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Research and Application Progress of Supercritical Fluid
Foaming Poly(lactic acid) Technology
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Abstract: As one of the most promising bio-based and biodegradable polymers for industrialization,
supercritical fluid foaming technology using poly(lactic acid) (PLA) has emerged as a key pathway
for achieving lightweight and functional applications. Recent research progress on supercritical fluid
(primarily supercritical CO,, scCO,) foamed PLA materials is systematically reviewed, with focus on three
core directions: bulk modification strategies, formulation compounding technologies, and foaming process
innovations. By summarizing representative research findings and integrating the current application status
of foamed PLA, this review analyzes the existing technical bottlenecks and outlines future development
trends, providing theoretical support and practical guidance for the development of high-performance
biodegradable foam materials.
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PLA & —Ff L] B AR AR o7 90 9 JEORHG 1%
() e 07 T SR i R IR AA AR . Tk b, FL
PR B E I oK AR H SR E S TE R B R
KAV K 45, Bl 5 180 46 3R BN 22
B IR & T2 & 77 TR PLA. PLAGRHA
RO IR B S5 A B0 AU e . AE D5 R RETT
T, PLA BB R o A &, NIV
A& 45 45 Wh FE BRI 2 7 2.4 (polystyrene, PS) Fl1EE
Xt R £ % I (poly(ethylene terephthalate),
PET), [F]i) 3 tH A0 S Az BH BE AN R DGR . PLA
AT 3E I R AR IR I TR B (B L 2 RO
FOREE ) SEMLm AR A, T2 e s R, SIA
FARLIN T3 &G A . PLAYE B AT AL %I,
FENARN S BRI R R I R 4 B AR WA 2
2z et £ TR (IR 58~70 °C, =
MR RE), PLA DT BE G A 4 73 s IR K A N FLIR, I
B R AR AR, SR S8 AR R AR,
ERRR FI R AR S R G K fg 13,

SR, PLAKRALAL B FHATI A7 7E 2 B B0: 44
BHMEME R Brobai it 22, T REAS L, 44 58 BEAIR
FEONT & D7 B Sy e, HLERE A
i BHRRYERE — M, ML T B RE SR ki

AR AR PR P B, T P AL

L 51N LGS F R DD SR FE S B AR i
A L LR R N ), B A
R TE, SETHIIE S 2ok PERE; RN UEALRa A, bR
HRCR, 0 ARG e IR R B AR AT IR
IRARE A U 8 FHVE o A ISR 18 25
PERETH S, A HES PLA S Ak B S AR 7 1 1,

1 RiBFEAEIT
RAMRIEAR GBI E R AP

ScCO, or ScN,

A Polymer/gas
Polymer e saturated
: system

Homogeneous system

Fast buck

SARTE R Z L, TR T A RHAR L B # 22
PREEER S BB B BN vk . ARE RV, A]
I3 RN ER AL 2 R . B R R A
PR (WIN, CO,) BRAK I s v A (Gn 25t el
B ) VRS A 5 R R A v 77 (i
15 % — FF ¥t Ji% (azodicarbonamide, ADC) 44> fif B
A I SRR A AT VA ER AR, A
Il 5 CO, B N, VE R EL R I, He B i i
R IK S R BRI, AR 4% 32 53 B,

TELZ)E, 8 W TEERET R TE
I AR R B AL S R R A, k4
BT MR S RIE ST R o REAR
FE N - PLA IS T I 2 2 Pk - PLA S A58 FEAIC
dimE R, 5 FEILEWAYEBIRME. ML
N, I SRR AR R s R AT T A i A 4 T A
JE 77~ R B Rk R e, 7R IR RN 25 R SEI Y A
A% S R E LA, A 80 e PLA HR B i XU .
JEIH L I 7 CO, 9 KA 5T 1 PLA R L T2,
AL LR IR, I8 Ge i [F AP LR 5 4 AT
9, BN T RIS FLIR (expanded poly(lactic
acid), EPLA) A4k % 1 B vy 7 1 H7
2 BlaFRALaRIBRINGHR

i S AR R R — N R 2 B B B
T, ¥ OB I FHRAARLE R A Vb Vs i 7%, DA
RIS AT E PRSI Az AR KR R 24 1) iR
FLES I Ak (B 1B,

I 5 COME N — Rl e ) Ny 7, 5
PLA g5 2 8] 4772 — 5& WAH BLAE FH (Lewis BRI E
F ), A8 FLAE PLA S A4 b B AH 2wl U IR i B
CO, [ AT PLA 7= A2 I 35 (1) “ B340 2087, R i
o 5 4 SR A Y RE R 1 B H AR, ) 55 5 R A BLAE
FH 77, AT K B AT PLA 1) BB 10 5 A TR (T )

