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Fig. 1 Patents and research articles on physical foaming of
thermoplastic elastomers published between 2000-2022.
(The date is based on literature using CO, or N, as the
blowing agent and does not include topics related to
expandable microspheres and alkanes. Patents in the same

family are combined.)
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Table 1 Processing methods, applications and related companies/universities of several thermoplastic elastomer foams.

Foamed Thermoplastic Foaming Molding

Related companies/

. Product sh Applicati L
products  elastomer technique method roguct shape ppiication universities
Foamed TPU/PEBA/ Autoclave Steam-chest Bead foam Footwear, sports BASEF, JSP, SEKISUI,

beads TPEE foaming molding parts/molded  protection, furniture, GS-SYSU,
(water or boards/profiles  running track, et al. MIRACLL, RENFOS,
waterless) et al.
Foamed TPU/PEBA/  Compression Cutting Sheets/boards ~ Footwear, gym mat, ECUST, Shincell, et al.
boards TPEE molding elastomer seal, et al.
foaming
Foamed PEBA/EVA Nitrogen Cutting/hot Boards Sports, leisure, ZOTEFOAMS
block and related autoclave shaping footwear, packing,
compound foaming construction, et al.
TPEE/PEBA/ Nitrogen Hot Block Sport, footwear, GS-SYSU, QUST,
EVA and autoclave compression packing, et al. DMN, et al.
related foaming shaping
compound
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Fig. 2 Condensed structures, melting temperatures and

densities of typical thermoplastic elastomers.
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Fig. 3 The high-elastic state of TPU. DSC (a), TMA (b), capillary rtheometer (c) and DMA (d) results. The heating rate was
5 °C/min (Reprinted with permission from Ref.[32]; Copyright (2021) Elsevier).
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Fig. 10 Preparation of porous TPU film by diffusion- restricted physical foaming method. (a) Schematic of the fabrication
process; (b) SEM images of the porous TPU film; (c) Schematic diagram of cell structure evolution with an increase in CO,
solubility in TPU matrix (Reprinted with permission from Ref.[75]; Copyright (2021) Elsevier).
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OE, @2 Ry fotR e & 7T R R EEE
EFLIY PLA AV . 75— TR A 32 FRY Hios i )
JE R I8 £ 6 2 |2 PVDF K I #F 78 4, Mi
LGNSR T 3MBARGZ: PL. A3 HULEERI R SR,
2, BB AS [ BELRE 2 % PVDF & i i 520 . BF 52
RIL, AHUEEFI R IR FLEL R PVDF BA R
THI 0 P 58 P35 R itk IT4S PVDF OSSR THI V.
LA e, WALE EERGE . Ah, 3 FhEEE 2
HRIRFLR I CO T BUR HR &A%, % CO, ¥
PR A RO e, 33t T PVDF/ R AR LIS 1 1) 57
MRZ, BRI T R ERBILRT. DR
U U 2 IR/ TR S R R AW
i, PARGZERRERERE . B, AT HoER,
PHIR =58 2 RGN RE R, Kb T LR
AR B ERAIE MRS, A2 Ry
A AFEAS R R A9 R S BLTE R 2 O FLES )
6 FREEHMELIBIRAIRYAE

RABERRLE TG R R R R E A,
TERA YR IBRP RN T AR F 45U 52 )32 195
. S5EH A B H R I TR B R
FRMAL, REPRMBERRLRILH a1 F 1R
Fe (DERRLAEM R RE 2R m, W] RO
LIF(EPS) K5 N M (EPP) [ 2 K £ % ] LA vy

15 50~70 1%, IX I 5 T 457 H ORI KL 5~20 B
R I R 10%~30% [k E ;  (2) RIBERFLAT
DALRRES SRR R I S5 2410 . RIETAESCAIR
I . IR B TR Z BR(ETPU) 2 K H TPU il
WL R IR R B A R TR R, kT i
IKZE SR AR I BB AR . H 2013 4E LUK,
ETPU Bkl il A4 O 48 75 18 ) A R A5 K
FUB ARSI L AR, BEFLE AR kT 2k
T PEBA [f] EPEBA B i . % T TPEE [f] ETPEE
PRRAE, W eIt st R, SaMHT
LA, RS T Tz AT

