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Thermal stability of thermoplastic polyurethane elastomer detected by

terahertz spectroscopy
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Chongqing 400714, China; 2.University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Thermal stability is a key indicator for polymeric materials. Using Terahertz Time-
Domain Spectroscopy(THz-TDS) technology combined with a temperature control device, two types of
thermoplastic polyurethane elastomers(TPU) solid samples are tested. At room temperature, there are
differences in the terahertz absorption coefficients and refractive index values of different types of TPU.
During the process of heating from 20 “C to 160 °C, as the temperature increases, the terahertz absorption
coefficient gradually increases, while the refractive index decreases. The turning point of the linear fit
corresponds to the reported Vicat transition temperature of the material, and the sample with higher
thermal stability maintains its optical constants more stable after heating and cooling. The research
results indicate that terahertz spectroscopy technology can provide a new approach for detecting the
thermal stability of polymeric materials.

Keywords: terahertz spectroscopy; Thermoplastic Polyurethane elastomer(TPU); absorption

coefficient; dielectric constant; thermal stability
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1 SEWE S

1.1 THz-TDS R RBEEE

THz-TDS ¥ & 4t (T-Ray 5000, Advanced Phonotix, Inc., US)#EIM I RE /K 0.1~3.5 THz, &k o #H R
12.5 GHz, PO 80 ps, WFEIZIHE S0 0.1 ps, fRMRHAT 70 dB. il ¥4 AR 50 22 I 28 2 1tk S 22 (GS21525,
Specac Inc., Orpington, UK) & 2% i A KE 5 1 (GS20610, Specac Inc., Orpington, UK)# ., f# FEE, KRR &
S8 TVRGE, 871 THz REMVUHUE R E , R ARG BCE T M6 2200 8% 19 £E 8, niE 1B s .

Fig.1 THz-TDS system and temperature control device

K1 THz-TDS R4 Lk iRa3E &

12 HFREMWK AR

TPU ¥ 5 2k B EL 8 KA &l (BASF SE, Shanghai, CN), AiEH H4k, L5254 1180A10 LI & 1164D50, #
B TPU @& 4> T A B 45 b R G, JBe Tt . Hr 1180A10 U5 1 TPU J& T Bk A, o B b il 45 i
SrFa/N, RBRRERAL; 1164DS0 B 1 TPU J& TR EE A, sk Bt bl s, o FaER, CHBRERS. il
M2 000 ARSI e 22 VR BT A, A5 B I JEE B 43 18 2.140 mm F12.031 mm, 3% —JE B KR FEAK T THz 61546 I
R UL A 9 RS I RZ I . AR 4l BSAF 28l HR AR A 7 5L S, 1180A10 i 1164D50 11 4k = 1 Ak & B 43 50l X g
90 °C. 128 °C, #Ak i3 %Nz 53 °CHI132 °C,

M AT IR E 28 21 °Co THEERE . B e 7E LI T A5 U FP AL & (9 THz-TDS . M 7 BR AL A AR B 5| e 119 52
iR, BRI G S YGRS, R4S TPU THz WO R B A U F BT S, LLS °CoMTalbg, WA A~
i N 25 °C T+ 2 160 °CHI ] A B SO 1% o B el B . AR Sl A A Ui O AR o AR R A B T 5 A R AT S e iR AT
BRI EFRG, BEENRGEAFEMMN, HBRAEMSMIRE . 78 160 °CLEME AL E 25 cCiH, & T
[ 5 °C, WA —WRBE R Y THz-TDS . 2% & B b b $0CF 5 (9 & 57 Bk Ry s 0] | 52 560 510 42 1 Fn mp G pEUe-1 ) 4
AN BE AT B 2 min J5 FEATIN G, 430 THz G5 AR AL AL AL B ah, UL DN PR A A 5 R LS 06 15 15 B AR AR
B, THEE S e B R AALIRERT G o fcJn R THZz 615 55 TPU @ Bk & .
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2 #REF
2.1 TPU K THz Jti&

