Quantitative insight into the compressive strain rate sensitivity of Polylactic Acid, Acrylonitrile Butadiene Styrene, Polyamide 12, and Polypropylene in material extrusion additive manufacturing
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Abstract: Herein, a research and engineering gap, i.e., the quantitative determination of the effects of the compressive loading rate on the engineering response of the most popular polymers in Material Extrusion (MEX) Additive Manufacturing (AM) is successfully filled out. PLA (Polylactic Acid), ABS (Acrylonitrile Butadiene Styrene), PP (Polypropylene), and PA12 (Polyamide 12) raw powders were evaluated and melt-extruded to produce fully documented filaments for 3D printing. Compressive specimens after the ASTM-D695 standard were then fabricated with MEX AM. The compressive tests were carried out in pure quasi-static conditions of the test standard (1.3 mm/min) and in accelerated loading rates of 50, 100, 150, and 200 mm/min respectively per polymer. The experimental and evaluation course proved differences in engineering responses among different polymers, in terms of compressive strength, elasticity modulus, toughness, and strain rate sensitivity index. A common finding was that the increase in the strain rate increased the mechanical response of the polymeric parts. The increase in the compressive strength reached 25 % between the lowest and the highest strain rates the parts were tested for most polymers. Remarkable variations of deformation and fracture modes were also observed and documented. The current research yielded results with valuable predictive capacity for modeling and engineering modeling, which hold engineering and industrial merit.

Raman spectra tables for the four polymers tested
[bookmark: _Ref138255506][bookmark: _Ref136262365]Table S1. Identification and assignment of the main Raman peaks observed in pure PLA.
	Wavenumber (cm-1)
	Raman peak assignment

	870
	C-COO stretching [1]

	1040
	C-CH3 stretching [1]

	1059
	C−C asymmetric stretching

	1126
	C-O-C stretch [2]

	1293
	C-O-C stretch [2]; C-H2 twisting [3]

	1413
	C-H3 deformation [4]

	1437
	C-H3 deformation [4] C-H2 deformation [3]

	1457
	C-H3 symmetric bending [1, 2]; C-H2 twisting [3]

	1770
	C=O stretching [1, 2]

	2721
	C=O stretching [5]

	2845
	C-H2 symmetric stretching [6]

	2880
	C-H2 symmetric stretching [6]; C-H symmetric stretching [7]

	2945
	C-H2 asymmetric stretching [6]

	3000
	C-H3 asymmetric stretch [7]



[bookmark: _Ref135829947]Table S2. Identification and assignment of the main Raman peaks observed in pure ABS.
	Wavenumber (cm-1)
	Raman peak assignment

	618
	C-C twisting, which is found only in the literature on biological specimens [8]

	1000
	C-H in-plane bending [4]

	1029
	C–C and C-O vibration [6]

	1153
	Antisymmetric Si-O- stretch [9]

	1178
	C-O-C stretching [4]

	1194
	C-O-C stretching [2]

	1447
	CH3 bending [1–4]

	1578
	Raman spectrum bands of Carbon C-C stretching [10]

	1600
	Skeletal vibration of the C = C aromatic ring [11, 12]

	1663
	C=O symmetric vibration, which is found only in the literature on biological samples [8]

	2234
	C≡N stretching vibrations, which are found only in the literature of biological samples [8]

	2854
	CH2 symmetric stretching [6]

	2908
	CH vibration [6]

	3057
	OH stretching, found only in the literature of biological samples [8]



[bookmark: _Ref141695358]Table S3. Identification and assignment of the main Raman peaks observed in pure PP.
	Wavenumber (cm-1)
	Raman peak assignment

	398
	O-C-O bending [2]

	809
	

	839
	γ(C–OH)ring [13, 14]

	940
	C-H bending [2, 4]

	973
	

	998
	C-H in-plane bending [4]

	1036
	C-CH3 stretching [1]

	1151
	Skeletal deformation [6]

	1168
	Skeletal vibrations, C–O– C bonds[6]

	1329
	C-O-C stretch [2]

	1360
	C–C-H, C-O–H, and O-C-H [6]

	1435
	C- H3 deformation [4] C- H2 deformation [3, 4]

	1457
	C- H3 symmetric bending [2, 4];

	2721
	C=O stretching [5]

	2841
	C-H2 symmetric stretching [6]

	2869
	C-H2 symmetric stretching [6]; C-H symmetric stretching [7]

	2885
	CH2 symmetric stretching [6, 7]

	2907
	CH vibration [6]

	2926
	CH2 asymmetric stretching [6]

	2954
	CH2 asymmetric stretching [6]

	2964
	Asymmetric vibration of νas(CH3) [15]



[bookmark: _Ref131933625]Table S4. Identification and assignment of the main Raman peaks observed in pure PA12.
	Wavenumber (cm-1)
	Raman peak assignment

	1000
	C-H in-plane bending [4]

	1029
	C–C and C-O vibration [6]

	1062
	C-O-C stretching [4]

	1106
	C-O-C stretching [4]

	1153
	Skeletal deformation [6]

	1193
	CeOeC stretch [2]

	1294
	C-O-C stretching [4]

	1435
	CH2 deformation [4]

	1600
	Skeletal vibration of the C = C aromatic ring [11, 12]

	1632
	v (C=C) [16]