WK 12(a)fi7x, ETPU BRI KRS 5
EPS. EPPJf LA EIX A, ¥EHE A HERRL
A PRSI, KRS TN K
Tk AR IEA R, HEK FRRE. 4 Rl
FE RS TUAN IR . ORI K 28 S0 F AR R IBBRRLIY
AR, FERERKZESWAR S HEY
5 RO FEBHRRM B . KZES W #aT LAk
RIBERRLR T R A AL, AR 32E R I B 5 1H B 7Y
DTEY L SR KA RS S T5Y 8L TR
TR 45 58 T v s ROT R 2 AT 458 1) ROk R
R

FRIR P AR R YR IR P T R &G 5 —
FH o A5 B R SR AR, A B ) B R 1.2~
2.0 MPa, X751 EPS [(WRLH5RE, BRI T 80#E
FEi 15X-EPP F130X-EPP [ R i BE107), 53 4,
W 5038 & B ETPU Sz A 58 5 22K T AL %5 7
EPEBA [R5 L2, [ [ Ak S S50 (R R, B
TS 4R S s VA R TR B T 28 4 e P 1Y)
HERR, RESHOFEEAMIELGR ., KE
RURE S KRS AET [ S5 181 gt 4, B 5 R
B, BLEMSEH . BLEINAGA HI R 25
BB ) A (R 7 R WS R RN 2 R A
iof, X B EKE AR, FARR R D
PO R IK LR

TERZES A R, O TS SR 455
FEmr s RSPREFE M Bk R A, 7 Ehsm R i
BRI (1) 50 T HE BRI v FL &5 M 3B . 3L
W, T B ROKZE R R R TR, e
SRAKZESMREARER B . Bk, RIEERRLI A
1T 9 8 3 M HoK 28U AT N . Jiang 55 R4
WF 7T T ETPU BRKIB2, EPEBA ¥ Ril62 () #4447 Ay
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Fig. 12 (a) Schematic of the steam-chest molding process. Surface (b) and cross-section (c¢) of EPEBA molded parts prepared
at different steam pressures (Reprinted with permission from Ref.[62]; Copyright (2021) Elsevier).
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Fig. 13 (a) DSC heating curve of 4533 foamed beads and the comparison of 7, of 4533 obtained at various heating rates and
steam chest molding temperature window; (b) DSC heating curves of 4533 foamed beads foamed at 142 °C and 4533 bead
foam parts molded at different steam temperatures; (¢) Schematic of the microstructure evolution of EPEBA beads during the
steam chest molding process (Reprinted with permission from Ref.[62]; Copyright (2021) Elsevier).
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4533-EPEBA %7 (142 °C/16 MPa/30 min [ & i
M T #143) 1) DSC #h 48 A7 AE 2 S A g, I
HHHIT A & PEBA B A8 13 BER ) — 2 X
LSRR, EATTHA PP AR AR R AR
KA AR T 5 & EPEBA HH T 2
(A Rl , EATXE N T PEBA M4 G 76 mri i A i
TP R A s R P i DX Rk 2 s B il e R v SR
AT S . tH DSCHIZRRT RN, 3X B3 HT T B
(1) 45 b 1 56 38 18 FE AR HRST KN Ko A AR AN )
5] IKZES R BLHUER R, 4533-EPEBA BRbiIE H
(A AR %, KA SR 7774 0.16~0.20 MPa,
AL 7K 28 SR FE N 131.2~133.6 °C, 7K &S
TRE KA SR S5 AL, MK ATRE NS S
M RL R T R AL 15 L. 1 13(b) T s N EPEBA 2R
Fr E K ZE SR AT JE I DSC — IR FHE # 2k, T
DA 5 21| 7K 28 SRR 2 A8 Rl R M R A 1R 401K
& g X, IR KRS S v AR T
BGH R EE 5, 3K AN S N T 2B 7K 76
AR () B T v T AR T RIS Tonigno X
JSE PR ey XA R A AR AL

