bead 
profile 
                                                                                                             
 
 
1 Introduction 
 

Titanium and titanium alloys are excellent 
candidates for aerospace applications both in airframes 
and engine applications owing to their high strength to 
mass ratio and excellent corrosion resistance. Titanium 
alloys were originally developed in the early 1950s for 
aerospace applications in which their high strength-to- 
density ratios were especially attractive. Although 
titanium alloys are still vital to the aerospace industry for 
these properties, recognition of the excellent resistance 
of titanium to many highly corrosive environments, 
particularly oxidizing and chloride-containing process 
streams, has led to widespread nonaerospace (industrial) 
applications[1]. Commercially pure titanium (Cp Ti) is 
considered to be the best biocompatible metallic material 
because its surface properties result in the spontaneous 
build-up of a stable and inert oxide layer. Commercially 
pure titanium and titanium alloys are known for their use 
in dental practice owing to their good corrosion 
resistance, biocompatibility, and biofunctionality in the 
human body[2−3]. 

Laser surface treatment/modification covers a wide 

variety of laser processing techniques by which the 
surface appearance or composition of the material is 
modified in order to improve its properties against wear 
or corrosion and other engineering properties. Surface 
medication can be achieved by remelting, surface 
alloying, cladding and surface transformation hardening 
technique. Laser surface transformation hardening 
(LSTH) is applied widely on alloying steel components 
with self hardening characteristic[4−5]. The carbon 
content in the material is the propelling factor in surface 
hardening technique. In conventional hardening 
technique, a hard layer is produced on plain carbon and 
low alloying steels of medium carbon content (0.3%− 
0.6%) by rapid heating of the surface followed by water 
or oil quenching to form martensite. This technique is 
cheap; however, it cannot produce a consistent quality 
and is not possible to apply in selective locations. 
Induction hardening can offer selective hardening; 
however, quenching has to be carried out and titanium is 
a difficult candidate for hardening by this technique. 

LSTH allows obtaining a hardened surface layer in 
titanium and its alloys by changing the base structure 
into hardened transformed beta martensite. Hardenability 
of titanium and its alloys is a phrase that refers to its 
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ability to permit full transformation of the titanium and 
its alloys to transform beta (martensites, alpha) or to 
retain beta to room temperature[6−7]. The standard laser 
transformation hardening of titanium and its alloys 
involves two main steps: beta phase formation, in which 
the material is heated to/above the beta transus 
temperature, i.e., β-transus (888 ˚C or 1 621 ˚F), in order 
to form the material with 100% beta phase (but below 
the melting point) and “self quenching” or cooling down, 
where β-phase is transformed into harder acicular 
(plate-like) α martensite (transformed β) or retain beta to 
room temperature. The β-transus is defined as the lowest 
equilibrium temperature at which the material is 100% 
beta or alpha, which does not exist. The β-transus is 
critical in deformation processing and in heat treatment. 
A correct treatment requires the heating stage long 
enough for the β-phase formation to complete and allow 
the alloying elements such as manganese, carbon, 
oxygen and nitrogen to stabilize it and dissolve iron, 
vanadium, molybdenum, copper, nickel and silicon into 
the matrix. Self quenching should be fast enough so as to 
suppress the normal breakdown of β-phase into the initial 
α or α+β phases and produce martensite instead. 

Compared with standard hardening procedures, the 
laser techniques offer several advantages. The applied 
laser radiation instantaneously heats a localized region 
on the surface and the bulk of the material acts as an 
efficient heat sink producing high cooling rates[4−5]. 
This means that precise hardened depths can be achieved 
at high processing speeds and with low thermal 
distortion in the treated parts. In addition, it has been 
shown that laser surface hardening not only increases the 
wear and corrosion resistance but also increases the 
fatigue strength under certain conditions[8−9]. In this 
work, laser transformation hardening of unalloyed 
titanium, nearer to ASTM Grade 3 of chemical 
composition was investigated. 

Laser transformation hardening with continuous 
wave (CW) spherical beam is characterized with 
semicircular hardened or fusion zone, minimum 
hardened depth with maximum width, and increase in 
hardness. The laser transformation hardening input 
parameters determine the shape of the laser-hardened 
bead due to the fact that the combination of these 
parameters controls the heat input. For a good hardened 
quality, the combination of the output power, assuming 
speed, focused position and position accuracy should be 
selected. Response surface methodology (RSM) is 
widely used to predict the weld-bead geometry and 
mechanical properties in many welding process[10−14]. 
In similar way here, it has been tried to optimize the laser 
process parameters of 2 kW Nd:YAG laser 
transformation hardening using CW spherical beam. 

