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The objective of the present work is to study the effects of laser power, joining speed, and stand-off distance on the joint strength of
PET and 316 L stainless steel joint. The process parameters were optimized using response methodology for achieving good joint
strength.The central composite design (CCD) has been utilized to plan the experiments and response surface methodology (RSM)
is employed to develop mathematical model between laser transmission joining parameters and desired response (joint strength).
From the ANOVA (analysis of variance), it was concluded that laser power is contributing more and it is followed by joining speed
and stand-off distance. In the range of process parameters, the result shows that laser power increases and joint strength increases.
Whereas joining speed increases, joint strength increases. The joint strength increases with the increase of the stand-off distance
until it reaches the center value; the joint strength then starts to decrease with the increase of stand-off distance beyond the center
limit. Optimum values of laser power, joining speed, and stand-off distance were found to be 18 watt, 100mm/min, and 2mm to
get the maximum joint strength (predicted: 88.48MPa). There was approximately 3.37% error in the experimental and modeled
results of joint strength.

1. Introduction

Laser transmission joining has various advantages over
conventional plastic joining techniques, for example, no
contact, high joining speed, accuracy, flexibility, small heat
affected zone, and so forth. Laser transmission joining tech-
nology has extensively promising applications in the fields
of the microfluidics, microelectromechanical systems, and
biomedicine [1, 2].During laser transmissionwelding of over-
lap connections laser radiation transmits through the upper
thermoplastic part and is absorbed by a lower material. Heat
is developed in the laser absorbing part, whichmelts the ther-
moplastic locally. Due to heat conduction, the laser transpar-
ent part melts locally too. Thermoplastic materials are laser
radiation absorbing, when thematerial contains, for example,
carbon black, absorbing additives, and pigments or when
the materials are reinforced with carbon fibers [3]. There is
a continuously growing interest in the joining of dissimilar

materials inmanufacturing industries. Joining of PET to 316 L
stainless steel is found in a number of industrial applications
[4].

The advantages of laser transmission joining are as fol-
lows: (a) exact control of the energy deposition in the joining
area; (b) minimization of the heat affected zone; (c) complex
weld and bond geometries; (d) selective joining; (e) single-
step process; (f) short cycle times [5].

In the present work, response surface methodology was
used to investigate and optimize the input process param-
eters, namely, laser power, joining speed, and stand-off dis-
tance, which influence the joint strength. The materials used
in this work were PET films and 316 L stainless steel sheets.

2. Materials and Methods

2.1. Selection of the Material. In the present work, PET films
and 316 L stainless steel are selected for the laser transmission
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Table 1: Chemical composition and mechanical properties of 316 L stainless steel (% wt.).

Chemical composition (% wt.) Mechanical properties

C Mn P S Si Cr Ni Mo N Fe UTS
(MPa)

Hardness
(Rockwell)

0.03 2 0.045 0.03 0.7 16 12 2.8 0.1 Balance 558 B79

Scanning laser 

Transparent 
joining (PET)

Absorbing joining 
material (316 L)

Clamping 
forces

Cover glass

Clamping 
forces

Figure 1: Schematic diagram of laser transmission joining process.

joining process. 316 L stainless steel is an austenitic chromium
nickel stainless steel containing molybdenum. This addition
increases corrosion resistance, improves resistance to pitting
from chloride ion solutions, and provides increased strength
at elevated temperatures [6, 7]. The chemical composition
and mechanical properties of 316 L stainless steel are shown
in Table 1 [8].

PET is unreinforced, semicrystalline thermoplastic pol-
yester. Its excellent wear resistance, high flexural modulus,
superior dimensional stability, and low coefficient of friction
make it a multipurpose material for designing mechanical
and electromechanical parts. Because PET has no centerline
porosity, the possibility of fluid absorption and leakage is
virtually eliminated [9].