JIr A7 R ity 249 SR R b 2% 58 S A s AT DA, AR S ()~(2) T 58 A B AR e R B R A S R . IR R 7R 0.2~
1.2 THz{E BN, TPU KA FRAE W s, WUl RECBE S THz SR il b 18, AEZEM M MEAEH B 2R, W
El 2(a) i~ o ARIZEATPU 3T R FAEMN BN 2SR, WK 20w, AR TPU H FREB SHRER HH . £
TGRS T R R B ) A S 4 S B A A O R S8 A A TR, THz 6 1% X R A9 8 A5 4% Bl 455 X RE % i ke
100 T PR AL BN S5 K 1 25 S, AT AT, R[] 4 R AR S AR S THz JEiE A BAEIAATE 22 5, (i &=
BORPT R 7= A AN TR, 45 A N [A) THz 6 33 458 1E 2 800 47 20 B o] 3545 50 i 5L A IX o0 B i 4 SR o R ol &2 o 4
PR AT LR A FIWTUS WG R 2K A TPU AT 8% X 4% . % b TPU THz 2 8080 (4 5 HAth 55 4> 7 5 A ¥ THz B 38 0% 33 45
fIER ) R F SRS 4 F R AW Z MAFAE 22 5% . £ WSR2 R0 THz 80O RS RRE 2 805 & 43 0 09 05 3 0] F T X 4
ANEER G TRED,

1180A10 171k 1180A10
=18 — 1164D50 . - —— 1164D50
b{) = =
=}
3 5
= 3
312 i
s 2
& 6 =165k
2
<
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0.3 0.6 0.9 1.2 0.3 0.6 0.9 1.2
JITHz fITHz
(a) absorption coefficient (b) refractive index

Fig.2 Absorption coefficient and refractive index of TPU under room temperature

&2 TPU F i 4&F B AR 2% W BT i 5%
2.2 TPU #FaE M Kk 2% e i & il

EHAERT, TPU AL RS IAREL . 4540 . HLAEPE BB AT BUIR S AR & & A — R BV o 0 o0 F A4 Ak Bl 7L 3
A5 Ak % A= 1978 A6 AT A THZ-TDS £ 48 Wit . L4 200 °C/h i FH 3 50K TPU BE i L Z IR 25 °C n#i gl 160 °C, 4
B S °C i s By SO 1S B, #9 B TPU THz Y3 bifi Vi B2 A8 Ak AR AE o 25 J& 2] TPU 1) THz Y6 1% R 1E 2 5Bl A % 52 20
RS AL, 3EE R — B ] B RR R 2 A AR ) AR AR R AT AR SR A 0.5~0.9 THz 5% 4 [l N S 500 -1
HAE AR . A 3(a)~(b) BT 7, W e 22 50 i i 13 A8 A EL A 48 B I B 493 4, 1180A 10 1Y THz M WAL 3 %5 bl 75 Jin 44
R EE 0 AR AL TE 85 °CAE AT HI BB AE , 1164D50 X 1 iy 5 fi7E 115 °C A AT o A RIFPSE R TPU (4 45 s I AN AH ],
XA IR A B AT B 4E R AR AL TR JE 90 °C@1180A10, 128 °C@1164D50., & 3(c)~(d) s, Tl s & A4
Ak, AT R R, PraSARAT, AR/ R, KA IR TR, TPU AR N 38 4 85 45 44 & A el AE R
H T THz W R BT 5 8 5 K T B G 2 o) i) B HE0E &R, THz 615 B 09 28 4k & 8 iE B 5 55 20 4 L3R
FROEMEA CRY ) H Y e 09 IR B 5w R 0 450 A 56 o Rt THz W0 R BORN v 569 236 2 B I B 19 2 ki & A ek
AU AR T THz Y635 5 W e FH A0 2 2Pk, (8 D0 A5 %) A A2 5 B B2 i 358 e ek B OV 46 3 i 5 L At 25 il 3k
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22 A R TR R, BRIT IR EE XS TPU THz YGidR Ak A2 i o 1] 4 Sk 9 28 B (1) TPU 4k = 1Ak TR 5 AT
Ja AR 2L BB AR e R AR B, TR AR XN THz W R B T, R IR E I R S B HTIR R
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Fig.3 The changes in the average values of absorption coefficient and refractive index for two types of TPU during the temperature increase from
room temperature to 160°C at frequencies between 0.5 THz and 0.9 THz
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Fig.4 Changes in the average values of the absorption coefficient for two types of TPU during heating and cooling cycles at 0.7~0.9 THz
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BeAh, ARIZEE TPU 78 A [ HREE 208 T It R I RE R B 4 vk, & s i . THESSE e, TPU M3 5%
PIRINREM . X 2R FATRMEE LSS TR FRAEEN K, ARSFECAKENNS TR, 4
TG B>, AR B D, B 55 BE I R T v I e NP0 TR IR S, 1180A 10 £E 80 °C B 4T T e Ak
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Fig.5 Changes in the average values of the refractive index for two types of TPU during heating and cooling cycles at 0.7~0.9 THz
[€5 WIRh TPU 7E AR AEERS FE 4 5 3P 29 {E7E 0.7~0.9 THz{E I Y224k