Rapid cooling

The bubbles nucleate

and grow Bubble cell setting

1 e Ak g et R 2 PRI (I, 2023 43 RV )
Figure 1 Schematic diagram of supercritical fluid foaming process (Reprinted with permission from Ref. [8], Copyright (2023)

by the authors)
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FE R (Trn) o 1RO, — J7 [T FEARG 10 3 B, 9k
/7 PLATE i T AR AR RS s 59— 7 T, 38
55 [ B B IE Bl e 7t N3 7 CO, 14 BRI 5 22 1)
WALA K. SR, I B B4k 2 SR B AR AR AR G
B B B, iX 2 S EPLA R 5 DB LSS
BRI DR 2 — B,

MY v AR PLATE I 5 i v () A AIE i s
VAR, AR AL E MM RN 2 7%t 215
HEUA T ZHRMABESLZ NZHAR T — &
FI T
2.1 PLAZRIEMERR

EI X PLAMSARSRIEA B, e ELEEA AU Al ok
KRR PLA 4> F 25 M AT A 2 o, RIARAE
Mo — PTG B0 T oRE Y R N R
[FIPLA 7> FoEIE K, H 2 R B L 454,
M 3R 0 T B ARG . Pillass M 5t
TSI REALYHE N AR SN T2 A (n
PR3k 3R FE ) X L MEBUR 5 HE EPLA I B FL I 45 A&
FUEZ K % (VER). I L3 (OCC) A &5 & 5 I 52 o
MRS SRR, MAY FEF G, PLAS T =27t
100%, 1k B 455 751 2 A 42 = PLA 73 T & AE .
B TR IR 1.0% B, TR I BE R
R B B 2 (R E45 8 Ik [FEIRE, VER, OCC
S | Py e 0 1 g o (S - = 0 I 1o
PLA [FIEAA 50 15 B ARSE T . TR0 AU I,
PLJoncryl AR M A Dh R 4 8 71 B )iz T
A TR AR R LR R I 7T, X Se i ST B R B,
ISy BE AR IR T PLA R I PERE A —Fh 2 2. T
b b 5 T s B B e

SRIM, Joncryl FFAEAE ) HE sl A= P vl B 4 el
AT REXT PLA BB [R1 Ui i i o 1527t 8 X
HRTRE Z A A ey s A B B R
X, 31X BE B A AR A RE S B SE AR IR, Ak g
T HERE 5 T8 TE RIS RIE . WETERI AR B AR
Y] B PRSI SR I TR A A v (n
BEALK G Gt ool S —orEge el

Bk, 76 PLA 4> F5E B 51N HT AL 24 45 1 5
TG, AR 2R I 40 b 45 4 (A S Ak T Bk. JE R
25), ATRAMARA B3R FAS MR AR PR RE AN 45 i AT
9, NI PR 8 R T 25 1, SEEURR AR O 45 74
(K14 2 3% . Wei 25 19 DL i 45tk — 57 75 % (dicumyl
peroxide, DCP) {24 H HHEE 5] K7, Be & 22 Bk B
f 43 5% 3- F2 4L T MR W& (polyhydroxybutyrate, PHB)

55 L- L2 (PLLA) JE BAC Bk JL IR 454, BF K
ISP S5 (AT B A A P SR R PR R S AR, BLPEAS &
TR SRR KRS ETYI R I BT,
PES I RS IG N A AR 14 v o AR YR R
(N AR AR T SE AR (R4 )4 B 5 00 T vk I,
191 40 T S T 2 L R TR R R 4 T DO 20