2.2. LaserTransmission JoiningProcess. PETsheetswithdimen-
sions of 35mm × 15mm × 0.15mm and 316 L stainless steel
sheets with dimensions of 35mm × 15mm × 0.1mm were
prepared as samples. Argon gas is used for cleaning the inter-
action zone and cleaning and cooling the PET surface to
reduce polymer dissociation and distortion.

In the laser transmission joining of PET films and 316 L
stainless steel joining (Figure 1), PET and 316 L stainless steel
are brought into contact prior to welding. Then, the laser
beam passes through the PET films and is absorbed at the
weld interface. With good contact between the parts at the
interface, heat is conducted into the parts, causing melting
at both surfaces. When predetermined amount of melt has
been generated, heating is terminated and the melt solidifies
to generate a weld.

2.3. Selection of Laser Transmission Joining Process Parameters
andTheir Levels. In the pilot run investigation, for the selec-
tion of ranges of laser power, joining speed, and stand-off
distance, a number of trials were examined. On the basis of
pilot run investigation, laser transmission process parameters
with their ranges are shown in Table 2.

After the selection of range of process parameters from
the pilot run investigation, the experiment is designed, based

Table 2: Process parameters with their ranges.

S. number Input parameters Range
1 Power (watt) 14–18
2 Joining speed (mm/min.) 100–200
3 Stand-off distance (mm) 1–3

on central composite design (CCD). Design of Expert is used
to perform statistical analysis, to developmathematical mod-
els, and to optimize the process parameters. Lasertransmis-
sion joining was carried out randomly as per design matrix
shown in Table 3. Corresponding measured joint strength
under different runs is also presented in Table 3.

2.4. Response Surface Methodology. Response surface meth-
odology comprises statistical experimental designs, regres-
sion modeling techniques, and optimization methods. Cen-
tral composite design (CCD) is an experimental design, help-
ful in response surface methodology, for building a second
order (quadratic) model for the response variable without
needing to use a complete three-level factorial experiment
[10, 11].

Objective of the present work is to focus on the second
strategy: statistical modeling to build up a suitable approx-
imating model between the response 𝑦 (joint strength) and
independent variables, 𝜉

1
, 𝜉
2
, . . . , 𝜉

𝑘
.

In general, the relationship is
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) + 𝜀. (1)
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are generally the natural vari-
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Table 3: Design matrix and experimental results.

Standard order Run order Power (watt) Joining speed (mm/min.) Stand-off distance (mm) Joint strength (MPa)
18 1 16 150 2 89.15
1 2 14 100 1 69.9
3 3 14 200 1 60.59
8 4 18 200 3 79.65
9 5 12.64 150 2 68.18
15 6 16 150 2 88.31
6 7 18 100 3 97.1
17 8 16 150 2 88.12
19 9 16 150 2 88.71
14 10 16 150 3.68 69.76
16 11 16 150 2 88
4 12 18 200 1 80.14
13 13 16 150 0.32 62.2
5 14 14 100 3 77.84
12 15 16 234.09 2 70.9
2 16 18 100 1 92.35
20 17 16 150 2 88.71
7 18 14 200 3 62.75
11 19 16 65.91 2 94.1
10 20 19.36 150 2 100.36

Joint width (mm)Joint width (mm)

1mm1mm1mm1mm

(a) (b) (c) (d)

Figure 2: Macrostructure of joint seam width of 316 L stainless steel and PET joint.

In terms of the coded variables, the response function (2)
is written as

𝜂 = 𝑓 (𝑋
1
, 𝑋
2
, . . . , 𝑋

𝑘
) . (3)

In the case of two independent variables, the first-order
model in terms of the coded variables is written as

𝜂 = 𝛽
𝑜
+ 𝛽
1
𝑋
1
+ 𝛽
2
𝑋
2
. (4)

Equation (4) is calledmain effectsmodel, since it includes
just the main effects of the two variables 𝑋

1
and 𝑋

2
. If there

is an interaction between these variables, it can be added to
the model easily as follows [12, 13]:

𝜂 = 𝛽
𝑜
+ 𝛽
1
𝑋
1
+ 𝛽
2
𝑋
2
+ 𝛽
12
𝑋
1
𝑋
2
. (5)

