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Preparation and properties of self-healing polyurethanes with
different alicyclic-type hard segment distributions
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Abstract: Two kinds of polycarbonate diol (PCDL) with different relative molecular masses were
synthesized by controlling the ratio and feeding sequence of raw materials polycarbonate diol-2000
(PCDL-2000) and hexamethylene diisocyanate (HDI) with linear structure. Three kinds of self-healing
polyurethanes (PC-PU) and films with different alicyclic-type hard-segment distributions were then
prepared from polymerization of PCDL-2000 and PCDL with isophorone diisocyanate (IPDI) and 1,
4-butanediol (BDO), respectively. PC-PU and films were characterized by FTIR, XRD, TGA, AFM, 3D
ultra-depth-of-field microscope, and electronic universal testing machine for analysis on the crystal
structure, crystalline morphology, thermal stability, tensile strength and self-healing properties, with the
self-healing mechanism explored. The results showed that the crystallinity of PC-PU increased from 23.3%
to 26.5%, the modulus of elasticity increased from (17.9+1.1) to (62.7+2.3) MPa, the elongation at break
decreased from 1420%+40% to 1060%+50%, and the tensile strength ranged between (18.6+2.5) and
(20.543.4) MPa as the distribution of the alicyclic-type hard segments was concentrated. Based on the
hydrogen bonding and the thermal movement of the soft segments, the self-healing efficiency of PC-PU
could reach as high as 81.9%+3.3%.
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Fig. 1
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Table 1

¥edi  LPC/g HDI/g
LPC-PU 12.00 0 3.26
MPC-PU 12.00 0.54 2.57
HPC-PU 1200 070 233

PC-PU (WL 7 51t
Formulas design of PC-PU

IPDI)g BDO/g PCDL i
0.72 75.1
0.72 75.8

0.72 76.2

5 EU%

1.2.3  PC-PU ¥ 64 4 %
TE= LB MA 8.00 g PC-PU KEFLFI 80 mL

Schematic diagram of synthetic mechnism of PCDL (a) and PC-PU (b), and segment structures of PC-PU (c)

DMF, i I AE 60 °C P fistss, SlrR
DrHBR RIS, F 2RI CMAREE( 10 cmx 10 cmx2
cm) W1, iR T AEEXWFH S 48 h, £F DMF K4
KJG, T 60 CHIMG KR hHgEEE, i
PC-PU Wi, i e icE e s s o
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1.3.1 FAEF &

FTIR i : ¥ Btk BEh 0.1 g/mL 1Y PC-PU
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NH— K8 45 35 s W S0 5 76 1529 em ' Ab W22 3] ik
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BRI ;s 1254 em ' Ak C—O S Y 45 B 3h W i
WA o I AR O 3] ) 2 Bk FY TR T R Al P T AR T 0 R A
AR B FR G B B 4 A 1) PC-PU W& . TR,
TE 2942 F1 2861 cm™' &b 435I W 5% 5| —CH; f1—CH,
— B R IR S I 5 7E 2273 em ! FRIE R 5L E

J& T 5 R lg L A A RRE I, SREHG B PC-PU
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Fig.2 FTIR spectra of PC-PU (a) and their carbonyl region (b)
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W, DL B B e DU X6 O R A Y TE R B I . TR R BE
AT (23.8%~24.9% ) MATEE T, K& MGG
WL, 4505 B LPC-PU B i
23.3%%2 1= & HPC-PU M 1 26.5%, HI PC-PU
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P I 1 58

b
— R
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e A HIZR3
BIHIEIE
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C— EamnL

Fitil gk
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d

— FiRlh&

----- AL

________ BIAHILR2

e A IHER3
Fitsl ik
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K3 PC-PU iy XRD §%[&(a ); LPC-PU( b ) MPC-PU
(c). HPC-PU (d) A9 XRD 3% K404 i £k
Fig. 3 XRD patterns of PC-PU films (a); Fitting curves of