	2849
	CH2 symmetric stretching [6]

	2883
	CH2 symmetric stretching [7]

	2899
	CH stretching [4]

	2922
	CH2 asymmetric stretching [6]



References
1. 	Lin Z, Guo X, He Z, Liang X, Wang M, Jin G (2021) Thermal degradation kinetics study of molten polylactide based on Raman spectroscopy. Polym Eng Sci 61:201–210. https://doi.org/https://doi.org/10.1002/pen.25568
2. 	Resta V, Quarta G, Lomascolo M, Maruccio L, Calcagnile L (2015) Raman and Photoluminescence spectroscopy of polycarbonate matrices irradiated with different energy 28Si+ ions. Vacuum 116:82–89. https://doi.org/https://doi.org/10.1016/j.vacuum.2015.03.005
3. 	Zimmerer C, Matulaitiene I, Niaura G, Reuter U, Janke A, Boldt R, Sablinskas V, Steiner G (2019) Nondestructive characterization of the polycarbonate - octadecylamine interface by surface enhanced Raman spectroscopy. Polym Test 73:152–158. https://doi.org/https://doi.org/10.1016/j.polymertesting.2018.11.023
4. 	Stuart BH (1996) Temperature studies of polycarbonate using Fourier transform Raman spectroscopy. Polymer Bulletin 36:341–346. https://doi.org/10.1007/BF00319235
5. 	Zou H, Yi C, Wang L, Liu H, Xu W (2009) Thermal degradation of poly(lactic acid) measured by thermogravimetry coupled to Fourier transform infrared spectroscopy. J Therm Anal Calorim 97:929–935. https://doi.org/10.1007/s10973-009-0121-5
6. 	Makarem M, Lee CM, Kafle K, Huang S, Chae I, Yang H, Kubicki JD, Kim SH (2019) Probing cellulose structures with vibrational spectroscopy. Cellulose 26:35–79. https://doi.org/10.1007/s10570-018-2199-z
7. 	Liu X, Zou Y, Li W, Cao G, Chen W (2006) Kinetics of thermo-oxidative and thermal degradation of poly(d,l-lactide) (PDLLA) at processing temperature. Polym Degrad Stab 91:3259–3265. https://doi.org/https://doi.org/10.1016/j.polymdegradstab.2006.07.004
8. 	Movasaghi Z, Rehman S, Rehman IU (2007) Raman Spectroscopy of Biological Tissues. Appl Spectrosc Rev 42:493–541. https://doi.org/10.1080/05704920701551530
9. 	Giordano D, Russell JK, González-García D, Bersani D, Dingwell DB, Del Negro C (2020) Raman Spectroscopy from Laboratory and Proximal to Remote Sensing: A Tool for the Volcanological Sciences. Remote Sens (Basel) 12:. https://doi.org/10.3390/rs12050805
10. 	Spivak A V, Litvin YA, Shushkanova A V, Litvin VY u. S (2008) Diamond formation in carbonate-silicate-sulfide-carbon melts: Raman- and IR-microspectroscopy. European Journal of Mineralogy 20:341–347. https://doi.org/10.1127/0935-1221/2008/0020-1818
11. 	Luiz BKM, Amboni RDMC, Prates LHM, Roberto Bertolino J, Pires ATN (2007) Influence of drinks on resin composite: Evaluation of degree of cure and color change parameters. Polym Test 26:438–444. https://doi.org/https://doi.org/10.1016/j.polymertesting.2006.12.005
12. 	Gatin E, Iordache S-M, Matei E, Luculescu C-R, Iordache A-M, Grigorescu CEA, Ilici RR (2022) Raman Spectroscopy as Spectral Tool for Assessing the Degree of Conversion after Curing of Two Resin-Based Materials Used in Restorative Dentistry. Diagnostics 12:. https://doi.org/10.3390/diagnostics12081993
13. 	Bichara LC, Alvarez PE, Fiori Bimbi M V, Vaca H, Gervasi C, Brandán SA (2016) Structural and spectroscopic study of a pectin isolated from citrus peel by using FTIR and FT-Raman spectra and DFT calculations. Infrared Phys Technol 76:315–327. https://doi.org/https://doi.org/10.1016/j.infrared.2016.03.009
14. 	Synytsya A, Čopı́ková J, Matějka P, Machovič V (2003) Fourier transform Raman and infrared spectroscopy of pectins. Carbohydr Polym 54:97–106. https://doi.org/https://doi.org/10.1016/S0144-8617(03)00158-9
15. 	Montoro OR, Taravillo M, San Andrés M, de la Roja JM, Barrero AF, Arteaga P, Baonza VG (2014) Raman spectroscopic study of the formation of fossil resin analogues. Journal of Raman Spectroscopy 45:1230–1235. https://doi.org/https://doi.org/10.1002/jrs.4588
16. 	Peris-Díaz MD, Łydżba-Kopczyńska B, Sentandreu E (2018) Raman spectroscopy coupled to chemometrics to discriminate provenance and geological age of amber. Journal of Raman Spectroscopy 49:842–851. https://doi.org/https://doi.org/10.1002/jrs.5357
 
2