3. Results and Discussion

3.1. Macrostructure Appearance. Figure 2 shows the macro-
structure of joint seam width of 316 L stainless steel and
PET joint used for tensile testing. In the range of process
parameters, good bonds are achieved with minimum joint
seam width.Themacrostructure of four samples, which were
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Figure 3: Microstructure of joint seam width of 316 L stainless steel and PET joint.

fabricated in the range of process parameters (Table 3), is
shown in Figure 2 and demonstrates that when the joint
samples were prepared in the range of process parameters, the
PET have been degenerated or burnt at the joint area.

3.2. Microstructure Appearance. Figure 3 presents the micro-
structure of the PET and 316 L stainless steel joint and the heat
affected zone. Low cavity and better bubble formation can be
seen in Figure 3. Cavity formation is related to PET burn-
ing, charring, or vaporization which may weaken the joint
strength, while rapid development of bubbles increases the
built pressure resulting joint strength also increases.

3.3. Development of Mathematical Model of Joint Strength.
Optimization of parameters like laser power, joining speed,
and stand-off distance was made on laser transmission join-
ing process. Central composite design (CCD) experiments
using response surface methodology were proved to be an
optimal tool for optimization of joint strength.

Analysis of variance (ANOVA) table has been used to
review the test for significance of regression model, test for
significance for model coefficient, and test for “lack-of-fit.”
Significant model terms were recognized at 95% significance
level. Goodness of fit was examined from 𝑅2 (coefficient
of correlation) and C.V. (coefficient of variation) with the
intention to ensure the reliability and precision of the model.
ANOVA table for the joint strength is shown in Table 4. The
Probability >𝐹 for the model (Table 4) is less than 0.05 which
shows that the model is significant, which is desirable as it
demonstrates that the terms in the model have a significant
effect on the response (joint strength). In this case 𝐴 (laser

power), 𝐵 (joining speed), 𝐶 (stand-off distance), 𝐴𝐵, 𝐴𝐶,
𝐵𝐶, 𝐴2, 𝐵2, and 𝐶2 are significant model terms. The ANOVA
table for quadratic model pointed out that the model was
significant at 𝑃 ≤ 0.0001, and its lack-of-fit, 2.27, was not
significant. In this case 𝐴, 𝐵, 𝐶, 𝐴𝐵, 𝐴𝐶, 𝐵𝐶, 𝐴2, 𝐵2, and
𝐶
2 are significant model terms. The lack-of-fit is said to be

insignificant. The 𝑅2 value (0.9989) was high, close to one,
which was desirable.

The predicted 𝑅2 value (0.9936) was in acceptable agree-
ment with the adjusted 𝑅2 (0.9980). Adequate precision
measures signal to noise ratio was calculated by dividing the
difference between the maximum predicted joint strength
(response) and the minimum predicted joint strength
(response) by the average standard deviation of all predicted
responses. Ratios greater than 4 are desirable. In this case
the value was 103.941 which was well above 4, which pointed
out adequate signals to use this model to navigate the design
space. PRESS (prediction error sum of squares) is a measure
of how well the model for the experiment is expected to
predict the responses in new experiments. Small values of
PRESS (17.60) are desirable.

The regression coefficients of the second order equations
have been developed by using the experimental data. The
regression equation for the joint strength as a function of laser
power, joining speed, and stand-off distance is given in the
following:

Joint strength = − 144.84943 + 17.47871 ∗ Power

+ 0.26288 ∗ Joining speed

+ 43.28067 ∗ Stand-off distance
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Table 4: Analysis of variance (ANOVA) for joint strength.