Ikada %5 #1721 ¢ % L- 712 (PLLA) 55 % D- 7L
(PDLA) (78 &4 (50/50) A L 1 3L B & B3R
LI (sc-PLA). fEsc-PLA fif&r, PLLAFIPDLA
3 P 8 Ik ST A MR AE ELAE L R HE
FLA S 4 T, R BT 1) 7 2 5 B R
Pk, Jias PR ST T sc-PLA ST & I i B A AH
LA =P PE R HI 2R, K DL I 7 CO, 2215 5
PLLA J PLLA/PDLA IR TE B A S 45 44, (B4
SN ARSI A SRR . SAIPLLAM
b, VRN 20% PDLA 3 VR AR R 2T BB B 11 sc-
PLA M & &, JE R EHE = 4050 °C. & F
SC-PLA 144 22 & i1 e T i )k B A B8 s ) #vea
JE s 110 °C FAb BE AR A T A H LR AR RO R i i
M52, 52 AL, 48 PLLA Y 100 °C Wi %
{114 19.25%, 110 °C fn#A g T H 30 ™ 2 1 AL
CERIMA S TRAS K . Liu 2k 043 55 i 4 b 3t
TR S B RIS % T &AM E A W PLA
RALERRL. 256 45 J 3 B sc-PLA B A7 7E 22 52 T
PLA R IAT A5 ISR SR EE, 47 R PLA R AS 1 e
32T, XA AR T BEER, &
S 13 RIS Fak 24 45 ) PLA RIBLER KL [RIB,
SC-PLA (3% | PLA R IR IR SR, 305 1
HAH T 2% 1,
22 EAWMHAR

Br TR PLAREAT A AL 22 204, e i B
SR BN IIERHE 7 i %% PLAE &M RL, 2 5
— M AT mACE S T Ak S Y it B AR
BC 7 A RS A% 0 BAR R 5N EE —dH o, (3
TE I T AR T 4y v S A RSORZ AR H A 1 5 7 BL)
PR R A A, IR AN PLA A 2

¥ PLA L o Ath 58 & P 3k 47 4% ik SR IR, wT LA
I AN [R5 & 0 1 M RE EL AR, LIS Al AR SE
P X PLA K I 14 BE 10 28 & $2 7t N G PLA
(1 0 PE AR A PR s v, W ol 5 R O N B
(poly-e-caprolactone, PCL). % T R | — ¥ Iig
(poly(butylene succinate), PBS) 5%, # ¥4 : 5 5 i
(thermoplastic polyurethane, TPU) %% % M 58 & 9
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R X BRI AW T LALE PLAJE {4 JE Bk
SYHUH, REIEEIER, R mEANRART
WA g PO, BRI, SRR A R AR Ak 5
B AAHE IR RE 5 E R K AW, )i
] BE A5 B4R B 5 Ak, Gao % PURf 58 T PCL 5
PLA (1) LR 4 BE Ao 24U SR mes, SR ] FL VR & PCL
L PLA, Wi AH [H) A7 75 5 1 AH 25 1k in) R, 2 v 45 4
SRIE SR EMERE: B 5N T R ALK
(benzoyl peroxide, BPO), F|H BPO 1] bA™= A= k&
H 2L SR B, BTl i3 PLA/PCL LR AR R 1) 5
THIAH 25 (K 2aF12b) . 5 PCL/PLA LR AR R AHLL,
PCL/PLA/0.6% BPO Az Ik i 5 1) Jett i 43z fHf 530 5 32
F+41%, Wi 248 - 632%, ) 511 R K 2
3, SRR FE R T (B 2c fi12d). BPO % S 042 Bk
VRS ST AH 25 1 s, ) 7 i B AL
BE G2 5 4 9, (230 AL G5 M TR B, TR i
AL AL Uk /I YL AL R, R VAR e T
EARTE (B 2e f12f). [}, GaoZ5:ty¥: & %), BPO
I SE, TRE S BORSLAERK AR S, H
/N AL (B 2g 1 2h), BRETE SEBR T2 75 ZEAR
P H AR i M RE 75 SR AT IR I E 1) R % . BPO B
JEE SN AL RST (B 21) Ay L3 2 (1] 2)) ik
GERAS IR S