Jiang S5\ 73 185 S HOR M BB T
EPEBA ERHKLIIZKZS RS2, DR & 13(0).
KRB R, BRRDAAL R S A R AR
PRI, [ I 7K 28 00 AR A BRokz 58 T & 28 3K
1, RIRVE R R IR BRRL R A2 R T T IR T S AN
WA T B D B A B . B R 7K 2R Y
i T RIBERKL T, AT ARV 2 ¥4 R AR R
i3] Jiang I LRI, TSR T, 5 FHiE
R BN, THEE RS TS, TTHRIE
R bk Ry . SRV R BRI B R D S I
ELET R R AF kg #vERe, K7 PN
ERRIATRH, - Rk 2 1 (%) P 26 ey 1 88 2 1R
TETRRAR, AT R S BR s 3 T 22505 J2 ) T
FhEr . i 13() T, 4533-EPEBA BR b A 3E
J LI B N 131.2~133.6 °C, TAR T Thpigner tH
TEE T T;@S°C/min ’ {E 3—:!:"; T, m-low-c Al * % % T Ts@25°C/mm-
1E PRI, RIBERRLSEN T8 T K&
RAREE,  RIBERRLH ) 7 1B B TR R 45 R
A, LG RRE s TRBERRLR I TAKT /K
FEMRSE, BRRLRTHD T son-o T L1 ity DR A2 83
J&RL, FREBRRZIK T A B RAERR, BRkE
KRS B A . BT THER] LAg 3 I
REfE R A I 8. R ARSIy HL B e B s

AR B~ A B R A v i A v 2 ) T B
SETU R RN ST 45 S s M AT i 4 454, N
T NG ER L F) S T 8 48

EPEBA ERHL (1) 7K 7% i 284 Ji7 3L A EPP 35
FEALL, FLERRLA Y BOS R AR AR T MRS
A DXORT L (1) 45 B A A R R B ST
Ry FRETEBI4E &, X TSR N PEBA IR B
NPA, EBARGRMZE TR ). M5 ETPU Boki
KZESHAE S, DSC MRS BEW, K
s X A i X R A T — e R B 45
SEHAEEMIRTE, X UL ETPU ALt f8 ih Biokir
RINA B2 WL XU AR, 7 TFRER Y
BN 7y T BE AT 45, X BT 5 T o ) 3
Jn. ETPU A1 EPEBA ERFLEBLAT NI, AT RE
J& RN TPU FO 8 R 95 (100~180 °C). 45 it FE I,
15 ETPU B AT = H i # Ve R i 4 6 70, 1M
EPEBA [ 45 ff & 3 5 1 i #4 vE BAk,  ff 75
EPEBA (17K 28 S s B R 5 7 11 4% L f7 A o %
fik . EPS [y L1 & &5 s FE AR, — Al it
1 MPa, 35K /& EPS Bk 5 i A A 9F 5 2
T4 HIOR 28 45009, 1fif ETPU. EPEBA ) F[fi
VB THEAMB S R AR E & R A — EFEER
H 45 d, EPPRIRLHGR T &y, & S L
100 435 T DR AR B KR FE ) E 45 o,

7 AEHMHERIRELR

B A T AN g T A0, el
Gets IR AL 52 R 1 EVA BRCM BRI LGt b & 1
KH, LA Zhao A1 Jiang Jy A ) [ A AT 7E 141 BA AN
PRI A T il S AR R oA, S8
7 EHEPP. TPU. PEBA SFUHSS 2 iy
WA RS 4, SRR E LR Sl R
ML, SEBUREAMBHE BT REJR I . 5G. 183
Bidr s By SR A ) L 0L,

BEAT R RIS, BRE W P RO FE AR R AL
AR PP BEAT e UL e T LA, R R s
SKHNE AL RZ 54K, KRS Y Rk
SEFRTIANE, IRIREREIT B 5 4k 8k A K ,
2 PR B 4 AN S foe 2549 B R I B0 /AR
FAA B R A SR R A T s,
ML R/ A5 AT O R ) B AR W 4 A
PREZAT 9 [RIRE AT LARR I B S8 R R B 5 R A4 1
R Iy SR A (8] B IAT b AT Zp oo 118l A0y
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A58 T It 0 i 22 PR A 22 T s 2, T S st
) RE BB 22 T i ek i . SRR I M i ) 5 TR
F [l R ARG IR A8 SRR 54T R, Hehar
MR AR AE 73 AT R B A AR R B %, &
WA B RS TERE, TS R A R B A&
PERE .

2 MG T SCHRARE A B A R LR R (]
HERE, AR T RIERBPER IR R, W TPU.
PEBA. TPEE, FIZZELHRMEMR KRR, WA
IR M- T - 2K O f BT B AL B ) (SEBS).