XRD patterns of LPC-PU (b), MPC-PU (c),
HPC-PU (d) films

# 2  PC-PU MY XRD & 4 140 £ 25
Table 2 Deconvolution results of XRD pattern of PC-PU
films

20=202°4b47F  20=23.4°UbATHIE TR ILIEA 4% 5y

FEdh

PHEARXTRIRY % HXTERY%  WTEEV% /%
LPC-PU 138 9.5 76.7 233
MPC-PU 14.4 11.8 73.8 26.2
HPC-PU 16.1 10.4 735 26.5

23 REMMERSH
[ 4 3k PC-PU ) UFM & Fl AFM & & .

a, a—LPC-PU; b, b—MPC-PU; c¢. ¢ —HPC-PU
& 4 PC-PU () UFM & (a~c) F1 AFM & JEE (a~c')

Fig. 4 UFM images (a~c) and AFM height images (a'~c’)
of PC-PU

ME da~c TTLIF H, AS[R IR I 50 B 43 A 19
PC-PU RIHAEM BTG FE AR &, JF Bl TER &
HHEZ, BREIER T AR, ek R
FARB—,

M da'~c' [ LIF H, PC-PU RYBR &4 [H
D BEER, R EHERER ST A, R A 0 i B
J& PC-PU H 5B .

ME 4 AT IEH, LPC-PU FKHIE A ER
RoFi/N (Bl 4a, a’), MPC-PU FOER & RFRS K (1A
4b. b'), HPC-PU BYBRFHRAT R (Kl 4e. '), &
B PC-PU BB i R ST Bifi 5 4 B AR X 40 o i 1 42 5
MR, B PC-PU IR A B o A i e vy, B
B PR E 4 i, X5 XRD 45 R AHAT .

24 TGA &#f

& 5 i PC-PU #IEAY TGA Fil DTG #hk, %3

A TGA HHEH
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_25 1 1 1 1
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TREE/C
5 PC-PU MMy TGA (a) R DTG (b) ik
Fig. 5 TGA (a) and DTG curves (b) of PC-PU films

# 3 PC-PU #4340 il 15 5

Table 3 Thermal decomposition temperature of PC-PU
films
FE& Ts0,/°C  Tnai/°C Tnaxa/ °C T/ °C Tend/°C
LPC-PU 282 279 350 434 459
MPC-PU 289 285 355 454 470
HPC-PU 293 291 354 451 479

ME Sa ATLLE W, B NG PR R B o A7 1) 4
i, PC-PU MBEAEL M RIRIE (Tsw,, FEMKE
5% TR E ) B LPC-PU Wiy 282 CTtm =
HPC-PU MY 293 °C, 58 4 AR AR BT TR EE( Tong )
N PC-PU WK 459 °C Tl % HPC-PU R fY
479 °C, FWNG I BL o> A7 46 A ) T 42
PC-PU 5 8 IS 1 o

MK 5b AT LI Y, PC-PU W F I 3 sk
HIB, BIFETE 3 DR R, 5 — Rk
IRBE R R A ( Toa ) JEFEJE 279~291 °C, X
T PC-PU 3 i o 38 70 il B 2 s ik A 1) i fie 5 28
TR R R TR T (T ) JEFEE 350~
354 °C, XFR T PC-PU y 5t v & B fb Al B 2 i 5k 1A
TRV UBER A 2 BB T T 5 T ) SRR A, ELTE B B R 2
R, X—MEEH, PC-PU K H HATHREL
FIE B A7 1) 24tk Be 45 4, (B IR 43 B A R B
AR SR T IS A A B S 5 — Atk
IR R IR ( T ) YO FDE 434~451 °C, Xt
i T PC-PU 8 i 308 40 B il 102 T 32k 1T 1 A I i o
P, PC-PU 815 1Yy £ R i 1l 32 3¢ BH L LA | 4
FYIFRE T, AT K 2B R 2R

25 HFMHEESH
Kl 6 Jy PC-PU IR 4 7 g - 78 T 2 B A e
AW RR R EIZAE 0L, & 4 MRS RES R

202 —-—LPC-PU
—o—MPC-PU
—4—HPC-PU

(%]