Source Sum of squares DF Mean square 𝐹 value 𝑃 value
Prob. >𝐹

Model 2900.84 9 322.32 1046.19 <0.0001 Significant
𝐴 (power) 1281.26 1 1281.26 4158.79 <0.0001
𝐵 (joining speed) 634.37 1 634.37 2059.06 <0.0001
𝐶 (stand-off distance) 53.67 1 53.67 174.22 <0.0001
𝐴𝐵 3.46 1 3.46 11.23 0.0074
𝐴𝐶 4.26 1 4.26 13.84 0.0040
𝐵𝐶 15.18 1 15.18 49.27 <0.0001
𝐴
2 26.85 1 26.85 87.15 <0.0001
𝐵
2 57.11 1 57.11 185.38 <0.0001
𝐶
2 883.86 1 883.86 2868.89 <0.0001

Residual 3.08 10 0.31
Lack-of-fit 2.14 5 0.43 2.27 0.1942 Not significant
Pure error 0.94 5 0.19
Cor. total 2903.92 19
Std. dev. 0.56 𝑅-squared 0.9989
Mean 80.84 Adj. 𝑅-squared 0.9980
C.V. % 0.69 Pred. 𝑅-squared 0.9939
PRESS 17.60 Adeq. precision 103.941
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Figure 4: Correlation between the predicted and actual values.

− 0.34123 ∗ Power2

− 7.96289𝐸 − 004 ∗ Joining speed2

− 7.83143 ∗ Stand-off distance2

− 6.57500𝐸 − 003 ∗ Power ∗ Joining speed

− 0.36500 ∗ Power ∗ Stand-off distance

− 0.027550 ∗ Joining speed

∗ Stand-off distance.
(6)

The model adequacy is inspected by evaluating the
residuals (difference between observed and fitted value of
response). If the model is acceptable, the residuals should be

Studentized residuals
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Figure 5: Normal probabilities of residuals.

without structure; that is, they should contain no noticeable
pattern (Figure 4).

Themodel inadequacy can be further checked by study of
normal probability plot of residuals. If the error allocation is
normal, this plot will approximate a straight line.The normal
probability plot of residuals is shown in Figure 5. From this
plot, it can be concluded that the error distribution is normal
and model can be used for further investigation.

Desirability is an objective function which varies from
zero (outside of the limits) to one (at the goal).The numerical
optimization identifies a point that maximizes the desirabil-
ity function. Desirability value of one that corresponded to
the maximum value of joint strength in the given range of
laser transmission process parameters has been considered in
the present investigation. When laser power, joining speed,
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Figure 6: Ramp function graph for maximum joint strength with desirability one.
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Figure 7: Single factor effect of laser power, joining speed, and stand-off distance on joint strength.

and stand-off distance were 17.99watt, 102.28mm/min, and
1.69mm, then the optimum value of joint strength was
100.531MPa. Ramp function graph for laser transmission
joining of PET and 316 L stainless steel for maximum joint
strength is given in Figure 6. It exposed what shall the
value of parameters be to obtain maximum value of joint

strength (100.531) for different laser transmission joining
process parameters with desirability one.

3.4. Single Factor Effect of Process Parameters on Joint Strength.
Figure 7 illustrates the single factor effect of laser power, join-
ing speed, and stand-off distance on joint strength of PET and
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Figure 8: Interaction effect of laser power and joining speed on the joint strength. (a) 3D interaction; (b) the contour plot.
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Figure 9: Interaction effect of laser power and stand-off distance on the joint strength. (a) 3D interaction; (b) the contour plot.

316 L stainless steel joint in the range of process parameters is
discussed as follows.

3.4.1. Single Factor Effect of Laser Power on Joint Strength.
From Figure 7(a), it can be noticed that the joint strength
increases with the increase of laser power. In the laser trans-
mission joining process, it was observed that when laser
power increased, the heat input also increased, resulting in
the increase of weld seam width. When weld seam width
increased, melting area of joint increased, resulting also in
joint strength increase.

3.4.2. Single Factor Effect of Joining Speed on Joint Strength. As
shown in Figure 7(b), joining speed increases fromminimum
tomaximum limit and the joint strength decreases. Because a

higher joining speed reduces the irradiation time, leading to
low-heat input to the weld zone, the joint strength decreases.