In statistical-based approaches response surface 

methodology has been extensively used. RSM is a 
collection of statistical technique for designing 
experiments, building models, evaluating the effects of 
factors and searching the optimum conditions[15]. It is a 
statistically designed experimental protocol in which 
several factors are simultaneously varied[16]. In RSM, 
the experimental responses to design of experiments 
(DOEs) are fitted to quadratic function. Many successful 
applications of RSM suggest that second-order relation 
can reasonably approximate many welding processes. In 
this work, RSM is used to develop the models to predict 
the heat input and to describe the laser hardened-bead 
profile parameters, hardened bead width (HBW, bhb), 
hardened depth (HD, dh) and angle of entry of hardened- 
bead (AEHB, ae) profile with the surface for CW 2 kW 
Nd:YAG laser transformation hardening of commercially 
pure titanium of 1.6 mm-thick sheet. The laser input 
parameters taken into consideration are laser power (LP, 
Pl), scanning speed (SS, vs) and focused position (FP, lf). 

Sheets of titanium alloys Ti 64 and Ti 6242 are 
Ti-6AI-4V and Ti-6AI-2Sn4Zr2Mo which are used 
particularly in space laboratory chambers, air insects and 
fuel tanks. The diameter of these items can be up to    
2 500 mm, but the thickness of the sheets is only 1.6−2 
mm. Laser hardening technology was considered for the 
hardening of the same indicated surfaces of these 
components, because the heat input is much lower than 
that of other conventional hardening purposes in order to 
increase the wear and commission resistance. The 
distortion shrinkage and residual stress can be minimized 
and the mechanical properties are also excellent, 
consulting from the contribution of martensitic α' due to 
the rapid self quenching. 

The purpose of the present study is to investigate 
and develop the mathematical models for heat input and 
laser hardened bead profile parameters of laser phase 
transformation hardened unalloyed titanium sheet with 
1.6 mm in thickness, and analyze the effects of the 
Nd:YAG laser phase transformation hardening 
parameters, such as laser power, scanning speed, and 
focused position on the laser heat input and hardened 
bead profile using RSM and multiple regression analysis. 
 
2 Experimental 
 

The experiment was designed on a three level 
Box-Behnkin design with full replication[17]. Laser 
power (750−1 250 W), scanning speed (1 000−3 000 
mm/min) and focused position (from −30 to −10 mm) 
are the laser independent input variables. Box-Behnkin 
designs are response surface designs specially made to 
require only 3 levels, coded as −1, 0, and +1. Table 1 
shows the laser input variables and experimental design  
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Table 1 Process variables and experimental design levels used 

Variable Laser 
power/W 

Scanning 
speed/(mm·min−1) 

Focused 
position/mm 

−1 750 1 000 −30 

0 1 000 2 000 −20 

+1 1 250 3 000 −10 

 
levels used. 

A RSM has often been applied to optimize the 
formulation variables[18−19]. The optimization 
procedure based on RSM includes statistical 
experimental designs, multiple regression analysis, and 
mathematical optimization algorithms for seeking the 
best formulation under a set of constrained equations. 
RSM was applied to the experimental data using 
statistical software, Design-expert 7. Linear and second 
order polynomials were fitted to the experimental data to 
obtain the regression equations. The sequential F-test, 
lack-of-fit test and other adequacy measures were used in 
selecting the best models. A step-wise regression method 
was used to fit the second order polynomial Eq.(1) to the 
experimental data and to indentify the relevant model 
terms[20−21]. The same statistical software was used to 
generate the statistical and response plots. 

0
1 1 1 1

 
k k

i i ii ii ij i j
i i i j i

Y X X X Xβ β β β ε
= = = = +

= + + + +∑ ∑ ∑ ∑  (1) 

where Y is the response calculated by model (dependent 
variables); β0 is the constant coefficient; βi is the 
coefficient for the linear effect; βii is the coefficient for 
the quadratic effect; βij is the coefficient for the cross- 
product effect; Xij and Xj are the variables corresponding 
to factors (independent variables); ε is the error; k is the 
number of variables considered and i, j are the factors. 
 