%0200 400 600 800 1000 1200 1400
JSEAE/%

J

6 PC-PU MR J1-NiASpH 2R (a ) FUARE G T2 2 1l &2 1)
A (b)

Fig. 6 Stress-strain curves of PC-PU (a) and photo-graphs
of tensile sample after fracture and recovery (b)

K4 PC-PU MR J1-EIERESHON A A &0
Table 4 Tensile properties parameters and self-healing
efficiency of PC-PU films

et FER
PERETR AR

LPC-PU MPC-PU HPC-PU
HPEA R/ MPa 17.9+1.1 33.242.6 62.742.3
Jitt B3 i /M Pa 2.5+0.7 4.540.4 6.8+1.1
W 2R /% 1420+40 1250420 1060+50
$r i B /MPa 18.6+2.5 20.5+3.4 19.242.8
AEE PR/ MPa 11.7£2.1 16.8+1.4 13.6+1.7
A @ AEC%% 62.9+3.7 81.9+3.3 70.8+2.6

IEl 6a F13& 4 AT LA Y, Bl KB XT 73 F it
HIPEE, PC-PU WAL, fh R 45, A
M LPC-PU (#(17.9£1.1) MPa J}#% % HPC-PU ¥
(62.7+2.3) MPa; Jm Il & AN LPC-PU 1#(2.5+0.7) MPa
T} 2 HPC-PU [#%(6.8+1.1) MPa, 3 #f PC-PU I
BRI S, (HREE RSP AE B g, Bt
UK H LPC-PU Y 1420%+40%F% % HPC-PU )
1060%+50%, P75 B 7E(18.6+2.5)F1(20.5+3.4) MPa
Z A, FRIH/NEE TS S &M T PC-PU #
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FREA R BETT LAZE &, T DAL 3 - R A8 2R 45 5 45 i 3R
B S PERE R S, FEBLH A 8 e R AT S 4

MIE 6b FiIZ 4 T LIE Y, PC-PU i BRFE S fif
W 24 5 04 K BE Rl B R X 4 T 5 A 4R
LPC-PU £ 10.5 cm J} & HPC-PU A9 12.7 cm, FH
B AR AR, B R TR SRR S N AR R A
KWT 5 1% PC-PU WiEFESSE T 60 °CHLFAE K
TR, LB B A 10 P A Ry AR BRI B [l &2
LR R, PC-PU R A B Be e pr it A2 p 2 R
BUm g &, BRBEAIXT o o b R, P AR AR
Sy B R E 2, DR IS Y ] AR K R N
TE 60 °CT, HBHHLm &S e al, &S muRAm
AR ) BRI, AR R e 4% B 0 e 42
26 BHRESMHES

& 7 2 PC-PU AR F A4 1T 5 02 T HHOUE 3
BN F7-RiAR 2, AHOG H @A RES UL 4,

a p o P b l

MW 7 ATLAE, &FRITRIFFE, PC-PU #
JIE Hp R B — T8 W R R, JF B S 21T
(A 7a~c ) B RIFF BB E T 50 °CHIASRT 40
H@A 0.5h 5, nJLAULEEH], PC-PU MR ALK X
WO, WEEH THENES (K 7a~ ). H
RERMIE, PC-PU MREMRIRA B A, JERIEIX
W THORIE St i A fe LSS, 361 PC-PU AR
e AR B S R e, Bish e
PEME S PC-PU WAL A J5 A -0y AR f s i 5l
TRRESCI—3L (B 7a"~c"). PC-PU WM H ATE 3L
RPIH St m E RIS, RIH A2 R AT B
A3ARIEEN , Hirh, MPC-PU MY 14 B S 808 B s
RENT 81.9%+3.3%. XN, FEA ALY, TR
TR B T AR by ] 2 AR AR A T ARMESE , T4k Bt
Sy PR T S MAGZE g, AT LATERIIR X Stk 17 4
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