Sun % BOlgr2: T PBS 5 PLASLIR (A ARG
PERE, Hdt— P W5 7 PLLA, PDLA 5 PBS (1))
[FIAE FH o BT 70 R 300 Bt ) PLLA JE 44 b 8 i PBS
i PDLA, ¥ REMEHEPLA &5 A K, 45 Fh R
Y 2 [E IS N, 52 sc-PLA 521, PLLA/PBS/
PDLA LB A (15 1A 5 P 2 S5 48 1, (R &G i e 2
B, W R ] sc-PLA [ BRI T 2 T
BEMIR BN PE, BHAS T MR A K, AT RN
PDLA 3% 7 PLLA I PBS [FAH 251t , FRAIE T PBS
53 BOR ST, SRR R —PE. Wtk —k, JLiR
VISR FE (3R T (R iR fLAa e R K ) 545 M )E
1R B (B B0 e B X 35k, /23 CO, AR B 535
FRZ ), SRR T RigE 3, & RIALT T
B Sy FL s BB

BRI TEH R R 5] N PLAKEAA, 2 523
S AR RS RT3 SR A R R Y RE 8 L SR . T
YR TEHUIERL ) = LR T AR AR T A, ARk 175
RED SRR FR AT DR N AR ) i o5, 123
PR k% R 22, AT K IR B2 i v FL 235 B, FE i 7L
RIS 2 ok 22 T ek 4 5 B33, Crawford

S BURER T R S 9k B LB I PLA K
WHERERIRZ T, R 2 DRI AR 06— TN IR TR
1 (Joneryl) V54 8551, #1481 5130 wi%~3 wi%
GUKF L PLARE dhe WEFTEE FRH, ¥ 590
KB BN 203 PLA I SE BAT NS 45 B %R
PRI S T RS Y R IB R R, IR ISR A i AN
KB TAE R % AR 3 45 df, % S A 4% PLA
M4 mmRr . GUKFLBIMEAE—EEHEN, 4
AL, 8L B (H i BRE ), 99K
FEEBRAERE, REOLALEME, BB
e PR, & BRASIMAK TR}, I 5 HoAh Stk
TIEA R R], A2 ] i 1t e EPLA TR RRE .

AR, AE “ AL A RRal ke B B8
UXEN T, A5 F R T A o IR R R 2ot PLAUR S
PRI T Hor, 4R R YUK AR 90K 2
4 (cellulose nanocrystals, CNC/ cellulose nanofibers,
CNF) J& MAHE | M4 20 R S5 R Fh A2 B g oK 2
ek, BAN s, mKAaL. T A,
HEAR R 0 5 B, CNICICNIF i s o 3 28
PR oK R 1 5 i /K PLA 442 [a] (R A 25 1
%, UL A 5 5% T RIBR . Zhang 25 B it
Pickering FL ¥ 7% 1] % CNC £1 &}, CNC 1) 555 /K P fs
Fo B R B A I — 7K SR, TR ke g 1R LSRR,
TG 76 CNC kAT 2R B 7K eSO RV AT S35 &) 43 i
FZERELS PLA BT H AUA AR, To /R 9 NRFK
T2 BRI 7 B AT S CNC 7 PLA Hh () B B3 B8
CNC 3 B it e A 5 Witde, BRI T Tk Ak hn 1)
o [EIIIZAC T OREE 1 PLA L CNC A A1
FF “Ex Al B s N EM R R R TR, T
12 N TR IR AR — I i SR
23 RBIZHK

B 7P B B, R T2 E A S A
72 PUE S 2R RS R A BE 1) ) — K g
PERIZR o AN A B A UE T 208 T 48 AN [RD T 25 A
NS e ITAESR, A 5 L S RN
ANAE A% G2 1 1) BRI 3 R4 R I AN AL
VSR T2 kAT TIREERAL, MAE AR R
BT 2.