3 Experimental methodology 
 

The experiments are conducted on a given 
unalloyed titanium alloy substrate with chemical 
composition given in Table 2. The chemistry is nearer to 
ASTM Grade 3. The thickness of the substrate selected is 
1.6 mm, to simulate the majority of the industrial 
applications that is in practice at present. For conducting 
the experiments on the substrate, the material surface is 
 
Table 2 Chemical composition of unalloyed titanium (mass 
fraction, %) 

C Fe Mo V Zr 

0.011 0.15 0.003 0.029 0.003 9 

Cu O N Al Ti 

0.14 0.1 0.003 1.1 Bal. 

cleaned properly with suitable agents. 
A CW 2 kW, with radiation wavelength λ=1.06 µm 

Nd:YAG laser source from GSI Lumonics was employed 
for the experimental work as shown in Fig.1. The 
experiment was carried out according to the design 
matrix in a random order to avoid any systematic error. A 
spherical beam configuration was used throughout the 
study. The experiment set up is shown in Fig.2. The laser 
beam is transported through a fibre optic cable to the 
work centre. Siemens 802 CNC controller provided the 
process control during the experiments. The work centre 
has x, y and rotational movement for processing 
applications. The laser source, work centre and the 
controls are interfaced. Cooling was ensured by a chiller 
and a cooling tower. For the study, 120 mm focal optic 
was employed with varying beam spot size depending on 
defocus distance to obtain a wider scan area. Argon gas 
was employed as shielding medium with a constant flow 
rate throughout the experimental work. Transverse 
sectioned specimens were cut from laser hardened-bead 
on trial of unalloyed titanium sheet and mounted. 
Standard metallography was made for each transverse 
sectioned specimens. The bead profile parameters 
‘responses’ were measured using an optical microscope 
 

 
Fig.1 Solid state Nd:YAG laser source at WRI used for 
experimental work 
 

 
Fig.2 Experimental set-up showing laser beam head and 
shielding gas arrangements in working chamber 
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(a portable video microscope, LM525, was used for 
measurement with image processing computer controlled 
software based on LINUX OS 9.3) with digital 
micrometers attached to it with an accuracy of 0.001 mm, 
which allowed to measure directional movement in 
x-axes and y-axes. 

Fig.3 shows the microstructure of laser hardened- 
bead profile with measured parameters, such as hardened 
bead width, hardened depth and angle of entry of 
hardened bead profile for CW spherical beam. The 
measured laser hardened bead profile parameters 
‘responses’ were recorded. The design matrix and the 
 

 
Fig.3 Microstructure of hardened-bead profile with parameters, 
HBW, HD and AEHB[22] 

measured responses are listed in Tables 3 and 4. 
 
4 Results and discussion 
 

The results of the laser hardened-bead profile were 
measured according to the design matrix with coded and 
actual independent process variables in Table 3 using the 
transverse sectioned specimens and the optical 
microscope mentioned earlier. The measured responses 
are listed in Table 4. Analyzing the measured responses 
by the Design-expert software, the fit summary output 
indicates that the linear model is significant for hardened 
bead width (HBW) (the second response), therefore it 
will be used for further analysis. While for the other 
responses, the quadratic models are statistically 
recommended for the further analysis. 
 
4.1 Analysis of variance 

The adequacy of the developed models were tested 
using the analysis of variance technique and the results 
of the linear and quadratic order response surface model 
fitting in the form of analysis of variance are given in 
Tables 5−8. The test for significance of the regression 

 
Table 3 Design matrix with code independent process variables 

Coded variable Actual variable 
Experimental 

No. 
Run 
order Laser 

power/W 
Scanning 

speed/(mm·min−1)
Focused 

position/mm
Laser 

power/W 
Scanning 

speed/(mm·min−1) 
Focused 

position/mm 

1 14 −1 −1 0 750 1 000 −20 

2 1 1 −1 0 1 250 1 000 −20 

3 4 −1 1 0 750 3 000 −20 

4 8 1 1 0 1 250 3 000 −20 

5 3 −1 0 −1 750 2 000 −30 

6 5 1 0 −1 1 250 2 000 −30 

7 6 −1 0 1 750 2 000 −10 

8 16 1 0 1 1 250 2 000 −10 

9 10 0 −1 −1 1 000 1 000 −30 

10 13 0 1 −1 1 000 3 000 −30 

11 7 0 −1 1 1 000 1 000 −10 

12 15 0 1 1 1 000 3 000 −10 

13 12 0 0 0 1 000 2 000 −20 

14 11 0 0 0 1 000 2 000 −20 

15 9 0 0 0 1 000 2 000 −20 

16 17 0 0 0 1 000 2 000 −20 

17 2 0 0 0 1 000 2 000 −20 
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Table 4 Experimental measured responses 
Experimental 

No. 
Run 
order 

Heat input/ 
(J·cm−1) 

