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ABSTRACT

olyamide 6 / nitrile butadiene rubber / nanoclay (PA6/NBR/clay) nanocomposite has gathered wide acceptance
Pin industry. Laser welding, as a fabrication method, is applied to welding of polymer nanocomposites. In this

study, the input parameters (clay (Closite 30B) content, laser power, scan velocity and stand-off-distance)
are varied to achieve the best responses (tensile strength of welds). Response surface methodology (RSM) is
utilized to investigate the effect of input parameters on mechanical properties. Morphology and tensile properties of
nanocomposites were observed with scan electron microscopy (SEM), transmission electron microscopy (TEM) and
tensile test. The results demonstrated that increasing the clay content from 1 to 5%wt and stand-off-distance from
4 to 8 mm decreased tensile strength of welds about 15% and 5%, respectively. The tensile strength of PA6/NBR
composite is 25.6, whereas the prediction models showed that under optimal conditions of laser power of 105 W, scan
velocity of 300 mm/min and stand-off-distance of 4 mm, the maximum tensile strength of PA6/NBR nanocomposite
with 1, 3 and 5 % nanoclay are 27.2 MPa, 27.6 MPa and 24.7 MPa, respectively. These tensile strengths are about 99,
89 and 73% of the strength of these nanocomposites before welding. Polyolefins J (2020) 7: 99-110

Keywords: PA6/NBR/nanoclay; nanocomposite; laser welding; response surface methodology.

INTRODUCTION

In recent years, polyamide6 (PA6)-based nanocompos-
ites have been applied in various industries. Among
the mentioned nanocomposites, PA6/clay has gained
considerable attention [1, 2]. This is due to dramatic
change in mechanical and thermal properties at very
small amount of the clay nanoparticles [2-4]. In other
hands, addition of nanoclay fillers to PA6 matrix usu-
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ally reduces the toughness of this material. Because an
optimum balance of stiffness and toughness is impor-
tant for some applications, impact modifiers or rubbery
materials are added into PA6/clay nanocomposites [5,
6]. Nitrile butadiene rubber (NBR) as an impact modifi-
er is used widely because it enhances impact strength in
a wide range of temperatures rather than other rubbers
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[7-9]. So, the mechanical properties of PA6/NBR/clay
nanocomposites are balanced and these nanocompos-
ites have achieved widely applications in automotive
industries and etc., [10, 11]. To date, morphology,
mechanical, physical and other properties of these
nanocomposites at different loadings of PA6, NBR
and nanoclay have been investigated [12, 13]. The
widespread use of these nanocomposites indicates the
importance of studying their welding methods.

Last decade, polymer-based nanocomposites are
welded with using different methods. Vibration weld-
ing of nylon 6 to nylon 66 was studied by Bates at al
[14]. They reported that the maximum tensile strength
of welds was about 93% and 81% of tensile strength
of unwelded PA6 and PA66, respectively. Also, the
friction stir welding of PA6 was used by Nandhini
at al [15]. They concluded that the rotational speed,
feed rate and tool plunge depth are effective on weld
strength. Also under optimal conditions of rotational
speed of 1200 min™, tool plunge depth of 2.3 mm
and feed rate of 10 mm/min, the maximum of weld
strength could be obtained.

The laser welding has been increasingly employed
in shipbuilding, automotive and airplane industries
[16, 17]. This process has been employed to join dif-
ferent materials including thermoplastics, metals and
dissimilar materials because of its advantage such as
non-contact, high-quality and pollution-free process
[18, 19]. Recently, laser welding of polymer compos-
ites and nanocomposites has been studied by research-
ers due to various advantages such as high quality,
high speed, non-contact and flexible process, low heat
input and etc. Chen et al. [20] also studied the effect
of carbon black (CB) on transmission laser welding
of PA6, polycarbonate (PC) and PA6/glass fiber (GF)
composites. They concluded that laser energy is at-
tenuated more rapidly in PA6/GF than in PA6. Also,
the absorption coefficient of PC was higher than that
of PA6. Nakhaei et al. [3, 17] investigated laser weld-
ing of PP/clay nanocomposites. They reported that
tensile strength of welds increased in high levels of
laser power. Also, increasing of clay nanofillers and
laser speed has decreased weld strength.