POE. EPDM. EVA % . & a] LIS 240 T 15
B (DS MR RO EHE Y, K2
£ 0.100~0.300 g/cm? )Gl N, PEBA I fIk % &
%3 0.040 g/em’; (2) PEBA. TPEE. SEBS A&
YRR [ 3 41T 70%, TPU KR EH [ 3
K FN 55%~65%, 1ff POE. EPDM. EVA %
YA} [R]85 — A T 55%;  (3) % 8 %o [ 34
KA R, (B7E FR % R Va P R A R
(16 1] 380 230 AR A48 5 AN I 10%. 4427 45 4 52 g i
PRV IR} ] 353 R A LB AIF 507 27 AR SR o
A8 . PEBA A TPEE FIRH B 45 #4043 il Ak 1
(") PAMIPBT, 4hdnJE%m: 1M TPU Kl B 46 1)
NSRRI R IT Ny B, &5 RE K. 1A )
YEFH R, PEBA 1 TPEE H [ 45 fib 1 B ] DLAT 2L
TR BO TREMADTE, WA R B m
REHL R Wi 1M TPU RS B 4 44 %o R By 1 A
TEWI SRR RS, 5 SO AR I [5] 323 A X
BAK.

Table 2 Drop ball resilience of elastomer foams.

Material Resin hardness Density (g/cm?) Resilience Notes Ref.
TPU 85A 0.220-0.230 60-62 Bead foam parts [32]
TPU 85A 0.182-0.194 55-61 Foamed sheet [119]
TPU 80 A 0.160-0.310 58-67 Foamed sheet [114]

0.041 80
PEBA 41D 0.049 77 Foamed sheet [117]
0.087 72
PEBA 2D 0.196-0.225 75776 Bead foam parts [62]
41D 0.141-0.148 71-73
SEBS 56 A 0.252 72 Crosslinked, bead foam parts [120]
EVA - 0.300 48 Crosslinked, bead foam parts [84]
OBC - 0.100 46 Crosslinked, blended with LDPE [33]

TEI AR AL RAE 1 SR A A BHEE
JE4 L FE it fe A R AR 2 A 9R &R, il
hnge A IR E ) ZE DR EFE . K3 L4
T IR RO IE A R AR i, T
I B OB A 4R, R B FEHCRIR T R4 A2
HH IR 48 B4 (millins effect). 9 FLBE & 42 58 1
L WAL MIBEREIR . T AL S Ak IR 02,
Ge 5t T ETPU MBI 44T 9 LA R AGIR R4 J5
R4 N RIS B VRS A L0 07, i LR
W, 23t 200 E P R 4R (R4 268 60%) 5
ETPU (1) B 77 - 3 A% th 26 47 75 B S R0 5 26 . A

o, &k 3~6 RIIKE G, ETPU MBI 4tk
BRSNS TR E 95%~100%;  [Fl, SEM
%2 ETPU 3K [ (16 L &5 # 3& A  AEATA] B 8 A
1. PEIR R Gt v 5 AR R I 1 BEANVRLIR 1 45
P EBAHOC . ERER RS RGN T T I
IR . WAL WAL A RIEFIFE
SO A1 A 448 L [ 52 T (42:00.91, 116, 17,1221 i3 5 %0 T
OERARRSHEAL. A2 EA/DNSHE LR
it 32 30t 3 0 %) v 2K (] 5 2R R0 [ A 1) e R
B0 75 PEBA VUK % FEAHIE 264 T, T35
FURSFM 7.7 um B0 2 46.4 pm,  FF 5 RHE B
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Table 3 Dynamic response of elastomer foams during cyclic compression test.

Material hz{rzsliclss Density (g/cm?) Mas);:ilrlllm ncu}rlr(:ll)eer Eclz)eerfgf?;:;i: Notes Ref.
TPU 85A 0.203-0.258 50% 100 11%-12% Bead foam part [77]
TPU 85A 0.167-0.255 50% 10 19%-25% Foamed sheet [122]
TPU 93A 0.102 50% 50 12%-13% Foamed sheet [90]
25D 0.289 50% 10 10%-15%

PEBA 41D 0.289 50% 10 25%-30% Foamed sheet [91]
50D 0.289 50% 10 33%-40%

PEBA 41D 0.084-0.198 50% 50 12%-20% Foamed sheet [117]
0.061 50% 50 21%-24%

TPEE 37D Foamed sheet [42]
0.125 50% 50 10%—-12%

FERBEIZHFEACRES . S P2 LR HE
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REEAERIGEN7),

