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Optimization and experiment of dimensional accuracy in FDM printing of brass powder-PLA composite filament
ZHANG Wei', WANG Zhenkun®, GAO Xiangsheng’, CHEN Xiong’, NI Qingshuang®, YIN Yongqiang’
(1. The Engineering and Training Center, Inner Mongolia University of Science & Technology,Baotou 014010, China;
2. School of Mechanical Engineering, Inner Mongolia University of Science & Technology, Baotou 014010, China;
3. Beijing Key Laboratory of Advanced Manufacturing Technology , Beijing University of Technology, Beijing 100124, China)

Abstract : In view of the unknown optimal process parameters for fused deposition modeling (FDM) using brass powder-poly
(lactic acid) (PLA) composite filament (BPR-W-PLA), non-standard test specimens with internal holes, outer circles, right-angle
edges, hexagonal holes, conical frustums, and slit shapes were designed. A combination of single-factor experiments and response
surface methodology was applied to analyze the effects of FDM process parameters (environmental temperature, nozzle temperature,
printhead speed, infill rate, layer height, and wall thickness) on the weighted comprehensive shrinkage of multi-shaped BPR-W-PLA
test specimens. The shrinkage of six different shapes was reasonably simplified into four categories and used as the final optimiza-
tion objectives. Considering the variability among shapes, four cases were defined according to different shrinkage requirements by
assigning the relationship between different weight coefficients. Based on single-factor experimental results, process parameters
corresponding to the minimum comprehensive shrinkage were selected for each case. Subsequently, the response surface experi-
ments with six factors and three levels were constructed by Box-Behnken design, with obtaining the regression models of the four

shrinkages. The reliability and predictive accuracy of the regression models were validated through residual error normality analysis,
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analysis of variance, and significance testing. Response surface analysis reveals the interactive effects of process parameters on the

four shrinkages, and it is found that the selection of optimal process parameters is related to the dominant shape of the test specimen.

Under the optimal parameter combination for equal weight coefficients, five test specimens were printed for t-test analysis, which

confirms the accuracy and reliability of the optimization results. Finally, parameter combinations that should be preferred or avoided

for forming different shapes were proposed. The findings reveal the variation patterns of forming accuracy of BPR-W-PLA under the

interactive influence of process parameters, and provide useful reference for selecting optimal process parameters according to

forming shapes in studies of other metal-polymer composites.

Keywords : brass powder-poly(lactic acid) composite filament ; fused deposition modeling ; response surface methodolo-

gy ; weighted comprehensive shrinkage ; shape ; multi-process parameter optimization
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Fig. 4 Theoretical basis of filament shrinkage test
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Tab.1 Filament shrinkage of BPR-W-PLA at different nozzle temperatures

Nozzle temperature/°C

Items
190 195 200 205 210 215 220 225 230
Filament measurements/mm 0.401 0.398 0.398 0.397 0.396 0.397 0.398 0.399 0.403
Average filament shrinkage/% -0.25 0.5 0.5 0.75 1 0.75 0.5 0.25 -0.75
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Tab. 2 Design of levels for parameters in single-factor experiments

Items A°C BFC  C/mm's™") D/% E/mm F/mm

Min 20 190 30 10 0.1 0.4
Max 40 230 80 40 0.3 1.2
Interval 10 10 10 10 0.1 0.4
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Tab.3 Single-factor experimental results

Run Al°C B/°C C/(mm-s™") D% E/mm F/mm SX% SH% Sh/% Se/%
1 20 210 50 40 0.2 0.4 0.88 0.80 3.29 1.40
2 30 210 50 40 0.2 0.4 0.18 0.02 2.55 0.58
3 40 210 50 40 0.2 0.4 0.22 0.04 3.42 0.98
4 30 190 50 40 0.2 0.4 0.72 0.42 2.36 0.51
5 30 200 50 40 0.2 0.4 0.12 0.04 2.49 0.42
7 30 220 50 40 0.2 0.4 1.17 0.13 1.82 0.44
8 30 230 50 40 0.2 0.4 0.43 0.11 2.49 1.11
9 30 210 30 40 0.2 0.4 0.38 0.18 2.49 0.73
10 30 210 40 40 0.2 0.4 0.25 0.16 2.71 0.47
12 30 210 60 40 0.2 0.4 0.60 0.36 2.84 2.80
13 30 210 70 40 0.2 0.4 0.68 0.31 2.36 2.16
14 30 210 80 40 0.2 0.4 0.48 0.24 2.62 0.36
15 30 210 50 10 0.2 0.4 0.97 0.56 2.09 1.22
16 30 210 50 20 0.2 0.4 0.62 0.16 2.49 0.78
17 30 210 50 30 0.2 0.4 0.57 0.38 2.58 0.64
19 30 210 50 40 0.1 0.4 0.37 0.29 1.51 0.82
21 30 210 50 40 0.3 0.4 0.27 0.02 2.98 0.04
23 30 210 50 40 0.2 0.8 0.17 0.20 2.58 0.22
24 30 210 50 40 0.2 1.2 0.07 0.07 2.44 0.49
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Fig. 5 Variation of shrinkage of test specimens under different parameters in single-factor experiments
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Tab.4 Process parameter selection under minimal S

Situations  4°C B M oy E L oo dition”
s ) mm

Situation 1 30 200 50 40 0.1 12  a=b=c=d

Situation2 30 200 40 40 0.2 1.2 c<a=b=d

Situation3 30 200 40 40 0.1 1.2 d<a=b=c

Situationd 30 220 80 40 0.1 08 a=b<c=d

Notes: 1) Condition represents relationship between weight coeffi-

cients.
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Tab.5 ANOVA and tests of significance for S*

Source Sum of squares df Mean square F-value P-value Statistical significance
Model 1.71 27 0.063 5 23.63 <0.000 1 Significant
A 0.026 1 0.026 9.68 0.004 5
D 0.0155 1 0.0155 5.77 0.023 7
E 0.063 1 0.063 23.47 <0.000 1
BC 0.017 1 1 0.017 1 6.37 0.018
BE 0.026 4 1 0.026 4 9.83 0.004 2
DF 0.0153 1 0.0153 5.7 0.024 5
Residual 0.069 8 26 0.002 7
Lack of fit 0.063 9 21 0.003 2.56 0.150 8 Not significant
Pure error 0.006 5 0.001 2
Cor total 1.78 53
Notes : R*=0.960 9;RAd12:0.920 2.
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Tab. 6 ANOVA and tests of significance for S
Source Sum of squares df Mean square F-value P-value Statistical significance
Model 1.73 27 0.064 1 19.68 <0.000 1 Significant
A4 0.100 1 1 0.100 1 30.76 <0.000 1
D 0.132 1 0.132 40.56 <0.000 1
E 0.069 3 1 0.069 3 213 <0.000 1
F 0.086 4 1 0.086 4 26.54 <0.000 1
AD 0.096 1 1 0.096 1 29.52 <0.000 1
BC 0.099 1 0.099 30.42 <0.000 1
BE 0.078 4 1 0.078 4 24.09 <0.000 1
BF 0.078 1 0.078 23.97 <0.000 1
CcD 0.0162 1 0.0162 4.98 0.034 5
DF 0.296 4 1 0.296 4 91.08 <0.000 1
EF 0.021 1 0.021 6.46 0.017 4
Residual 0.084 6 26 0.003 3
Lack of fit 0.071 3 21 0.003 4 1.27 0.428 4 Not significant
Pure error 0.013 3 5 0.002 7
Cor total 1.81 53

Notes: R*=0.953 43R, *=0.904 9.
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Tab.7 ANOVA and tests of significance for S",

Source Sum of squares df Mean square F-value P-value Statistical significance
Model 14.17 27 0.524 8 23.86 <0.000 1 Significant
A 0.484 5 1 0.484 5 22.03 <0.000 1
D 0.102 7 1 0.102 7 4.67 0.040 1
F 1.36 1 1.36 61.98 <0.000 1
AB 0.446 5 1 0.446 5 20.3 0.000 1
BE 0.57 1 0.57 2591 <0.000 1
BF 0.858 1 1 0.858 1 39.01 <0.000 1
CD 0.418 6 1 0.418 6 19.03 0.000 2
DF 0.2278 1 02278 10.36 0.003 4
Residual 0.5719 26 0.022
Lack of fit 0.476 21 0.022 7 1.18 0.467 4 Not significant
Pure error 0.0959 5 0.019 2
Cor total 14.74 53
Notes: R*=0.961 2;RAdj2=0.920 9.
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Tab.8 ANOVA and tests of significance for S,
Source Sum of squares df Mean square F-value P-value Statistical significance
Model 2 27 0.074 1 24.19 <0.000 1 Significant
A 0.763 3 1 0.763 3 249.08 <0.000 1
D 0.148 8 1 0.148 8 48.57 <0.000 1
E 0.168 3 1 0.168 3 54.93 <0.000 1
F 0.016 5 1 0.016 5 5.4 0.028 3
BC 0.082 1 0.082 26.76 <0.000 1
BE 0.026 4 1 0.026 4 8.62 0.006 9
CD 0.02 1 0.02 6.53 0.016 8
CE 0.049 6 1 0.049 6 16.19 0.000 4
DF 0.0512 1 0.0512 16.71 0.000 4
EF 0.016 2 1 0.0162 5.29 0.029 8
Residual 0.079 7 26 0.003 1
Lack of fit 0.049 9 21 0.002 4 0.399 9 0.936 9 Not significant
Pure error 0.029 7 5 0.0059
Cor total 2.08 53

Notes: R*=0.961 73R, ;*=0.921 9.
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Tab.9 Process parameters optimized by response surface

methodology

Condition A/°C BFC  Clmm-s") D/% E/mm F/mm
a=b=c=d 24447 199.842 39915 31436 0.21 0.748
Engineering ~ 24.5 200 40 30 0.2 0.8
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Tab. 10 Summary table of t-test results 1]
Items SX% SY%  SN%  SY%
0.77 0.18 1.38 0.55
0.73 0.19 1.89 0.49
Measured value(x;) 0.76 0.15 1.74 0.57
0.78 0.17 1.40 0.53 21
0.74 0.19 1.28 0.52
Sample mean () 0.756 0.176 1.538  0.532
Sample standard deviation (s) 0.0207  0.0167 0.2623 0.0303 [3]
t-value -1.2940 -0.1604 1.1166 14744
togns (4) 2.776
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