DL b S2 56 45 28 A5 10 B THz 28 1R S50 RE 05 [ it TPU 1 0 ES 2 Mk o R SR T X B 2 AN 6] R 28 TPU %) THz Y61 K6
M, A — 2 B 2 B A T A W KR 26 G TR IE S 500 22 S5 AR R 4L . S5 8 . XA AT T
AR FPZE B TPU ME47 X 43 22501, 38 AT FF & — Floln 56 3% 43 B B R T 431 W Ak 1 o A A 0

3 &g

il i THz B OIS HR 45 S i i 7, W58 1 TPU fE AN [R] I B2 T 7 THz 551 B (9 M W 28 K0 A B A IR 2 o 45
REW], AFEZEB TPU 7E THz P B G B A 22 521k 5 75 25~160 °CIX[R], kLA L K0 A S I 2R B0k
BRI, AR R BT S PR IR AR OG T LR i R S KR . SR A5 R R UGIEN] T THZ Dt 1%
BORTEMRE T, e ) 55 fi 8728 A RH 5C B A I rb 9 B2 TS 03 o THz SGiE SR WA S — b % 500 & 2 4k & 1
5 HEE A B AL B B R 7 1 o

S E Xk

[1] SIEGEL P H. Terahertz technology[J]. IEEE Transactions on Microwave Theory and Techniques, 2002, 50(3): 910-928. doi:



X

/5

o+

2 4] FEESE: KHFZEERNREMER AR SRR E S 107

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

10.1109/22.989974.

YAN Shihan,ZHANG Hua,YANG Zhongbo,et al. Transformation and dehydration kinetics of methylene blue hydrates detected
by terahertz time—domain spectroscopy[J]. RSC Advances, 2017,7(66):41667-41674.

e AR AR B B D8 A IR BE X PEEK O 2% 65 RS2 W ST [)]. D% 5 0Gi% 40, 2021,41(11):3347-3351. (GAO
Jiankui, LI Yijie, ZHANG Qinnan,et al. Temperature effects on the terahertz spectral characteristics of PEEK[J]. Spectroscopy
and Spectral Analysis, 2021,41(11):3347-3351.) d0i:10.3964/.issn.1000-0593(2021)11-3347-05.

JUNG T,WIETZKE S,JANSEN C,et al. Investigating the glass transition of polymers with terahertz time—domain spectroscopy
[C]// 2009 International Workshop Terahertz and Mid Infrared Radiation:Basic Research and Practical Applications. Marmaris,
Turkey:[s.n.], 2009:35-36. doi:10.1109/TERAMIR.2009.5379640.

KOMATSU M,MIZUNO M,SAITO S,et al. Terahertz spectral change associated with glass transition of poly—& —caprolactone[J].
Journal of Applied Physics, 2015,117(13):133102.

MCINTOSH A I, YANG B, GOLDUP S M, et al. Terahertz spectroscopy: a powerful new tool for the chemical sciences[J].
Chemical Society Reviews, 2012,41(6):2072-2082. doi:10.1039/c1¢s15277¢.

ATIQAH A T,MASTURA M A,AHMED ALI B,et al. A review on polyurethane and its polymer composites[J]. Current Organic
Synthesis, 2017,14(2):233-248. doi:10.2174/1570179413666160831124749.