FHEKIBRE &R R SR HE, 2LR=E
HIF 55 e i I 7325, JU s TR R MR K
AT RFINLEE . SR T 2% O FE T sk
Tiff 2 1) VR RN E L TR R g VAR B 1) DA % B
TR BRI, R AR IR L % % B A
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B2 (a) BPOF™ A [ ti 336 55PCL PLAKI FL{f: il /% 3 IE1: (b) BPOFI HiE 4 #PCL S PLA [ Al 7 Yot 2 I A< [FIBPOY
InE(PCLM-X, F A XAREBPOVR BN 1 43 LL) ¥ 58 45 0 (C) L A [32 782 A% HiT 28 % (d) e R 38 22 L 49 PR 8 5 BT 2R A 38 0 b
(e) PCLM-0, (f) PCLM-0.6, (g) PCLm-1.4, (h) PCLmM-2.2 Z:#B I FCO, A& i1 Jo 1 FL&%5 M 13 5 Fi 7 5 S5 (SEM) B 4 3ot L
AR B BPOM NG BRI () P EiE AL RS R () P 2e 5L St

Figure 2 Reaction mechanism of (a) formation of RO-, PCL- and PLA-; (b) Crosslinking process of immiscible PCL/PLA
blends; Mechanical properties of PCLm-X blends with different content of BPO (where X represents BPO content by percentage):
(c) the tensile stress-strain curves, (d) the yield strength, Young’s modulus and Elongation at break; SEM images of the foamed
samples: (€) PCLm-0, (f) PCLm-0.6, (g) PCLm-1.4, (h) PCLm-2.2; Foam characterization of PCLm-X with different BPO contents:
(i) average cell diameter, (j) average cell density

WAL E K a3 A2 03, Lise Pl ks b2k vk, W VR 1A JE 77 (6.9~17.2 MPa) 5 R LI
PLA g J5URE, SR JH i3k (0 48 I 5 CO, R VB HE MG, J2(80~135 °C), S 7L 454 (OF L/ P AL )
I 28 T R AT TR S A R G, RS 33~630 pm. % ¥ 4.0x10°~2.4x107 cells/em?®) {1
& AR SR M S R A I B A R PLAEL W, b B ALIE R IR KK 2 1k 60 1% L # 5
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FALE 3L7 mW/(m-K), JFFLI K B KIEZAK % A
A3, W 25 B9k 10.9~31.2 g/g, HIEALR I8/
AT R B 7K PR (H ik A T4 124°) 5 e 4 M e (5
£ 32 T+ 900%) 15 £ . Z Ak, Z 4 (il & T2k
A BT 5 o), AR T RE AR L T
AIRREEM BB R TT

RS H RO SEBUR VAR Tolk Ak KR
RO SRR SR IG5 CO,
FIEN SR A AR EIA 2 DL K B & A Sk B
JR I R AR — AL R MO, 7EPLA
HESEHT H BT T, BT HAS A RS, X 2%
B SR B w1, B BCHT H & St (tandem extrusion
line) & M Al I E LA, B — G LT
BN S, 28 a8t AL L T T4 &R 2

@

%

RHBROENZE
lc& DFEABHE(L

SERESRIE T, SR T & DhRe X I AR AR AN S AL .
Su 2 B, SRR R UL, B PLA BN K
IPUR, 5y AR RR, BRI LA S A B R T ek
I S CO, BF R IBEE & KA VIR R A, FH R g vk
PLAZRRL AR I RAR A ] 2% HERST . A i EXPLAH3 F
19 135 MK 2. 91.4% JFFL#%. 0.096 glem® % )% J
0.41 MPa k4t &, nf A T o, Wi, %
BEYII S, & A R Tl Er=. H AR
254t Plasteco (1) Hayashi™ J & 1 ¥l 5 e 1 15
Sk RS E, I 1E e A R, R
BEE5 T ) B IE B H AR R 784, G 2R FRR % R A
g5, AT S I35 20 40 U R 2R 20 R (1] 3a)
KR HIT K 9%, EPLA B FLA5H I FLas FE )
BN, 456 AN TSk Bt n] OESEFT tH EPLA

3 (a) HayashiJF A i £LFT il I S V6 A e BN BRI (B U 4t Plasteco A 7145 &) (b~d) EPLAF# 2 B 37 57

B (e~g) EPLATRNL A N 37 5oR &

Figure 3 (a) Schematic of the continuous extrusion supercritical fluid foaming apparatus developed by Hayashi (public
website); (b—d) Schematic of foamed PLA sheets and application scenarios; (e—g) Schematic of foamed PLA beads and

application scenarios
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Fi b RERHL, e BRORE B i A A < ATIA B0 £, 1E
P B A ORI B 77 (& 3b~3g)