3.4.3. Single Factor Effect of Stand-Off Distance on Joint
Strength. As shown in Figure 7(c), joint strength increases
with the increase in stand-off distance. Figure 7(c) illustrates
that the radiation area rises with the increment of the stand-
off distance, resulting in the increase of the joint strength
until it reaches its center value (2mm) of stand-off distance;
the joint strength then starts to decline with the increment
of stand-off distance above the center limit as an outcome of
lower power density [14].

3.5. Interaction Effect of Process Parameters on Joint Strength.
Figures 8 to 10 display the interaction effect of laser power,
joining speed, and stand-off distance on joint strength.
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Table 5: Confirmation experiment table.

Responses Experiment number Experiment value
(MPa)

Average of
experimental value

(MPa)

Predicted value
(MPa) Percentage variation

Joint strength
1 87.6

91.56 88.48 3.37%2 94.5
3 92.6
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Figure 10: Interaction effect of joining speed and stand-off distance on the joint strength. (a) 3D interaction; (b) the contour plot.

3.5.1. Interaction Effect of Laser Power and Joining Speed on
the Joint Strength. Figures 8(a) and 8(b) present the interac-
tion effect of the laser power and joining speed on the joint
strength. It is noticeable that the joint strength leans to rise
with high laser power and low joining speed. During the join-
ing of PET and 316 L stainless steel, higher laser power and
lower joining speed increased laser energy density, resulting
in joint strength increase.

3.5.2. Interaction Effect of Laser Power and Stand-Off Distance
on the Joint Strength. Influence of laser power and stand-off
distance is displayed in Figures 9(a) and 9(b). From Figure 9,
it can be noticed that as the laser power increases and stand-
off distance increases up to the center value, the joint strength
leans to increase. If stand-off distance further increases, joint
strength decreases.

3.5.3. Interaction Effect of Joining Speed and Stand-Off Dis-
tance on the Joint Strength. Figures 10(a) and 10(b) show the
effect of joining speed and stand-off distance on the joint
strength. From Figure 10, it can be concluded that when
the stand-off distance is higher, increasing the joining speed
decreases the joint strength, while increasing the joining
speed at lower stand-off distance increases the joint strength
[14].

3.6. Confirmation Experiments. In order to validate the pre-
dicted joint strength (88.48MPa), at the optimum process

parameters (laser power of 18 watt, joining speed of 100mm/
min, and stand-off distance of 2mm), experimental data were
compared with data obtained by point prediction (predicted
value). The results tabulated in Table 5 show that experi-
mental data (average of three samples) and predicted data
closely correlate with each other.This shows that there is only
3.37% error in the experimental and modeled results. Hence,
the developed model can be effectively used in the process
parameters range to predict the joint strength of PET films
and 316 L stainless steel joint in laser transmission welding.

4. Conclusions

The following conclusions can be drawn from the analysis.

(1) Laser transmission joining can be adapted favorably
for the joint between PET films and 316 L stainless
steel.

(2) Microstructure of the welded joint revealed good
bond between PET films and 316 L stainless steel and
very less amount of cavity and vaporization observed.

(3) Within the laser transmission joining process param-
eters range, as the laser power increases, the joint
strength also increases, while the joint strength
decreases with increased joining speed. On the other
hand, the joint strength increases with the increase of
the stand-off distance until it reaches the center value;
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the strength then starts to decrease with the increase
of stand-off distance beyond the center limit.

(4) The maximum value of joint strength with desir-
ability one was obtained: 100.531MPa at laser power
of 17.99watt, joining speed of 102.28mm/min, and
stand-off distance of 1.69mm.

(5) Within the laser transmission joining process param-
eters the optimum parameters for joint strength were
found to be higher laser power (18 watt), lower joining
speed (100mm/min), and mid value of stand-off
distance (2mm).The predicted value of joint strength
was found to be 88.48MPa at 95% confidence inter-
val.There is only 3.37% error in the experimental and
modeled results.
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