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Process Optimization of Laser Transmission Spot Welding Using
Material PMMA for Automotive Industry
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Abstract To quantify the need for the connection of a lightweight polymer in the automotive industry, the study on
laser transmission spot welding of material PMMA for vehicle by Nd: YAG pulse laser is conducted. The
mathematical model of the process parameters with the maximum tensile force and molten pool diameter is
established by the response surface method, and it can be used to optimize and analyze the experimental design. The
interaction effects of key parameters including voltage, frequency, stand-off distance, and exposure on the joint
performance and the mean weld diameter are analyzed, and the optimization analysis is carried out based on two
kinds of optimization criteria. The results show that the voltage and frequency can affect the joint performance by
controlling the laser power, and the latter has a significant influence on laser transmission spot joining performance.
When the laser power becomes higher, the energy density is more concentrated. In that case, if the laser action time
increases, it is easy to initiate ablation or even penetration of samples. In the process of optimization, the relative
error between the predicted value and the experimental one is less than 8%, so the predicted results of parameters
optimization are consistent with the experimental ones. Above all, this study provides an effective direction to
enhance the bond quality and minimize the bond cost.
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Fig. 1 Schematic diagram of laser transmission spot welding
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Table 1 Welding conditions for PMMA

Code Parameter Level
—2 —1 0 +1 +2
A Crest value /V 440 450 460 470 480
B Pulse frequency /Hz 5 10 15 20 25
C Stand-off distance /mm —38 —4 0 4 8
D Exposure time /s 0.8 1 1.2 1.4 1.6
# 2 LB 54
Table 2 Test results and design matrix
Parameter Result
No. A /V B /Hz C /mm D /s Maximum load /N Mean weld diameter /pm
1 470 10 —4 1.4 145.74 2609.92
2 460 15 0 0.8 128.02 2062.27
3 450 10 4 1 83.72 2283.65
4 470 20 —4 1 90.23 3262.37
5 450 20 4 1 125.18 2978.21
6 440 15 0 1.2 128.77 2463.64
7 450 10 —4 1.4 101.07 2425.12
8 470 10 —4 1 119.97 2226.82
9 460 15 8 1.2 80.71 3901.89
10 480 15 0 1.2 120.76 2960.52
11 470 20 —4 1.4 140.79 3473.82
12 460 15 0 1.6 171.66 3275.52
13 450 20 —4 1 110.71 2992.63
14 460 5 0 1.2 98.01 1881.89
15 450 10 4 1.4 110.57 2501.08
16 460 15 0 1.2 150.79 2611.11
17 460 15 0 1.2 137.69 2721.62
18 460 25 0 1.2 79.18 3207.74
19 460 15 0 1.2 140.69 2412.27
20 460 15 0 1.2 145.69 2520.05
21 460 15 —8 1.2 77.06 3681.76
22 450 10 —4 1 90.62 2099.81
23 470 20 4 1 92.75 3290.82
24 460 15 0 1.2 175.79 2710.62
25 450 20 —4 1.4 139.61 3178.26
26 470 20 4 1.4 106.82 3382.95
27 470 10 4 1.4 121.62 2570.92
28 460 15 0 1.2 135.78 2701.02
29 450 20 4 1.4 140.02 3269.39
30 470 10 4 1 92.58 2388.26
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Fig. 2 Morphology of PMMA weld seam

3 iR 5iMe
3.1 RARNANWAES M FREE
KA design expert X 3% 2 "R HEAT 20 BT, AT A5 1 D7 22 0 BT 38, 3¢ 3 i . Hoh ADJ SS hF
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7RI T] M Y — R G R IR i, — RN P =0.05 & A2 AR A ROKOE . BARL P /T 0.0001
W FBZ MR, R? R AL 4 B, HAE N 0.8955, BB RIA R 9% iy s F o ke, TR
A BB R =0.6209 FHMEIEL A BB Ran =0.7980 FLAR W &, U W% B8 B 25 & %5k, 2 3048 (lack of
fit) k08270 (% A 28 7 A A4 000 {6 5 52 B (B AS S04 A M 020 ) . B AL 19 {7 M FE Cadeq precision) K
11.606, KT 4 $im H RN R, ok S 500H% 26 WZ B R 4G & 2ok, At e KB i mig H R 5
S PR 2R B i R AR
a) Fe KPS B i 5 A N
M =147.74 — 0.29A +1.77B — 2.42C +11.99D — 11.18AB — 6.28AC + 2.40AD -+
2.02BC +1.02BD — 1.93CD — 5.29A% — 14.33B* — 16.76C”* + 0.98D?, (1
b) i KL S PRAE T RE A
M =—12062.28771 4+ 50.53896A + 119.17692B + 72.96427C — 566.10625D —
0.22357AB — 0.15694AC + 1.20000AD + 0.10106 BC + 1.01625BD —
2.41250CD — 0.052885A% — 0.57324B% — 1.04741C? + 24.50521D?, (2)
X M KA,
32 RWEENAZSMMEEER
5 Xt BLAR AT T 22 00T B A LT B L Nk 4 R . HAR RSN 18.019, P /T 0.0001,
PN B ST
a) A BRI gD R
W =2612.78 + 102.98A + 390.61B + 34.87C + 179.8D + 31.58AB — 17.28AC —
9.39AD — 23.00BC — 20.51BD — 20.13CD + 4.65A% — 37.16B* + 274.59C* —
6.14D%, (3)
b) K it AR A S B R
W =6313.34760 — 36.35356A — 143.17071B + 254.88734C + 3734.48021D +
0.63151AB — 0.43202AC — 4.69406AD — 1.14984BC — 20.50688BD —
25.16328CD + 0.046534A% — 1.48651B* + 17.16186C* — 153.57031D*, (4)
X W oNE AR,
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Table 3 ANOVA analysis for maximum load

Source AD] SS DF AD] MS F-value P-value
Model 19007.78 14 1357.69 9.18 <C0.0001 Significant
A 2.05 1 2.05 0.013 0.9077
B 75.47 1 75.47 0.51 0.4859
C 141.03 1 141.03 0.95 0.3442
D 3450.24 1 3450.24 23.33 0.0002
AB 1999.43 1 1999.43 13.52 0.0022
AC 630.51 1 630.51 4.26 0.0566
AD 92.16 1 92.16 0.62 0.4421
BC 65.36 1 65.36 0.44 0.5162
BD 16.52 1 16.52 0.11 0.7428
CD 59.59 1 59.59 0.40 0.5350
A* 767.14 1 767.14 5.18 0.0378
B? 5633.24 1 5633.24 38.10 <<0.0001
C* 7703.27 1 7703.27 52.10 <C0.0001
D* 26.35 1 26.35 0.17 0.6789
Residual 2217.57 15 147.83
Lack of fit 1123.52 10 112.35 0.51 0.8270 Not significant
Pure error 1094.05 B 218.81
Cor total 21225.36 29
R*=0.8955 Rigen =0.6209
R%p =0.7980 Adeq precision: 11.606
R4 W EBENTT S
Table 4 ANOVA analysis for mean weld diameter
Source AD]J SS DF AD] MS F-value P-value
Model 7.046 E+006 14 5.033E+005 18.56 <C0.0001 Significant
A 2.545E+005 1 2.545E +005 9.38 0.0079
B 3.622E+006 1 3662E +006 135.06 <20.0001
C 29175.73 1 29175.73 1.076 0.3160
D 7.759E +005 1 775941.30 28.62 <C0.0001
AB 15952.32 1 15952.32 0.58 0.4549
AC 4777.92 1 4777.92 0.17 0.6806
AD 1410.19 1 1410.19 0.05 0.8227
BC 8461.70 1 8461.70 0.31 0.5846
BD 6728.51 1 6728.51 0.25 0.6256
CD 6483.87 1 6483.87 0.24 0.6319
A 593.95 1 593.95 0.02 0.8843
B? 37880.90 1 37880.90 1.39 0.2556
C? 2.068E+006 1 2.068E +006 76.28 <C0.0001
D* 1034.99 1 1034.994 0.038 0.8477
Residual 4.067E +005 15 27110.97
Lack of fit 3.287E+005 10 32865.35 2.11 0.2126 Not significant
Pure error 78011.01 5 15602.20
Cor total 7.453E +006 29
R*=0.9454 Rirep =0.7309

R =0.8945

Adeq precision: 18.019
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Fig. 3 Effect of crest value and pulse frequency on maximum load. (a) Isogram; (b) 3D response surface plot
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Fig. 4 Effect of crest value and stand-off distance on maximum load. (a) Isogram; (b) 3D response surface plot
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Fig. 5 Effect of exposure time and pulse frequency on maximum load. (a) Isogram; (b) 3D response surface plot
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Fig. 6 Effect of crest value and pulse frequency on mean weld diameter. (a) Isogram; (b) 3D response surface plot
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Fig. 7 Effect of pulse frequency and stand-off distance on mean weld diameter. (a) Isogram; (b) 3D response surface plot
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Fig. 9 Predicted results versus actual experimental results. (a) Maximum load; (b) mean weld diameter
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Table 5 Tests of optimized experimental results

Maximum load /N Mean weld diameter /pm

A /V B /Hz C /mm D /s - ;
Actual Predicted Actual Predicted
1 470 10 —4 1.4 145.74 142.82 2609.92 2714.31
2 460 15 0 0.8 128.02 121.62 2062.27 2103.51
3 450 10 4 1 83.72 93.12 2283.65 2215.14

35 & 4
3.5.1 MRALSAHT

Fe T W 2 A AT e 1 T (RSMD J7 i — 25 SE AL AL L e AL 8 R P AR AR A O X0 &5 SR AT
XF Lo B — A Uk v DR O 2 A PR 2R R AR AR S R AR (E . B OO0k o DU A R A A B 15 T 3R
I R L S E A /N s i A . 3R 6 Won T PR )L 7E FLIE AN T A AR LA R R T
SRR 7T R 8 iR, B 10Ca) L (b) 43 S 7R 28 — 5% U0 AR iU, 3 5ok I figk A0 Ak 7T LA B O {58 35 i b 2
A T2 S H I, BV 2H 55 1 22 A0 5 DX 38l 5 552 ok 7 v Jok o il 38 55 BURE 2,

#£6 T EBEALEN

Table 6 Optimization criteria of process parameters

Limit

Parameter 1 First criterion 11 Second criterion
Lower Upper
A /V 450 470 3 In range 3 Minimize
B /Hz 10 20 3 In range 3 Minimize
C /mm 0 8 3 In range 3 In range
D /s 1 1.4 3 In range 3 Minimize
Maximum load /N 135 175.79 3 Maximize 3 Maximize
Mean weld diameter /pm 1881.89 3901.89 3 In range 3 Minimize

3.5.2 thibg RIGE
3o T 0 O 0 78 40 57 0 0 5 3R 3906 T 0 (25 5o 88— SO A3 000 A% 9 RS
244y S DA O LB W 5
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Table 7 Optimization results (Criterion 1)

No. A /V B /Hz C /mm D /s Maximum load /N Mean weld diameter /um  Desirability
1 461.64 15.17 0.00 1.40 160.928 2814.61 0.636

2 461.89 15.10 0.00 1.40 160.926 2811.55 0.636

3 461.69 15.24 0.00 1.40 160.924 2820.4 0.636

4 461.11 15.28 0.00 1.40 160.919 2817.67 0.635

5 461.17 15.15 0.00 1.40 160.914 2808.6 0.635

# 8 AR GEN 1D

Table 8 Optimization results (Criterion 1

No. A /V B /Hz C /mm D /s Maximum load /N Mean weld diameter /um  Desirability
1 454.27 14.46 0.08 1.19 144.572 2505.68 0.518
2 454.06 14.52 0.24 1.19 144.484 2509.75 0.517
3 454.96 13.83 0.00 1.24 146.075 2508.42 0.512
4 450.78 15.18 0.35 1.19 143.659 2532.71 0.511

25 25
@ (b)
tensile strength: 147.000 N
3 20 8 20 tensile strength: 147.000 N
> & —
g 15 151 =
& ]
£ £
10}- 10/ ean weld diameter: 1881.000 pm
mean wﬂ diamgter: 1881‘.000 pm 5 . . .
440 450 460 470 48a0 440 450 460 470 480

Crest value /V Crest value /V

K10 I TZESHEGER. () BN, BEEHR 0 mm MEMREY 1.4 s;
(b) 55 N, B 5 5k 0.08 mm, 1 FHRTIE N 1.19 s
Fig. 10 Optimal process parameter range. (a) Criterion I, stand-off distance is 0 mm, and exposure time is 1.4 s;
(b) Criterion II, stand-off distance is 0.08 mm, and exposure time is 1.19 s
F9 ALLR

Table 9  Optimization results

Maximum load /N Mean weld diameter /pm
No. A/V  B/Hz C/mm  D/s : :
Actual Predicted Actual Predicted
1 461.64 15.17 0.00 1.40 160.928 152.88 2814.61 2927.21
2 454.27 14.46 0.08 1.19 144.572 147.42 2505.68 2356.38
:k N
4 én 14!

3 5 ) 7 TRV S ST OEE S AR R A PMMA B8R KR A b AR BB R, 73 et LR 2538

1) WAL PR T | JD oot 25 8 8 -5 A T IRF 0 o e DR T R s T A R AT S 0 W) X 8 2 s o 3 3 4
DX 3l ) FE S A

2 WA FhL R Jk e 4 e A [ 92 i e D) SRR R i R RIOR 5

3) WOLAE FH I 1] A 3G 0 7E — € B2 B A AT 4 o 1 1 TR L (EPR ) 2 S SR R SR L i
BB e b B 2 0 0 AT AR TR T R

4) 3 T 22 53 B A X di R AT ) AR Tt AR 5 D i R SR K e AR U B AR R RS R A I ]
R PR T

5 38 b 5 5 96 0E 5 G 2 SR 00 TR A 1 T AR 5 5 90 B W TS ST 4 0 O e TR IS A AR B R
AEXH.
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