3 RBRIEBHNH

RIIEFLIL (EPLA) FEAE H AW mT B A1 IR
WK R RR IS G Re, £ 2SS R B
BAUE G B R AR 7). [N, EPLAZE
R TR T 3 % 960 B8 2 2,445 (expanded polystyrene,
EPS)/ % ifd. 58 P4 (expanded polypropylene, EPP) )
IR %, o KU NS, N 6 1
(Ll (1] da~dh)), EPLA B i 70 2% L th 5 4%
G A R R A RE AL, WT DAES B PR £R B 2 0 A
H (B 4i F1 4)),

R : EPLA O H Tl & 2 AT 8, — ik
PR H K s Y £ i A 4, A R0 A EPS FITEPP

E e
—~k:

(AT
{0110 1

il s DA FL 5 R 30 WT SR 5 1D B FA R B
AT i i A R ORE AT, Wi R i SR 2
PR % 5 AT RS I XUE F5 K. AR IE SR
e ) P B G P A A SRS B T 58 A
SR NI UE, EPLA i & T B A% G A i
LRSI RE, 3 B AR S AR MV IE i 4 2 i A 31 etk

Hbx (&l 4k Fi14l).,
S RIR AR EPLA R AR S R Hm

AP FLBR S5 4, R R M T F REFEBOE % fiE
FEREFTH I ER AR RRINE LN E MR R
TS % A2 R AR e T 75 52T 155E5;’EAE&
P R AR PR, AR 2 b o B R SR H
EEE%[‘MAS]

AW E AR T ALY EPLA B AT 4% 1 AL
oA RAFAE DA A B mT B A Ak, Bz B

i
-—

-_—

LRI l

1111

IR

=01 I

-—

B 4 (a~h) i ERRL 28 7R R B FROR 22, 2 5 20 IR RG A 15 SEDRE 2890 L 2893 B L BRIRL KA BB, EPLAT]
A R & TS (FF R EL, 2023 1 3 BUORLYE AT (i) EPLA S EPSHR B 2 5 %t Hes (j) EPLA 5 EPE(expanded
polyethylene, Jx il 5% £.0d) B BN Ll s (K) EPLAM] A B 7 2% ph 6258 5 (1) EPLAH 4% B MR 2= WD i e b s (m) EPLAH] 4x B

W EVEER

Figure 4 (a—h) Schematic of bead steam compression molding process, where EPLA is compatible with existing molding
equipment and process (Reprinted with permission from Ref. [43], Copyright (2023) by the authors); (i) Comparison of
molded EPS and EPLA; (j) Comparison of molded EPE and EPLA,; (k) Biodegradable cushion packaging made from EPLA;
() Biodegradable air logistics pallets made from EPLA; (m) Biodegradable marine buoys made from EPLA
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FTHL TR G Bk, =42
FLI 48 A A T 4 M E B 189 5 S B TR AR s (RIS
ATTE A 3B A5 R A, 38 S — KT AR B,

SR AN, EPLAYE HAth 7 % 40575 A7 40 Jig = 4
TR E A AR AT R A A 3 B 4 5 bR
PR K7 R EJEAE . 3D T EN 2 fL A5 M 44
Kl PR 2 3 D e A Ja F 07K 73 2 X W B A1
R (18 4m)o T B2 B A Ak S 36 B ik
b B (HEEE KO T2 AL 5 A T B, EPLA
A BAEMAL T HIRBRBARE R P REEZ
,T/E)EH [47,48]O

4 BHEERE

£k LT, BRI KB BARAE “ X" Hbr S
SR PR BB O SR B T, IR R A 8 3 i
J&, CAEZ ML, — MR H LA RIR S 5
SKIAIL kAl o A T I PLA P SRS 5K (T3
12025 SE45 SAH 36 JT M, R A T B I )
JEURHE N R SUIZ 20 2 g, A0 A% RE Bl T U o2 FH HE
JIBHEAR, i) i R AR ] B LA

BoART5 1, Rt FEFLIR (EPLA) i e 45 1%
PR, X ) YR T PLA R [ A R, 6
FEIE VR0 PEAR S 4 T A8 DL TSR
A, FEOEALE AL ST, KA A TR KA
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