9 SRE5RE

FATE SR AALE R I S ) R Ak v
&, MORME R RE ] DR FFEEASTEAR, AT
A LA SR PR AR A ERRL . RIS L kI
i RS R = Y A B2.6275.123.124),
XA AT 8] BRI BARAE AR A AR A AR
TR ACR DL AR K I 22 AR FEHE AT AL
ILFIAME . A S B S5 A9 3RA TR 7T [ B+
ORI FCTAR; WEFCRAT B8 AR LR ™l
TRV FEARIL, BN RGN R T P I s Ak
sy Z7- 00 A T i A o ) e AR i i 3K A 455 ) B
VOHOR B, ORISR 5 I SR
PREGAHEAE M, B e 7 PRI s A A BRI
() “ PR AGE” FFIELL AL TR RS T
WAL ALK, WAL ke
WL R e 2 HEmE S5 | RIS Sk 6 i R Sy
G, N T A EVEA G R . R
BRORL ] 26 AR 28 SRRAHLT, LRI R
LRSI TERER AR

R ER T2 ES, I PEAGE IR SR A
] EE AR AE N 7 SR 2 5 R e AR, Pk
FIS RLFAEEREWTTE . ARLZh BT 7T 52 2R B
ZMEM, A, RRVIATIR 2 1] 8wk 5 i R
FAKT 73 B R JLER 7y, — Sk Ay Koy
TREMIBBIEAR TR, 1 s s A R A 1 AR T
(R)REST, B T M KIS B
i RE SRR AR AL A AR AL b E B A

ERMEARTEANGRPE AR TR, . R Bt BT
P SRR A S B SRV ERE S R, AR
RIS 250 BERAS G5 . TR FLAE M S50t i
AR EVEERE . IEAK ATEARVERE . $L
AR IS, = JT ARG I A4 18]
BRI B BRI N 75 3%, ] 6 R R ) A
SRR R SRETT BRI RL, R
SETAR IR SRR AR AT, U s PR AR e Y T
SRR AT YRS, SR IARL AT FA A AT
TI5is WU RSP EACOR IR DI REALIT 7 »
SEPEAR I R AR JR25127) ] 2 281200, iy
F R L3031 RS BRI S AR BA TR AE 1 L
57, AR RSP AR 73 B R I BRI,
I SRR AR ER R IR s, (H
AL IR IBFNE AR IR D RENLFIAR R 7T
Bb, mApinaE; To. ETR RS E R ER
MELZ BT #6 . BBy S8, /A
WHEAL R s &1, e tE s R AE, A
SR A AR T S P e i T M AR AT
[, S5 s AR TR R A
A, D T8 I SR AR I B A IR A
VI, Gy FL AR R R U

I S (B BRI BRI TS 405 T4%
il TR T i, SHAMAEEARME
& TREAHOR . i AR S8 IS R I B AR
SEe S BREAT TREACORIY, 75 Bk J LK)
AL, N AR R, U I SR e PR
FHEBERREVERET R RIIMER? -
B e R N AR BE RS RE TRl L, WRATELE R
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Review

Fundamental Issues for Batch Foaming of Thermoplastic Elastomers with

Supercritical Fluids

Wen-tao Zhai”, Jun-jie Jiang
(School of Materials Science and Engineering, Sun Yat-sen University, Guangzhou 510275)

Abstract The viscoelasticity of a supercritical fluid batch foaming system is easily controllable, and its

processing parameters and equipment are also readily adjustable, making it the most favored technical pathway in

the physical foaming of thermoplastic elastomers. This review introduces the literature, research and development

history, as well as the current application status of thermoplastic elastomer foams. Firstly, the review clarifies the
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basic concepts, technical characteristics, and interaction between thermoplastic elastomer and supercritical fluid.
It also discusses the characteristics of “high-elastic foaming” during batch foaming of thermoplastic elastomer, as
well as the mechanisms of cell nucleation, growth, and structure shaping, along with regulatory strategies for foam
shrinkage in high-elastic state. Secondly, this review examines the preparation methodology for preparing foamed
films made from thermoplastic elastomers, the steam-chest molding process applied to thermoplastic elastomer
foamed beads, and the strength of the interface between the beads, as well as the mechanism of inter-bead bonding.
Additionally, the elastic properties of foam materials made of thermoplastic elastomers based on the chemical
structure of molecular chains, cellular structure, and material macrostructure are summarized. Furthermore, the
relationship between the structure and elastic properties of thermoplastic elastomer foams is investigated. Finally,
the development for the batch foaming of thermoplastic elastomers with supercritical fluids is prospected.

Keywords Thermoplastic elastomers, Physical foaming, Cell nucleation and growth mechanism, Shrinkage,
Resilient performance