Response surface methodology (RSM) is a set of
mathematical and statistical techniques which employ
linear or square polynomial functions to describe a sys-
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tem and explore experimental conditions in order to
discover the best conditions to optimize the outputs
[21]. One of the great advantages of RSM is the reduc-
tion of the total required numbers of experiments for
a system in which the mutual interactions of variables
are being analyzed [22, 23]. This method has been
widely applied to optimize several responses in the
welding of polymer composite studies in which there
are different material or procedural input process pa-
rameters contributing to responses [17, 24, 25].

It is evident from the literature that the clay con-
tent and laser welding process parameters have out-
standing effect on weld strength, and finding optimal
processing parameters is essential to obtain excellent
welds.

In this paper, the effect of clay content and key CO,
laser welding parameters (i.e.: laser power, weld-
ing speed and stand-off-distance) on tensile strength
of butt-joint welds (output response) in PA6/NBR/
clay nanocomposites is investigated. Also, optimal
response surface methodology (RSM), as one of the
best optimization techniques, is used to analysis and
predict the input parameters affecting weld quality.

METHODOLOGY

Response surface methodology

Response surface methodology is a collection of
mathematical and statistical techniques that relates re-
sponse variables to set of input controllable variables.
This technique presents set of experiments based on
input control variables and their levels. After deter-
mining responses of each set variables (experiments),
RSM develops an appropriate mathematical model
with nearest fits to response. So, this model can pre-
dict response for any set of factors (in the range of
selected input variables). Also, this model can specify
the optimal input variables leading to optimized re-
sponse. Usually, a second-order polynomial Eq. (1) is
used in RSM [23, 26]:

k k k=1 k
y=p5+ Zizlﬂixi + Zizlﬁzixfz + Z’.:l Zj:zﬁ;jxixj te (1)

Where k represents the number of variables, x, and x,
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are the variables. Also B, B, and Bij are called the re-
gression coefficient, 3, is a constant parameter and ¢ is
the residual associated with the experiments.

Experimental design and procedure

The experiments were designed based on a four-factor
three levels Box-Behnken design with 5 replications of
the central point. The input variable parameters are la-
ser power (P), scan velocity (V), stand-oft-distance(S)
and clay content (C). The schematic of process param-
eters is shown in Figure 1. A several number of trial
runs were applied to explore the space limits of laser
welding parameters. This aim was obtained by clean-
ing one of the factors at constant values of other fac-
tors. The absence of any visible defects such as over-
heating, decomposition of weld seam and depth of
penetration was the criteria for establishing the work-
ing ranges of each process parameters. Level of the
clay content was selected (1-5) wt.%. The seam weld
of the acceptable samples is shown in Figure 2. The
level of the selected independent input variables with
their ranges and notations are presented in Table 1.
The design expert V7 was used to establish the design
matrix. To avoid any systematic error, tests were ran-
domly performed as shown in Table 2. RSM is utilized
to analyze the experimental data and present the best
model based on the experimental response data using
the same software. Also, the statistical significant of
the model terms was verified using the sequential F-
test, lack-of-fit and other adequacy measures with the
same software to achieve the best model [4, 26].

Laser beam (laser power = P)

Lens

Focal length Scan direction

i (Scan velocity = V)

--‘

Stand - off - distance = S

Sample

Figure 1. Schematic of process parameters.
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Figure 2. SEM micrograph of the acceptable seam weld of
a joint.

EXPERIMENTAL

Material

PA6, NBR and nanoclay were supplied by Kolon
Plastic Co. of Korea, Korea Kumho Polychem and
Southern Clay, respectively. The nanoclay used in the
nanocomposite was Cloisite 30B. Table 3 presents the
detailed characteristics of the raw materials used in
the nanocomposites.

