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Progress and Challenges in Shear Banding of Polymer Fluids

LU Yuyuan', AN Lijia™
(1. Department of Chemical Engineering , Tsinghua University , Beijing 100084, China;
2. State Key Laboratory of Polymer Science and Technology, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences , Changchun 130022, China)

Abstract Shear banding in polymer fluids represents a paradigmatic example of strain localization under strong
nonlinear shear flow, with its physical origin and regulatory mechanisms standing as central scientific questions in
polymer rheology. Large-scale molecular dynamics simulations have firmly established shear banding as an intrinsic
bulk phenomenon under specific shear conditions, often accompanied by a stress plateau in the steady-state shear
stress-shear rate curve. Emerging studies reveal that the spatial localization of shear bands is determined by the initial
structural heterogeneity of the entanglement network , where pre-existing "weak spots" in the equilibrium state, such
as regions with sparse multiple entanglements, act as nucleation sites for shear stain concentration. Investigations on
bidisperse systems further demonstrate that chain-length-dependent migration and selective enrichment drive a
"fast-band softening-slow-band hardening" coupling mechanism, which is critical for the long-term stability of shear
bands. This review synthesizes recent advances in understanding shear banding, focusing on its intrinsic nature,
formation mechanisms, dynamic evolution, and stability, and summarizes the key controversies, challenges, and

future research directions in shear band studies. It emphasizes that achieving effective prediction and regulation of
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shear bands, through the development of high spatiotemporal resolution in-situ characterization techniques and the
advancement of multi-scale simulations and theories, will provide critical theoretical support for guiding the precision
forming of polymeric materials. This includes controlling rheological uniformity in processes such as injection molding
and extrusion, as well as enabling the controlled fabrication of advanced products like ultra-thin films and ultra-fine
fibers, thereby significantly enhancing processing efficiency and product performance.

Keywords Shear banding; Nonlinear rheology ; Entanglement; Strain localization; Molecular dynamics
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Fig.1 Comparison of the instantaneous shear viscosity of entangled polymeric fluids at low shear rates
with those of ideal elastic solids and ideal viscous liquids(A), and the shear stress(a,,) of the polymeric

fluid as a function of the strain(y)(B)™"
(B) When the shear rate exceeds l/TR(TR is the Rouse relaxation time ) , the o, of the polymeric fluid exhibits complex

viscoelastic characteristics with increasing strain y.
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Fig. 2 Schematic illustration of a linear flow field(A), schematic of shear banding(B) and flow
field distribution from molecular dynamics simulations under shear(C)""
(A) Where the shear rate is uniform along the gradient direction; (B) the flow field is divided into a fast

(green) streamlines and a sl()w(purple) streamlines layer. RgO: radius of gyration.
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T A RS B U 0L A i BT VIR T S BUAE Y B A R, FLa B T T B D) AR AR R B (5 S AN
)75 FERLA AL Sy vt TSR R S 50 WA B R A G AR B 4.
1.2 Doi-Edwards & FREMEESHE

h T TR DE LA E R R BESE ST T EERLE | RS 42 5K 75 (Contour length fluctuations,
CLF)" | Z5d0REjiL (Constraint release , CR) " SEWIHIALN, K e H— R 5 Al |

Marrucci il Grizzuti ™ B G5 AT “BERAR 7O, B, R0 B UREE () 58 B B it 25 -, b
A7 T DEMG ( Doi-Edwards-Marrucci-Grizzuti )Y, g0 7P 85 U1~ AR 1k i Ei 4 . {H DEMG B
RIS R BRI BRERAS BT DI ) AR R AR, DRt , AT P00 35 Y U0 A AAAE . OCHERY SR B T Xt
YRR (Convective constraint release, CCR)ZUN 5] A . Marrucei ™ $§ 1 , TEMRBI YIS T, 2452
WS BRZ T AR £ 5, MAR Iz 3 (8 ToE . T, IR R IA R [a] (7) W] %
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FEMEELAE I, Mead, Larson I Doi 48 & T #EH7{f . CLF. CR &% CCR %400, & & T MLD (Mead-
Larson-Doi) # %Y ; Likhtman F1 McLeish ' F—# 24t % J& T CLF . CR XU 1B FIZA 1] Rouse FA5, FHEy.
THSEERZRIEFEIS 5 Graham 28 B X B W 254, 2 H T GLaMM ( Graham-Likhtman and McLeish-
Milner) B8, F18] 16 A7) 12 W B Rolie-Poly Jy 4. 500 S i E S 75U 1) B B - by i s 52 56 L4 3] (g
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B PGE RIEAR S0 R AR 22 B g A7 B8 . 7RG HURBE AR | BRSSOk & rpr, By Y17 B4 R £
W BY U1 1 -5 V) R 01 7 X (00 T REBE) B FTATF R (Lever rule) " TiAS 2712 IAAT . 4RI,
TEGEES PR, BT YT BAAAEE | TR AL A EAT A e B R
2.1 BIYIHAIRIETIS SRS RS

WHTATid, DEARIEE T BT UIH fO4EAE , (R HEE Rl (R ZS BTN 7 A B KAE) 5 )5 25
55 I K2 51 A CCR 500 55 i E A AR -~ (R B O AR % . 30, RSB e g 25 i o F I AR ) 2 R
TR, YR RE R W B SR BT U AR E MRS BY DIV ) - BT DR 26 7 5 X sl AR it 1oy, 5K
0 4 UL TR R (A B B AR . X (A5 I DE B (1 BY ) T 5 2 AR K — B ] N SR A5 2 S2
WESE, AR A SE #%6 DE BRI T8 1 LA BR R D3 A A8 BY VIR IR AL, I “ 38 FHERR " T
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SR, Callaghan 55V By Jo 78 S N IR AV OB 1 5206 A B T BTV B4 . B, Wang 20126
FIFFPARE 718 B0 3 (Particle tracking velocimetry, PTV)ZE Al YALEE AR, 15 FhH4S i 431 He VAT 5 i
HOUEL R T By VAT S5 , 8057 T BT I BLG AR GRS 5 o T RO A e, HOAZL O R B . 2SRt
B8 A 1 B P S, DA SR AR B 0] 432 DB YDA (1R BY V)R X)) R 18 BT P A
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“PIRAEIR” (Cohesive failure )AL, TAA 4 B U1 J 7 A 235 D00 265 114 Lk e A 0 B, 8 DX 37 4
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23 XMEYIHEANGFEENRESHIUES

R FRSEIGEEHE T BT D) AEAE D IE R , (2B U ARAENE (R, J& 75 R4 & o T I MR AT 19
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(1) JUr 5 A2 - Li 5555 BN Rl AR (SO LA AR R0 (4, Pl S5 AR A S 00 3, e
A Z2 LS B B BT YA AT RES R RE LA R BOBENE (Wall slip) . G800 sRE B i 45 D 2 06, 7E4L
% S R T A E]

(2) ZREH T8 : