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Abstract: In order to test and analyze the mode II inter-layer fracture toughness of additive manufacturing carbon
fiber reinforced polymer (CFRP), and quantitatively evaluate the influence of printing parameters on the mode II
fracture toughness, then promote the application of additive manufacturing CFRP technology in bridge structure,
experimental and simulation methods were used to carry out the relevant explorations, during this study. Firstly,
the printing process was optimized and a novel method for preparing inter-layer pre-cracks was proposed, namely
missing layer replacement method. Meanwhile, the influence of two types of key printing parameters (Printing
temperature and printing speed) on the mode Il inter-layer fracture toughness of additive manufacturing CFRP was

studied. Secondly, based on the cohesive zone theory, simulation models of the end notched flexure (ENF) test
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specimens with pre-cracks under various printing conditions were established. In addition, a comparative analysis
between simulation results and test data was carried out. The results indicate that the influence of two key printing
parameters on the mode II inter-layer fracture toughness of additive manufacturing CFRP are significant, and the
influence of printing temperature is stronger. When the printing temperature increases from 245C to 285C, the
variation range of peak force test data is 18%-27%, and the variation range of inter-layer fracture toughness is
14%-32%. When the speed increases from 20 mm/s to 60 mm/s, the variation range of peak force test data is 4%-31%,
and the variation range of inter-layer fracture toughness is 4%-16%. Moreover, the relative errors between simula-
tion results and test data are controlled within 10%, which indicates that the test data in this study is reasonable and
stable, so the missing layer replacement method has strong practicality for preparing additive manufacturing CFRP
specimens with pre-cracks. In addition, the simulation method of traditional process composites is also suitable for
the simulation analysis of additive manufacturing CFRP. Therefore, this method can provide technical support for

the subsequent quantitative evaluation of inter-layer mechanical properties of additive manufacturing CFRP bridge

structures.

Keywords:

bridge structures; additive manufacturing CFRP; mode II inter-layer fracture toughness; missing

layer replacement method; cohesive zone theory
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Table1 Physical properties of additive manufacturing
carbon fiber reinforced polymer (CFRP)

Test condition Property Value
ASTM D792 Density/(g-cm™) 1.17
DSC™,10°C/min  Vitrification temperature/C 56.6
300°C, 2.16 kg Melt index/(g-min™") 205
DSC?,10°C/min  Melting point/‘C 220
DSCPY, 10°C/min  Crystallization temperature/'C  186.6
IS0 75”2, 1.8MPa  Thermal deformation/C 196

Note: DSC—Differential scanning calorimetry.
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Fig.1 Geometric characteristics of additive manufacturing CFRP
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Table 2 Fixed printing parameters of additive

manufacturing CFRP
Parameter Value
Layer height/mm 0.2
Heated build platform temperature/C 90
Filling rate/% 99
Filling shape Linear
Filling overlap rate/% 5
Nozzle diameter/mm 0.4
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Table 3 Variable printing parameters of additive
manufacturing CFRP
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Fig. 3 Printing principles of additive manufacturing

CFRP pre-crack specimen
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Fig.4 Meso-structures of additive manufacturing CFRP
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Fig. 11 End notched flexure (ENF) experiment simulation model of

additive manufacturing CFRP pre-crack specimen
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Table 4 Interface stiffness Ky and interface strength o with different working conditions
Printing Printing speed/ L Printing Printing speed/

. - MP. . -1 MP
temperature/ C (mm-s™) Ko/(MPa-mm™)  co/MPa temperature/C  (mm-s™) Ko/(MPa-mm™)  co/MPa
245 1.8x10° 16 20 1.7x10* 17
255 2.6x10° 19 975 30 2.4x10° 21
265 40 2.7x10° 22 50 3.3x10° 26
275 3.0x10° 24 60 3.7x10° 28

285 3.3x10° 28
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Fig. 13 Comparison of calculation results with different mesh sizes
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Table 5 Comparisons of calculation time and maximum
load with different mesh sizes

Mesh Number of  CPU calculation Maximum
size/mm units time/s load/N

4 3472 1218 1105.031
3 3 640 1390 1111.864
2 7 680 2334 1116.225

Note: CPU—Computer processor.
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Fig. 14 Load-displacement curves of additive manufacturing CFRP with printing speed of 40 mm/s under different printing temperatures:

(a) 245°C; (b) 255°C; (c) 265°C; (d) 275°C; (e) 285°C
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Table 6 Peak loads of specimens with different printing temperatures

Peak load/N

245C 255C 265C 275C 285C
Specimen I 674.043 736.153 853.720 1 083.141 1211.012
Specimen II 504.145 696.142 809.258 1 044.133 1324.143
Specimen Il 557.234 736.214 933.317 1 207.024 1406.043
Average value 578.474 722.836 865.432 1111.433 1313.733
Standard deviation 70.968 18.876 50.220 69.444 79.961

R7 FAEHTELRE TN HIEE S

Table 7 Peak load displacements of specimens with different printing temperatures

Peak load displacement/mm

245°C 255°C 265°C 275°C 285°C
Specimen I 29.365 29.988 27.953 31.683 35.158
Specimen II 25.232 27.474 30.841 33.293 34.436
Specimen [l 28.773 30.695 26.279 30.136 33.596
Average value 27.790 29.284 28.358 31.704 34.397
Standard deviation 1.825 1.429 1.675 1.289 0.638

F8 AEFTERE TR T A
Table 8 Fracture toughness of specimens with different printing temperatures

Fracture toughness/(mJ-mm2)

245°C 255°C 265°C 275°C 285°C
Specimen I 0.983 1.086 1.459 1.850 2.098
Specimen II 0.814 1.041 1.287 1.876 2.138
Specimen [l 0.772 1.250 1.518 1.905 2.231
Average value 0.856 1.126 1.421 1.877 2.156
Standard deviation 0.091 0.090 0.098 0.022 0.056
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Fig. 15 Variations of inter-layer mechanical properties of additive manufacturing CFRP with printing speed of 40 mm/s:

(a) Peak load; (b) Fracture toughness
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Fig. 16 Meso-structures of additive manufacturing CFRP with printing speed of 40 mm/s
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Fig. 17 Load-displacement curves of additive manufacturing CFRP with printing temperature of 275°C under different printing speeds:
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Table9 Peak loads of specimens with different printing speeds
Peakload/N
20 mm/s 30 mm/s 40 mm/s 50 mm/s 60 mm/s
Specimen I 1045.134 868.359 1 083.021 1167.156 1271.056
Specimen II 880.102 919.665 1 044.359 1101.876 1378.168
Specimen Il 784.413 751.864 1207.189 1206.341 1 189.058
Average value 903.216 846.629 1111.523 1 158.458 1279.427
Standard deviation 107.687 70.806 69.463 43.089 77.430
F10 FEFTENEE X HUEE NI
Table 10 Peakload displacements of specimens with different printing speeds
Peak load displacement/mm
20 mm/s 30 mm/s 40 mm/s 50 mm/s 60 mm/s
Specimen I 31.302 31.711 31.683 31.899 34.281
Specimen II 26.290 30.126 33.293 33.451 32.507
Specimen [l 29.075 32.883 30.136 30.541 35.929
Average value 28.889 31.573 31.704 31.964 34.239
Standard deviation 2.050 1.130 1.289 1.189 1.397
F 11 REFTENEE TR 4 21 E
Table 11 Fracture toughness of specimens with different printing speeds
Fracture toughness/(mJ-mm™?)
20 mm/s 30 mm/s 40 mm/s 50 mm/s 60 mm/s
Specimen I 1.473 1.727 1.850 1.920 2.018
Specimen II 1.491 1.678 1.876 2.155 2.038
Specimen [l 1.555 1.826 1.905 1.905 2.258
Average value 1.506 1.744 1.877 1.993 2.105
Standard deviation 0.035 0.062 0.022 0.114 0.109
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Fig. 18 Variation of inter-layer mechanical properties for additive manufacturing CFRP with printing temperature of 275C:

(a) Peak load; (b) Fracture toughness
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Fig. 19 Meso-structures of additive manufacturing CFRP with printing temperature of 275C
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Fig.20 Comparison between simulation results and test data of load-displacement curves of additive manufacturing CFRP with printing speed of

40 mm/s under different printing temperatures: (a) 245°C; (b) 255°C; (c) 265°C; (d) 275°C; (e) 285°C
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Table 12 Comparison between simulation results and test data of additive manufacturing CFRP mechanical
properties with variable temperature conditions
Worki diti
oriing conct 10135 5 Peak load/N Relative error/% Peak load displacement/mm Relative error/%
and parameters/(‘C-mm-s™)
Test date 674.043 29.365
245-40 Simulation result 685.920 1.1730 27.975 4.734
Test date 736.214 29.988
255-40 Simulation result 740.854 0.6260 28.895 3.645
Test date 853.720 27.953
265-40 Simulation result 839.083 1.7145 25.531 8.664
Test date 1 083.141 31.683
275-40 Simulation result 1125.282 3.7450 28.754 9.245
Test date 1211.012 35.158
285-40 Simulation result 1236.447 2.0570 32.246 8.283
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Fig.21 Comparison between simulation results and test data of load displacement curves of additive manufacturing CFRP with printing

temperature of 275°C under different printing speeds: (a) 20 mm/s; (b) 30 mm/s; (c) 40 mm/s; (d) 50 mm/s; (e) 60 mm/s
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Table 13 Comparison between simulation results and test data of additive manufacturing CFRP
mechanical properties with variable speed conditions

Z\I:(:jrl;i:iircli);:g/o({lcs mms) Peak load/N Relative error/% Peak load displacement/mm Relative error/%
275-20 gi‘ari[u(i:tti‘i)n result ggg;gi L4 ;22;51 2.102
275-30 gfr;tucll:ttii)n result gszzgi 0.678 3(1)471;; 4.055
27540 Smulatonresult 1 1m2m2 374 5751 0:245
275-50 gielsltucll:tti(i)n result } ;gzéig 2.895 2;?22 8.483
275-60 gi‘ari[u(i:tti‘i)n result } gﬁgig 3.095 gzll;g; 6.677
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