Nanocomposite preparation

Nanocomposites of PA6/NBR/nanoclay were pre-
pared in a Haake internal mixer (Germany) for 8 min-
utes at a temperature of 230°C and rotor speed of 80
rpm. PA6/NBR/clay nanocomposite samples with 1, 3
and 5 wt% the clay content were coded TPO1, TPO3
and TPOS, respectively. The amount (content) of PA6/
NBR in samples was fixed at 70/30 (wt/wt). After mix-
ing the materials in the internal mixer, they were hot
pressed at 230°C for 10 min, using a Mini Test Press
operating at 130 MPa to achieve work piece sheets of
200%160%3.2 mm.

Table 1. Selected input variables and their limits.

Limits
Parameters Units | Notations
-1 0 +1
Clay Wit% C 1 3 5
Laser power Watt P 80 100 120
Scan velocity mm/min Vv 300 600 900
Stand-off-distance mm S 4 6 8
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Table 2. Design matrix and the measured response.

Input parameter level Measured output
Runlendey S e S Tensile strength (MPa)
C (wt%) P (watt) V (mm/min) S (mm) Standard deviation
1 9 3 100 600 6 257+0.8
2 15 3 100 900 4 23.0+04
3 19 1 100 600 8 24.8+0.9
4 28 3 100 600 6 258+0.5
5 22 1 80 600 6 22.0+1.1
6 29 5 80 600 6 184 +0.6
7 16 3 120 900 6 22.3+0.2
8 25 3 80 600 8 21.9+1.0
9 8 5 100 600 8 226+04
10 13 3 80 600 4 245+0.7
1" 24 5 120 600 6 220+1.2
12 26 5 100 600 4 23.2+05
13 23 5 100 300 6 225+0.6
14 17 3 100 300 4 279+04
15 14 3 100 300 8 23.9+13
16 11 3 120 300 6 249+0.7
17 21 3 80 300 6 20.1+0.5
18 1 1 100 300 6 259+0.3
19 6 3 100 600 6 26.0+0.9
20 12 3 80 900 6 222+04
21 2 3 100 600 6 25.9+0.2
22 7 1 120 600 6 240+1.1
23 20 5 100 900 6 21.5+0.6
24 27 1 100 600 4 251+04
25 18 1 100 900 6 246 +0.8
26 3 3 100 900 8 244 +1.2
27 10 3 120 600 4 245+0.3
28 5 3 100 600 6 258+1.0
29 4 3 120 600 6 248 +0.6

Nanocomposite laser welding

A CO, laser with a maximum power of 120 w and
1060nm wavelength was used. In order to contact be-
tween sheets and their clamp under pressure during
the butt-weld, a fixture was used (Figure 3).

Characterization

Tensile strength of the samples was carried out ac-
cording to ASTM D638 [27] by a Zuker tensile test
machine (Zwick co., Germany) at a cross head speed
of Imm/min. The measured responses (strength) are
average of at least three tests that are presented in Ta-
ble 2. Also, the tensile strength of base materials was
measured according to standard D638. The tests were

Table 3. Properties of raw materials used in prepration of
nanocomposites.

Sample code PAG6/NBR | TPO1 | TPO3 | TPO5
Tensile strength (MPa) 25.6 27.3 30.8 | 334

performed three times and the average of results and
standard deviations are presented in Table 2.

The morphology of weld surfaces of the nanocom-
posites was observed by scanning electron microsco-
py (SEM) at room temperature with a Philips XL30

Polyolefins Journal, Vol. 7, No. 2 (2020)
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Table 4. Tensile strength of pristine TPO nanocomposites.
PAG6/NBR | TPO1 | TPO3 | TPO5
Tensile strength (MPa) 25.6 27.3 30.8 | 334

Sample code

SEM. The samples were previously coated with a con-
ductive gold thin layer.

An X-ray diffraction (XRD) equipment was em-
ployed to evaluate the dispersion of nanoclay in the
PA6/NBR matrix. Analysis by XRD was performed
at room temperature on a Philips model X'Pert dif-
fractometer using CuKo radiation (wavelength
A=1.540598 A°) generated at 50 kV and 40 mA. The
scanning rate was 1°/min in wide angle mode for the
20 range from 0 to 10°.

To evaluate the dispersion of nanoclay in the nano-
composites, transmission electron microscopy (TEM)
with an accelerating voltage of 100 kV was used by a
Philips EM208S. Ultra-thin sections were cryogeni-
cally cut with a diamond knife at a temperature of
—100 °C.

RESULTS AND DISCUSSION

XRD analysis

The results of X-ray diffraction of nanocomposites
and cloisite 30B are shown in Figure 4. The neat nano-
clay exhibits an intensive peak at 20 = 4.76° (18.54
A), while the diffraction peaks (interlayer distance) of
nanocomposites with 5 and 3 % nanoclay have shifted
to lower angles of 4.42° (19.96 A) and 4.01° (21.95
A), respectively. The lower diffraction angle of the
nanocomposites in comparison with that of the clay
shows the polymer chains are intercalated between
the layers of the clay [28]. However for TPE nano-
composite with 1 wt. % nanoclay, the characteristic
peak of the nanoclay disappeared. The absence of the

Table 5(a). Sequential model sum of squares.

Closite 30B
TPO5
TPO3
TPO1

|

R

Intensity (a.u)

Degree (20)
Figure 4. XRD patterns of Closite 30B, TPO1, TPO3 and
TPO5 nanocomposites.

diffraction peak shows the exfoliation of the nanoclay
into the PA6/NBR matrix.

Development and selection of the response model

Design expert v7 software was applied for analysis
experimental data and fitted the best model on the re-
sponses. The software suggests the highest order poly-
nomial along with significant terms and the model is
not aliased as shown in Table 5(a). Also, Table 5(b)
recommends the model with the highest R-squared
and predicted R-squared. So, a quadratic model can
be used to fit on tensile strength and further analysis.
The adequacy of the model was tested using F-test,
lack-of-fit test and the analysis-of-variance (ANOVA)
technique [26]. The ANOVA table of the quadratic
model is shown in Table 6. ANOVA implies that the
F-value of this tensile strength model is 17.96, indi-
cating the model is significant. This "model F-value"
occurs due to noise with a chance of only 0.01%.
The model terms are significant when the values of

F p-value
Source Sum of Squares df Mean Square Value Prob > F
Mean vs Total 1643.52 1 1643.52
Linear v_s Mean 44.35 4 11.09 368 00178
2Fl vs Linear 15.62 6 2.60 083 0.5640 Suggested
Quadratic vs 2FI 50.49 4 12.62 ' : suggesied
. . 28.74 <0.0001 Aliased
Cubic vs Quadratic 4.09 8 0.51 1.49 0.3238
Residual 2.06 6 0.34 ’ ’
Total 16538.13 29 570.63

Polyolefins Journal, Vol. 7, No. 2 (2020)
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Table 5 (b). Model summary statistics.

Source Std. Dev. R? Adjusted R? Predicted R? PRESS

Linear 1.74 0.3803 0.2770 0.1171 102.96 Suggested
2FI 1.77 0.5142 0.2444 -0.2119 141.32 Aliased
Quadratic 0.66 0.9473 0.8945 0.7981 35.20

Cubic 0.59 0.9823 0.9174 -1.4839 289.64

"P>F" is less than 0.05 [29]. It is seen from Table 6
that in this experiment, all the input parameters and
their interaction such as PV, PS, VS and C?, P?, V?
are significant model terms. The model terms are not
significant when the values are greater than 0.05. In
this case CP, CV, CS and S? are not significant terms,
and they can be eliminated from the model. Further,
Table 5 (b) shows the predicted R? and adjusted R2 for
this model which are 79% and 89%, respectively, and
are in reasonable agreement. Finally, the mathematical
model for estimation of tensile strength of weld joint
within determined design space is presented in below:
a)In terms of coded factors

Tensile strength (MPa) = 25.84 — 1.36xC + 1.12xP —
0.61xV—=0.48%S — 1.17xPxV +0.73xPxS 4+ 1.35xVxS
— 1.71xC?* = 2.35%P* — 0.89xV?

)
b) In terms of actual factors
Tensile strength (MPa) = —30.75 — 0.9xC + 1.2xP +
0.015xV — 3.42xS — 1.95x10*xPxV + 0.018xPxS +

Table 6. ANOVA analysis for the weld tensile model.

2.25%107xVxS—0.43xC2—5.87x10xP?~9.85x10*xV?
)

Validation of the developed model

Three confirmation experiments were conducted us-
ing new test conditions which input variable param-
eters were chosen randomly from the design matrix.
The actual responses were the average of three mea-
sured results and the predicted response values were
calculated by substituting the input parameters into
the developed model. Table 7 shows the new input
parameters, the actual experiment, the predicted re-
sponses and percentage of error. Figure 5 shows plot
of actual vs. predicted strength weld response that the
data points are close to the 45° line. Table 7 and Fig.
5 demonstrate that the developed model is quite ac-
curate because the percentage of error between experi-
mental values and the estimated values is small.

Effect of process parameters on weld strength
Perturbation plot is presented in Figure 6. This plot
compares the effect of all factors at a center point in

Source Sum of Squares df Mean Square F - Value p-value Prob > F | Significant
Model 110.46 14 7.89 17.96 <0.0001 *
Clay 22.14 1 22.14 50.41 <0.0001 *
Laser power 14.96 1 14.96 34.07 <0.0001 *
Scan velocity 4.44 1 4.44 10.11 0.0067 *
Stand-off-distance 2.80 1 2.80 6.38 0.0242 *
CxP 0.64 1 0.64 1.46 0.2474 -
CxV 0.04 1 0.04 0.091 0.7673 -
CxS 0.02 1 0.02 0.051 0.8442 -
PxV 5.54 1 5.54 12.57 0.0032 *
PxS 2.10 1 2.10 4.79 0.0461 *
VxS 7.29 1 7.29 16.60 0.0011 *
C2 19.00 1 19.00 43.26 <0.0001 *
P2 35.80 1 35.80 81.49 <0.0001 *
V2 5.10 1 5.10 11.61 0.0043 *
§? 0.004 1 0.004 0.009 0.9223 -
Residual 6.15 14 0.44 46.90 0.0010 *
Lack of fit 6.10 10 0.61

Pure error 0.052 4 0.013

Cor total 116.61 28

104
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Table 7. Validation test results.

Exp. No. C (wt. %) P (watt) V (mm/min) S (mm) Tensile strength (MPa)
Actual 251

1 1 120 400 8 Predicted 23.8
|Error| % 5.2

Actual 245

2 3 80 600 6 Predicted 22.3
|Error| % 8.9

Actual 18.7

3 5 100 900 4 Predicted 20.6
|Error| % 6.9

the design space. The response is plotted by chang-
ing only one factor over its range while the other fac-
tors have been held constant. Based on the Figure 6,
curvature in the four input factors show that the re-
sponse (tensile strength) is sensitive to all the input
factors [26]. From this figure, it can be noted that the
maximum tensile strength of welds is obtained when
the laser power is 105 W. It can also be observed that
the weld strength decreases with increasing welding
speed. This behavior can be explained as following:
The tensile strength of welds extensively depends on
line energy input (LE) that it is the ratio of laser power
(P) per welding speed (V) , defined as laser input ener-
gy per unit length [3, 17]. Liu et al. [30] and Nakhaei
et al. [4] reported the line energy of laser effected on
heat input to the base material. They concluded that
increasing volume of melted material resulting from
the heat input causes a significant enhancement in ten-
sile properties. In the laser power of 105 W and weld-
ing speed of 300 mm/min, the line energy is optimum
that is desired because more volume of the base mate-

Predicted vs. Actual

27.90-

25.50-
o
8
£ 23.10
2
=9

20.70 -

18.30

T I 1 T T
18.40 20.77 23.15 25.52 27.90
Actual

Figure 5. Plot of actual vs. predicted responses.
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rial is melted, leading to increase in weld strength. At
higher level of the speed welding or at the lower level
of the laser power, the line energy is very low and
thus the heat input to the base material and the volume
of melt decreases, consequently the tensile strength of
welds decreases. In other hand, high laser power leads
to high line energy, so material may be burn and par-
tially decompose as shown in Figure 7, these results
are consistent with other reports [3, 31].