Hardened bead 
width/mm Hardened depth/mm Angle of entry of hardened bead 

profile/mm 

1 14 450 2.161 0.662 57.01 
2 1 750 2.800 1.191 77.67 

3 4 150 1.774 0.293 34.00 

4 8 250 2.352 0.543 54.96 

5 3 225 2.072 0.388 35.98 

6 5 375 2.623 0.677 61.09 

7 6 225 1.906 0.500 49.98 

8 16 375 2.453 0.791 66.56 

9 10 600 2.627 1.000 62.71 

10 13 200 2.000 0.354 35.21 

11 7 600 2.443 1.024 71.07 

12 15 200 1.896 0.466 51.01 

13 12 300 2.255 0.560 57.68 

14 11 300 2.277 0.535 60.02 

15 9 300 2.151 0.698 58.85 

16 17 300 2.275 0.604 57.77 

17 2 300 2.223 0.543 57.49 

 
Table 5 Analysis of variance for heat input reduced quadratic model 

Source Sum of squares df Mean square F value p-value prob＞F  

Model 433 602.941 2 4 108 400.74 1 040.647 ＜0.000 1 Significant

LP 61 250.000 0 1 61 250 588 ＜0.000 1  

SS 320 000.000 0 1 320 000 3 072 ＜0.000 1  

LP×SS 10 000.000 0 1 10 000 96 ＜0.000 1  

SS2 42 352.941 2 1 42 352.941 406.588 2 ＜0.000 1  

Residual 1 250.000 0 12 104.166 67    

Lack of fit 1 250.000 0 8 156.25    

Pure error 0 4 0    

Corrected total 434 852.941 2 16     

Std. Dev. 10.2062 R2 0.997 1    

Mean 347.059 Adjusted R2 0.996 2    

a/% 2.94077 Predicted R2 0.987 3    

PRESS 5515.52 Adequate precision 103.8 8    

 
models, the test for significance on individual model 
coefficients and the lack-of-fit test were performed using 
the same statistical Design-expert 7 software package. 
By selecting the step-wise regression method, which 
eliminates the insignificant model terms automatically, 
the resulting analyses of variance (Tables 5−8) for the 
response surface quadratic models summarize the 
analysis of variance of each response and show the 

significant model terms. 
These tables also show the other adequacy measures 

R2, adjusted R2 and predicted R2. The coefficient of 
determination R2 indicates the goodness of fit for the 
model. In this case, all the values of coefficient of 
determination R2 are nearly equal to 1. Clearly, we must 
have 0≤R2≤1, with larger values being more desirable. 
The adjusted coefficient of determination R2 or “adjusted” 
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Table 6 ANOVA table for hardened bead width reduced cubic model 

Source Sum of squares df Mean square F value p-value prob＞F  

Model 1.223 1 3 0.407 7 157.309 300 ＜0.000 1 Significant

LP 0.669 9 1 0.669 9 258.482 400 ＜0.000 1  

SS 0.504 5 1 0.504 5 194.665 500 ＜0.000 1  

FP 0.048 7 1 0.048 7 18.780 1100 0.000 8  

Residual 0.033 7 13 0.002 6    

Lack of fit 0.022 7 9 0.002 5 0.922 208 0.580 4 
Not 

significant

Pure error 0.011 0 4 0.002 7    

Corrected total 1.256 8 16     

Std. Dev. 0.050 9 R2 0.973 2    

Mean 2.252 2 Adjusted R2 0.967 0    

a/% 2.260 4 Prediction R2 0.953 3    

PRESS 0.058 7 Adequate precision 43.77 5    

 
Table 7 ANOVA table for hardened depth reduced quadratic Model 

Source Sum of squares df Mean square F value p-value prob＞F  

Model 0.928 4 5 0.185 7 61.427 5 ＜0.000 1 Significant

LP 0.230 9 1 0.230 9 76.374 6 ＜0.000 1  

SS 0.616 6 1 0.616 6 203.98 9 ＜0.000 1  

FP 0.016 4 1 0.016 4 5.419 1 0.040 0  

LP×SS 0.019 5 1 0.019 5 6.437 96 0.027 6  

SS2 0.045 1 1 0.045 1 14.916 9 0.002 6  

Residual 0.033 3 11 0.003 0    

Lack of fit 0.015 3 7 0.002 2 0.485 66 0.809 9 
Not 

significant

Pure error 0.018 0 4 0.004 5    

Corrected total 0.961 6 16     

Std. Dev. 0.054 9 R2 0.965 4    

Mean 0.637 0 Adjusted R2 0.949 7    

a/% 8.630 99 Prediction R2 0.906 9    

PRESS 0.089 5 Adequate precision 27.401 0    

 
R2 is a variation of the ordinary R2 statistic that reflects 
the number of factors in the model. The entire adequacy 
measures are close to 1, which is in reasonable 
agreement and indicates adequate models. The adequate 
precision compares the range of the predicted value at 
the design points with the average prediction error. 
Adequate precision measures signal to noise ratio. A ratio 
greater than 4 is desirable. In all cases the values of 
adequate precision are dramatically greater than 4. The 
adequate precision ratio above 4 indicates adequate 
model discrimination. Tables 5−8 also show the model 
terms standard, mean, a and PRESS. Standard deviation 

(Std. Dev.) is a square root of the error mean square, 
)( mse  and “a” is the coefficient of variation, defined 

by ),/(100 ms ye where y is the mean. The coefficient 
of variation, “a”, measures the unexplained or residual 
variability in the data as a percentage of the mean of the 
response variable. At the same time a relatively lower 
values of the coefficient of variation, a, from the Tables 
5−8 indicate improved precision and reliability of the 
conducted experiments. PRESS stands for prediction 
error sum of squares, and it is a measure of how well the 
model for the experiment is likely to predict the 
responses in a new experiment. Small values of PRESS 
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Table 8 ANOVA for angle of entry of hardened bead profile quadratic Model 

Source Sum of squares df Mean square F value p-value prob＞F  

Model 2 282.829 6 7 326.118 4 344.188 0 ＜0.000 1 Significant

LP 867.569 5 1 867.569 5 915.640 1 ＜0.000 1  

SS 1 087.645 0 1 1087.645 0 1 147.909 0 ＜0.000 1  

FP 237.947 1 1 237.947 1 251.131 4 ＜0.000 1  

LP×FP 18.190 2 1 18.190 2 19.1981 1 0.001 8  

SS×FP 13.838 4 1 13.838 4 14.605 16 0.004 1  

LP2 17.696 1 1 17.696 1 18.676 6 0.001 9  

FP2 36.924 3 1 36.924 3 38.970 3 0.000 2  

Residual 8.527 5 9 0.947 5    

Lack of fit 3.964 42 5 0.792 8 0.695 044 0.655 5 Not significant

Pure error 4.563 1 4 1.140 8    

Corrected total 2 291.356 16     

Std. Dev. 0.973 396 4 R2 0.996 278    

Mean 55.827 059 Adjusted R2 0.993 384    

a/% 1.7435 925 Predicted R2 0.981 766    

PRESS 41.779 875 Adequate precision 66.114 37    

 
are desirable. In all the cases the values of PRESS are 
considerably small. 

The values of “p-value prob＞F” in Tables 5−8 for 
all models are less than 0.050 0, which indicates that all 
models are significant. In all cases the “Lack-of-fit” 
values implies the “Lack-of-fit” is not significant relative 
to the pure error. Non-significant lack-of-fit as it is 
desired and it is good. 

Table 5 indicates that for the heat input (HI, Hi) 
model, the main effect of the laser power, scanning  
speed, two level interaction of laser power and scanning 
speed and the second order effect of scanning speed are 
the most significant model terms associated with heat 
input. Secondly for the hardened bead width model, from 
Table 6 the analysis indicated that there is a linear 
relationship between the main effects of the three process 
parameters. Also, in the case of hardened depth model, 
from Table 7 the main effect of laser power, scanning 
speed, focused position, interaction effect of laser power 
with scanning speed and the second order effect of 
scanning speed have significant effects. 

However, the main effect of scanning speed and the 
main effect laser power are the most significant factors 
associated with the hardened-bead width as compared 
with focused position.  Finally, for the angle of entry of 
hardened-bead profile model, it is evident that the main 
effect of laser, scanning speed, focused position, 
interaction effect of laser power with focused position, 
interaction effect of scanning speed with focused 
position, second order effect of laser power, second order 

effect of focused position are significant model terms. 
However, the main effect of scanning speed and laser 
power are the most important factors which influence the 
AEHB profile. It is observed   from all models that 
except for the model angle of entry of hardened-bead 
profile, the main effect focused position has less 
influence, since the laser transformation hardening 
process itself is of heat treatment of surface layers with 
desired depth of penetration. In case of laser 
transformation hardening process the laser beam is 
defocused (negative focal position) instead of focused 
one. The final mathematical models in terms of coded 
factors/variables determined by design expert software 
are as follows: 
 
Hi=300+87.5×Pl−200×vs−50×Pl×Vs+100×vs

2       (2) 
 
bhb=2.252 2+0.289 4×Pl−0.251×vs−0.078×lf       (3) 
 
dh=0.588 4+0.169 8×Pl−0.277 6×vs+0.045 2×lf− 

0.069 7×Pl×vs+0.103 2×vs
2                           (4) 

 
ae=58.182 1+10.413 7×Pl−11.660 0×vs+5.453 7×lf− 

2.132 5×Pl×lf+1.860 0×vs×lf−2.047 2×Pl
2− 

2.957 2×lf
2                             (5) 

 
While the following final empirical models are in 

terms of actual factors/variables: 
 

Hi=350+0.75×Pl−0.4×vs−0.000 2×Pl×vs+0.000 1×vs
2 

               (6) 
bhb=1.441+0.001 16×Pl−0.000 251 1×vs−0.007 8×lf  (7) 
 
dh=0.409 41+0.001 23×Pl−0.000 41×vs+0.004 52×lf− 
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2.79×10−7×Pl×vs+1.032×10−7×vs
2                   (8) 

 
ae=15.789 86+0.090 10×Pl−0.007 94×vs−0.156 51×lf− 

0.000 85×Pl×lf+0.000 18×vs×lf−3.275 6× 
10−5×Pl

2−0.029 57×lf
2                    (9) 

 
The above obtained mathematical models in terms 

of coded factors/variables (from Eq.(2) to Eq.(5)) are 
related to the coded laser process parameters and 
empirical models in terms of actual factors/variables 
(from Eq.(6) to Eq.(9)) are related to the actual 
(experimental) values of laser process parameters. By 
substituting the related values of coded variables and 
corresponding equivalent values of actual (experimental) 
variables of laser processing parameters in the 
mathematical models in terms of coded factors and 
empirical models in terms of actual factors, the 
corresponding output values of HI, HBW, HD and AEHB 
will be almost similar for the developed models of coded 
and actual factors/variables. The coefficient of each term 
in the final mathematical models in terms of coded 
factors and in the final empirical models in terms of 
actual factors as determined by design expert software 
are much different because coded factors values of laser 
process parameters are in the form of three levels −1, 0, 
+1; but for actual factors, laser process variables are of 
high values, Pl=750, 1 000, 1 250 W, vs=1 000, 2 000,  
3 000 mm/min, lf=−10, −20, −30 mm for coded factors 
−1, 0, +1, respectively. 
 
4.2 Validation of the models 

Figs.4−7 show the relationship between the actual 
and predicted values of the heat input (HI), hardened 
bead width (HBW), hardened depth (HD) and the angle 
of entry of hardened bead profile, respectively. This 
indicates that the developed models are adequate because 
the residuals in prediction of each response are minimum, 
since the residuals tend to be close to the diagonal line. 
Furthermore, to verify the adequacy of the developed  
 

 

Fig.4 Scatter diagram of heat input (HI) 

 

 
Fig.5 Scatter diagram of hardened bead width (HBW) 
 

 
Fig.6 Scatter diagram of hardened depth (HD) 
 

 

Fig.7 Scatter diagram of angle of entry of hardened bead 
profile 
 
models, five confirmation experiments were carried out 
using new test conditions, but were within the 
experimental range defined early. Using the point 
prediction option in the software, the HI, HBW, HD and 
AEHB of the validation experiments were predicted 
using the previously developed models. Table 9 
summarizes the experiments condition, the actual 
experimental values, the predicted values, error and the 
percentages of error. 
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Table 9 Confirmation of experiments 

Experiment No. Process parameter Response Actual value Predicted value Error Relative error/%

Hi/(J·cm−1) 150.000 162.500 −12.500 −8.333 
bhb/mm 1.792 1.78974 0.002 0.112 
dh/mm 0.259 0.26863 −0.010 −3.861 

1 
Pl=750 W 

vs=3 000 mm/min 
lf=−30 mm 

ae/(˚) 22.020 21.6576 0.960 4.359 
Hi/(J·cm−1) 375.000 387.500 −12.500 3.330 

bhb/mm 2.425 2.542 −0.117 −4.820 
dh/mm 0.724 0.758 −0.034 −4.690 

2 
Pl=1 250 W 

vs=2 000 mm/min 
lf=−20 mm 

ae/(˚) 63.410 66.550 −3.140 −4.950 
Hi/(J·cm−1) 250.000 237.500 12.500 5.000 

bhb/mm 2.274 2.368 −0.094 −4.130 
dh/mm 0.440 0.469 −0.029 −6.590 

3 
Pl=1 250 W 

vs=3 000 mm/min 
lf=−30 mm 

ae/(˚) 46.64 46.750 −0.110 −0.235 
Hi/(J·cm−1) 600.00 600.000 0.000 0.000 

bhb/mm 2.519 2.503 0.001 0.630 

dh/mm 1.043 0.969 0.074 7.090 
4 

Pl=1 000 W 
vs=1 000 mm/min 

lf=−20 mm 
ae/(˚) 66.390 69.840 −3.450 −5.190 

Hi/(J·cm−1) 450.00 462.500 −12.500 −2.7778 

bhb/mm 2.274 2.292 −0.018 −0.791 

dh/mm 0.716 0.684 0.032 4.470 
5 

Pl=750 W 
vs=1 000 mm/min 

lf=−30 mm 
ae/(˚) 49.64 48.700 0.940 1.890 

 
4.3 Effect of process factors on hardened-bead 

parameters 
4.3.1 Heat Input (Hi) 