GONG Shun,ZHAO Shikun, CHEN Xiangyang, et al. Thermoplastic polyamide elastomers: synthesis, structures/properties, and
applications[J]. Macromolecular Materials and Engineering, 2021,306(12):2100568. doi:10.1002/mame.202100568.

YAN Shihan, ZHAO Lin, YUN Zhenyu. Exploring the potential of terahertz time—domain spectroscopy for label-free
identification of animal origin of chondroitin sulfate[J]. Food Chemistry Advances, 2023(2):100240. doi: 10.1016/j.focha.2023.
100240.

RICKMAN S L,UNGAR E K. A physics—based temperature stabilization criterion for thermal testing[C]// The 25th Aerospace
Testing Seminar. Manhattan Beach,CA:Aerospace Corp. 2009:20090037689.

BARRA G,GUADAGNO L,RAIMONDO M,et al. A comprehensive review on the thermal stability assessment of polymers and
composites for aeronautics and space applications[J]. Polymers, 2023,15(18):3786. doi:10.3390/polym15183786.

JEPSEN P U,COOKE D G,KOCH M. Terahertz spectroscopy and imaging—modern techniques and applications[J]. Laser &
Photonics Reviews, 2011,5(1):124-166. doi:10.1002/1por.201000011.

GLOWINSKA E,KASPRZYK P, DATTA J. The green approach to the synthesis of bio—based thermoplastic polyurethane
elastomers with partially bio—based hard blocks[J]. Materials, 2021,14(9):2334. doi:10.3390/ma14092334.

WIETZKE S, KRUMBHOLZ N, VIEWEG N, et al. Terahertz—forschung begegnet kunststofftechnik(terahertz research meets
polymer technology)[J]. TM-Technisches Messen, 2008,75(1):31-36. doi:10.1524/teme.2008.0843.

T b kA R T A BRI T AR RO 2% B B OGS E S (U], D63 5061 70 #r, 2019,39(4):1030-1035. (LONG
Sha,ZHANG Hua,SONG Zheyu, et al. Spectroscopic studies on the natural leather and artificial leather in terahertz band[J].
Spectroscopy and Spectral Analysis, 2019,39(4):1030-1035.) doi:10.3964/].issn.1000-0593(2019)04-1030-06.

PASTORELLI G,TRAFELA T,TADAY P F,et al. Characterisation of historic plastics using terahertz time—domain spectroscopy
and pulsed imaging[J]. Analytical and Bioanalytical Chemistry, 2012,403(5):1405-1414. do0i:10.1007/s00216-012-5931-9.
RUTZ F,KOCH M,KHARE S,et al. Terahertz quality control of polymeric products[J]. International Journal of Infrared and
Millimeter Waves, 2006,27(4):547-556. doi:10.1007/s10762-006-9106-7.

KRUMBHOLZ N,HOCHREIN T,VIEWEG N,et al. Monitoring polymeric compounding processes inline with THz Time—Domain
Spectroscopy[J]. Polymer Testing, 2009,28(1):30-35. doi:10.1016/j.polymertesting.2008.09.009.

N AR SR K de S5 L SR Al XV T B OROBR %% 0 0% 52 ) A SE G I 5T (0], HP B A TR, 2024(7):135-138. (WANG
Xiaofan,LIN Zhenheng, HU Zhaokun,et al. Experimental study of the effect of thermal aging on the terahertz spectra of greases[J].
China Plant Engineering, 2024(7):135-138.) d0i:10.3969/}.issn.1671-0711.2024.07.059.

JIANG Junjie,LIU Fang,YANG Xue,et al. Evolution of ordered structure of TPU in high-elastic state and their influences on the
autoclave foaming of TPU and inter-bead bonding of expanded TPU beads[J]. Polymer, 2021(228): 123872. doi: 10.1016/j.
polymer.2021.123872.

KITAI M S,NAZAROV M M,NEDOREZOVA P M,et al. Determination of the boundary transition temperatures in polypropylene
on the basis of measurements in the terahertz band[J]. Radiophysics and Quantum Electronics, 2017, 60(5): 409-416. doi:
10.1007/s11141-017-9810-2.