It can also be obvious from Figure 6 that stand-off-
distance has a slightly negative effect on the tensile
strength of welds. This is because decreased power
density at high levels of this factor causes low heat
input and poor penetration which leads to decreased
tensile strength [17, 34]. Acherjee et al. [24] conclud-
ed that higher stand-off-distance increases the beam
spot diameter at the weld interface. They stated that
decreasing beam spot diameter decreases heat input to
the base material.

In the case of the clay, increase of clay content of TPO
nanocomposite leads to decreasing in tensile strength

Perturbation
27.94
S
2554 V/‘é:— S
< C P
o0
§ \Y%
5 BI4Pp C
E_‘
20.7
18.3 4
T T T T T
-1.000 -0.500 0.000 0.500 1.000

Deviation from reference point (coded units)

Figure 6. Perturbation plot showing the effect of all input pa-
rameters on the response.
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Figure 7. Overheating and decomposition of the weld line
at high line energy.

of welds. This behavior can be explained to one of the
following reasons. Firstly, the decrease in the surface
area for PA6 diffusion at the weld interface, according
to literature review [3, 30-32], that makes decreasing
of tensile strength of welds. It should be mentioned
that good dispersion of the clay content on TPO ma-
trix leads to better weld tensile strength. The degree
of dispersion of the cloisite layers within the matrix
was studied by TEM. Figure 8 shows the TEM micro-
graph of TPO3 nanocomposite. Different magnifica-
tions of the micrographs reveal the intercalation and
partial exfoliation of the clay in the nanocomposite.
In this figure, dark lines represent the cloisite layers

Figure 8. TEM micrograph of PA6/NBR nanocomposite wit
3 % Clay.

dispersed within the TPO system.

Figures 9 (a) and (b) show interaction effect of Pand V
at center values of other factors. The results show that
at low power of 80 W, changing in V level has not sig-
nificant effect on tensile strength. At all level of scan
velocity, tensile strength is maximized at laser power
of 110 W. In power of 120 W, increasing of speed de-
creased the tensile strength. This behavior can be due
to line energy. In low line energy, low volume of base
material could be melted, hence the tensile strength
decreased. Also, in high line energy, the base material
may be burn and partial decompose, hence the tensile
strength decreases. Whereas, appropriate line energy
makes maximum tensile strength. Therefore, optimum
of laser power with scan velocity (optimum line en-
ergy) is desired. Welding in low power with high scan
velocity leads to low line energy, and high power with
low speed leads to high line energy as discussed ear-

Tensile strength

900.0

23.5797

750.0

600.0

Scan velocity

80.0 . 100.0 110.0

Laser power

Tensile strength

Laser power

80.0 7900.0
(b)

Figure 9. Interaction effect between P and V on response at

C = 3%, S=6 mm (a) the contour plot (b) response surface
diagram.

Polyolefins Journal, Vol. 7, No. 2 (2020)



Nakhaei M. et al.

&3

IPPI

lier and stated in [3, 17]. At power of 100-110w, effect
of scan velocity is slight, because effect of laser pow-
er is more significant than scan velocity. So, the line
energy is nearest to optimum condition. Based above
results, when clay content and stand-off-distance are
kept constant at the center point, the maximum tensile
strength of welds (26.2 MPa) can be achieved when
the laser power and scan velocity are set to 107 W and
420 mm/min, respectively.

Interaction effect of P and S is presented in Figures 10
(a) and 10(b). It is evident that optimum laser power
leads to make the best strength, because at high laser
power the base material would burn and partial de-
compose and at low power density it leads to decrease
depth of penetration, hence a weak joint, as discussed
in [17, 34]. This figure shows that at low laser power,
the tensile strength decreased as the stand-off-distance
increased. At higher laser power, effect of stand-off-

3.0 Tensile strength

7.0 4

6.0 4 [255025]

Stand-off-distance

5.0

80.0 90.0 100.0 110.0 120.0

Laser power

4.0

N
R
ORI IR
SIS SIRO RSN
SRR
S SRR SRR S
R
RIS

S
e S
“‘\/\x:\\\\‘\\ o O

Tensile strength

SN
SRR

R

O

(b)

distance on tensile strength is lower. This is because
at low level of laser power, decreasing stand-off-dis-
tance would increase power density but at high level
of laser power, the power density is high and decreas-
ing of stand-off-distance could not decrease power
density (because the effect of laser power is more than
that of stand-off-distance). So, based on the Figures
10 (a) and 10(b), the maximum weld strength (26.3
MPa) is obtained at laser power of 100 W and stand-
off-distance of 4 mm.