The laser heat input (Hi) is directly related to the 
laser power (Pl) and scanning speed (vs). It can be 
calculated directly from the heat input Hi=Pl/vs. The 
reason of predicting the heat input is to develop a model 
to include it into optimum step in future work. From 
Figs.8 and 9, it is evident that as Pl increases and the vs 
decreases the heat input (Hi) increases. 
4.3.2 Hardened bead width (bhb) 

Figs.10−15 show the effect of process parameters 
on the hardened bead width (bhb). It is clear that the two 
parameters, laser power (Pl) and scanning speed (vs), 

 

 
Fig.8 3D graph for effect of LP and SS on heat input 

 

Fig.9 Contours graph for effect of LP and SS on heat input 
(J/cm) 

 
significantly affect the hardened bead width (bhb) as 
compared with focused position (lf). From Figs.10 and 11, 
it is evident that the hardened bead width linearly 
increases with increasing LP and decreasing SS. At lower 
beam travel speed the time available for the laser beam 
to direct contact with the surface is more and hence 
hardened bead width increases. Therefore, the heat input 
decreases, leading to the less volume of the base being 
melted, consequently the width of the hardened zone 
decreases. From Figs.14 and 15, it is observed that as the 
SS decreases and the FP decreases (i.e. from −10 mm to 
−30 mm) the hardened bead width increases. 
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Fig.10 3D graph for effect of LP and SS on hardened bead 
width 
 

 
Fig.11 Contours graph for effect of LP and SS on hardened 
bead width (mm) 
 

 

Fig.12 3D graph for effect of LP and FP on hardened bead 
width 
 

The results show also that laser power (Pl) plays a 
very important role in the hardened bead dimensions. An 
increase in LP results in increase of the HBW, because of 
increase in the power density. 

Moreover, increase in defocused beam, or decrease 
in focused position i.e. −10 mm, −20 mm, and −30 mm, 
respectively, means wide laser beam, resulting in 

 

 
Fig.13 Contours graph for effect of LP and FP on hardened 
bead width (mm) 
 

 
Fig.14 3D graph for effect of SS and FP on hardened bead 
width 
 

 

Fig.15 Contours graph for effect of SS and FP on hardened 
bead width (mm) 
 
spreading the laser power onto wide area. Therefore, 
wide area of the base metal will melt, leading to an 
increase in HBW or vise-versa. From the Figs.12 and 13 
it is clear that as LP increases and FP decreases the 
hardened bead width (HBW) increases. 
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4.3.3 Hardened depth (dh) 
The parameters that significantly affect the 

hardened depth are Pl and vs. Effect of focused position 
on hardened depth is significant bur it has less influence 
as compared with Pl and vs. These effects are due to 
following reasons: the increase in Pl leads to an increase 
in the heat input, therefore, more molten metal and 
consequently more dh will be achieved. However, the 
idea is reversed in case of vs effect, because the vs 
matches an opposite with heat input (Hi). From Figs.16 
and 17, it is seen that dh increases as Pl increases and vs 
decreases. It is very important to note that in case of laser 
transformation hardening process main aim is to harden 
the surface with desired optimum depth. As much as 
possible instead of focusing the beam it is convenient to 
defocus beam with negative focal length (i.e. −10 mm, 
−20 mm and −30 mm), hence there is no loss of heat 
energy of laser beam above the focal point, since the 
laser beam is of converging type. Therefore, laser heat 
input with minimum loss will be converged and 
concentrated on a specified localized area with desired 
hardened bead width and depth without spreading of 
 

 
Fig.16 3D graph for effect of LP and SS on hardened depth 
 

 

Fig.17 Contours graph for effect of LP and SS on hardened 
depth (mm) 

laser power. Below the focal point or focused beam, the 
laser beam is of divergent type, resulting in spreading of 
laser power with maximum loss of heat input energy. 
Using a focused beam results in increasing the power 
density, which means the heat will localize in small 
portion, resulting in increasing in power density and 
leading to better hardened bead width and depth, which 
is desirable for laser transformation hardening (LTH). 
Therefore, due to the above reasons mentioned, it may be 
noted that in order to achieve the desired optimum 
hardened width and depth, it is most convenient to 
defocus laser beam with negative focused position (i.e. 
above the focal point) for example −10 mm, −20 mm and 
−30 mm. 