RYZHOV V A. Temperature evolution of the interaction of relaxation processes with local dynamics at terahertz frequencies in

polymers with hydrogen bonds[J]. Physics of the Solid State, 2022,64(3):124—-128. doi:10.1134/S1063783422030040.



108 AHZBMFERFRERER %23 %
[23] POULIN C,TRIKI M,BOUSMAKI K,et al. Terahertz thermometry system to measure temperature in the thickness of a solid

polymer[J]. Quantitative Infrared Thermography Journal, 2018,15(2):1-17. do0i:10.1080/17686733.2017.1362791.

[24] SHARMA K,DIXIT M,PRATAP A, et al. Mechanical and thermal transport properties of pmma/pe and pmma/ps blends[C]// The
Sth International Conference on Thermophysical Properties. Melville:American Institute of Physics, 2010:19-26.

[25] HAN Dongmei, GUO Zhen,CHEN Shou,et al. Enhanced properties of biodegradable poly(propylene carbonate)/polyvinyl formal
blends by melting compounding[J]. Polymers, 2018,10(7):771. doi:10.3390/polym10070771.

[26] YOGANANDAM K,SHANMUGAM V,VASUDEVAN A, et al. Investigation of dynamic, mechanical,and thermal properties of
calotropis procera particle-reinforced PLA biocomposites[J]. Advances in Materials Science and Engineering, 2021,2021(1):
2491489. doi:10.1155/2021/2491489.

[27] SOMMER S,RAIDT T, FISCHER B M, et al. THz—spectroscopy on high density polyethylene with different crystallinity[J].
Journal of Infrared,Millimeter and Terahertz Waves, 2016,37(2):189-197. doi:10.1007/s10762-015-0219-8.

[28] AZEYANAGI C,KANEKO T,0HKI Y. Terahertz spectroscopic analysis of crystal orientation in polymers[J]. Japanese Journal of
Applied Physics, 2018,57(5):050302. doi:10.7567/JJAP.57.050302.

[29] MAZUMDER K, VOIT B, BANERJEE S. Recent progress in sulfur—containing high refractive index polymers for optical
applications[J]. ACS Omega, 2024,9(6):6253-6279. doi:10.1021/acsomega.3c08571.

[30] MACDONALD E K,SHAVER M P. Intrinsic high refractive index polymers[J]. Polymer International, 2015,64(1):6-14. doi:
10.1002/pi.4821.

[31] WIETZKE S,JANSEN C,REUTER M, et al. Terahertz spectroscopy on polymers: a review of morphological studies[J]. Journal of
Molecular Structure, 2011,1006(1/3):41-51. doi:10.1016/j.molstruc.2011.07.036.

EEE N :

FE#2000-), B, M EARE, FEIR T FE=(1984-), B, Wi, BB R, FEME

1) kg A 2% BRI ASE I 45 K6 2% 1% I % 7F .email:wangjunbo 7 18] R K 25 JC A

(@cigit.ac.cn.

BURE(1985-), 3, ML, RIFTSER, FENTETT

¥

5k #£(1986-), L, Wit, BUEEOFSE L, FEEMGE Tia] Ay K 2% A 0 B o A

<

7 18] R R 25 To A A

(35595 T1)

[79]

ZHAO Hang,TAN Yong, WU Tong,et al. Strong anisotropy in aqueous salt solutions revealed by terahertz—induced Kerr effect[J].
Optics Communications, 2021(497):127192. doi:10.1016/j.optcom.2021.127192.

[80] ZHANG Minghao,XIAO Wen, WANG Weimin,et al. Highly sensitive detection of broadband terahertz waves using aqueous salt
solutions[J]. Optics Express, 2022,30(21):39142-39151. doi:10.1364/0E.472753.
EEE I
BFEEQO0I-), &, TR LA, EEMR REW(1999-), L, LML, FEIT
1) Ay K 2% 5 .email:yuzegao2001@163.com. 7] Sk ' 40 A VR A R 2% D .

R=(1979-), &, WL, #R, WEESW, E
FEWEFE 7 18] 0 588 R 2% ARG 127 f 2= =0 1