In relation to interaction V and S that is shown in Fig-
ures 11(a) and 11(b), the results indicate that at lowest
scan velocity, the tensile strength decreases as stand-
off-distance increases, this is due to the defocused la-
ser beam that decreases power density [3, 17]. At the
highest scan velocity of 900mm/min, using either a
focused or defocused laser beam has no significant ef-
fect on tensile strength of welds. This is because the

Tensile strength

8.0
248007
7.0 4
3
c
S [25.2625]
7]
.5 6.0 — 5@
£
o 7]
° [26.1153]
]
1]
5.0
26 7681
4.0
|
T
300.0 450.0 600.0 750.0 900.0
Scan velocity
(a)
279
26.675
= 5%
= 4755
@ 258 S
5] (5555
= (565000055
7 24 225 2 rrisrss et son.
. 2
2 [
172}
=
1)
[

50 450.0
6.0 600.0
7.0 750.0  gcan velosity

Stand-off-distance 8.0 900.0

(b)

Figure 11. Interaction effect between V and S on response
at C = 3%, P=100W (a) the contour plot (b) response surface
diagram.

Figure 10. Interaction effect between P and S on response
at C = 3%, V=600 mm/min (a) the contour plot (b) response
surface diagram.
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Table 8. Optimal conditions for welding PAG6/NBR with 1, 3 and 5 wt% nanoclay.

Exp. No. C (Wt. %) P (watt) V (mm/min) S (mm) Tensile strength (MPa)

weld 27.2

1 1 105 300 4 Base material 27.3
Percentage 99.6 %

Actual 27.6

2 3 105 300 4 Base material 30.8
Percentage 89.6 %

Actual 24.7

3 5 105 300 4 Base material 33.4
Percentage 73.9 %

scan velocity is more effective than stand-off-distance
on the tensile strength. So, at high level of scan veloc-
ity, power density is very low, even a focused laser
beam cannot be addressed this issue. Based on above
discussion, scan velocity of 300-450 mm/min with
stand-off-distance of 4-5mm is desired for appropriate
welds tensile strength.

For PA6/NBR nanocomposites with 1, 3 and 5% nano-
clay, under optimal conditions of laser power of 105
W, scan velocity of 300 mm/min and stand-off-dis-
tance of 4 mm, the maximum tensile strength values
are 27.2 MPa, 27.6 MPa and 24.7 MPa, respectively.
According to Table 8, comparing the weld strength
of the three PA6/NBR nanocomposites with tensile
strength of the base material shows that the maximum
weld strength of TPO1, TPO3, and TPO5 nanocom-
posites was about 99%, 89% and 73% of the tensile
strength of the base material, respectively.

CONCLUSIONS

In this work, effect of clay content and process param-
eters on CO, laser welding of PA6/NBR/clay nano-
composites is studied and the tensile strength of weld
joints within input parameters limits is optimized us-
ing the RSM. The following results can be extracted
from this work:

1. All input parameters have significant effect on re-
sponse (tensile strength of welds). The clay content,
laser power, scan velocity and stand-off-distance
have the more effect on response, respectively.

2. The mathematical model conducted from RSM can
predict response at 80% confidence level which
was fitted to the experimental tests.

3. The maximum tensile strength of welds on TPOI,
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TPO3, and TPOS5 nanocomposites was about 99%,
89% and 73% of the tensile strength of the base ma-
terial, respectively.

4. Increasing the clay content from 1 to 5 %wt and
stand-off-distance from 4 to 8 mm decreased tensile
strength of welds about 15% and 5%, respectively.

5. In terms of interaction of PxV, PxS and VxS, a
combination of laser power of 105w, scan veloc-
ity of 300 mm/min and stand-off-distance of 4
mm is recommended that leads to maximum weld
strength.
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