From Figs.16 and 17, it is clear that hardened depth 
(dh) increases with increase in LP and decrease in SS. 
From Figs.18 and 19, as LP decreases and defocusing 
increases (i.e from −10 to −30 mm) the HD decreases. It 
is also observed from the Figs.20 and 21, it is evident 
that as SS increases, hardened depth (HD) decreases 
considerably and as FP increases hardened depth (HD) 
decreases marginally. From the results obtained in Table 
4 and Figs.16−21, it is important to note that there is no 
 

 

Fig.18 3D graph for effect of LP and FP on hardened depth 
 

 

Fig.19 Contours graph for effect of LP and FP on hardened 
depth (mm) 
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large variation in the data of hardened depth (HD). 
Referring to Table 4, the range of HD lies between 0.293 
and 1.191 mm and is of 0.898 mm variation only. 
 

 

Fig.20 3D graph for effect of SS and FP on hardened depth 
 

 

Fig.21 Contours graph for effect of SS and FP on hardened 
depth (mm) 
 
4.3.4 Angle of entry of hardened bead profile (ae) 

The main factor influencing the ae is the scanning 
speed (vs) as the results indicate. This is due to the fact 
that at low vs the heat input (Hi) will be greater. This 
large amount of heat will be conducted from the fusion 
zone to a greater depth of hardness, which in turn ensures 
the increase in the ae profile with the surface. The results 
also show that laser power (Pl) contribute secondary 
effect on ae. An increase in Pl results in the increase of  
ae, because power density (PD) increases the hardened 
depth. Moreover, defocused beam, i.e. decrease in 
focused position, which means wider laser beam spot, 
results in spreading the laser power onto wide area. 
Therefore, wide area of the base metal will be heated, 
leading to an increase in HBW and decrease in the HD, 
thereby decreasing the AEHB. The results also indicate 
that interaction effects of LP×FP and SS×FP, second 

order effects of Pl
2 and lf

2 contribute remarkable effect on 
ae. From Figs.22 and 23, it is evident that ae increases 
with increase in Pl and decrease in SS. From Figs.24 and 
25, it is seen that ae decreases as the Pl increases and lf 
decreases from −10 mm to −30 mm. From Figs.26 and 
27, it is also observed that the ae increases with decrease 
of vs and decrease of defocused beam. 
 

 
Fig.22 3D graph for effect of LP and SS on angle of entry of 
hardened bead profile 
 

 

Fig.23 Contours for effect of LP and SS on angle of entry of 
hardened bead profile (˚) 
 

 

Fig.24 3D graph for effect of LP and FP on angle of entry of 
hardened bead profile 
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Fig.25 Contours for effect of LP and FP on angle of entry of 
hardened bead profile (˚) 
 

 

Fig.26 3D graph for effect of SS and FP on angle of entry of 
hardened bead profile 
 

 
Fig.27 Contours for effect of SS and FP on angle of entry of 
hardened bead profile (˚) 
 
5 Conclusions 
 

1) Four models were developed for predicting the 
heat input (Hi), hardened bead width (bhb), hardened 

depth (dh), and angle of entry of hardened bead profile 
(ae) of the laser transformation hardened unalloyed 
titanium using response surface methodology (RSM). 

2) Box-Behnken design can be employed to develop 
mathematical models for predicting laser hardened-bead 
geometry. 

3) The desired hardened depth and width with high 
quality of laser transformation hardening (LTH) can be 
achieved by choosing the working condition using the 
developed models. 

4) Heat input plays an important role in 
hardened-bead parameters dimension. 

5) It is investigated that, in case of laser 
transformation hardening (LTH), as scanning speed 
increases, depth of hardening decreases and vice-versa, 
but we are concentrating on desired optimum minimum 
depth. Therefore, both scanning speed and laser power 
have positive effect on all the responses investigated. 

6) Bead width as well as depth of hardening   
linearly decreases with increasing scanning speed. 

7) It is evident that the bead geometry provides a 
useful tool to manipulate the hardened bead width and 
hardened depth during LTH. It is clearly observed that 
the hardened width linearly increases defocused beam i.e. 
with higher beam spot size. Depth of hardened surface 
increases linearly with decrease in defocused position 
from −30 mm to −10 mm. 
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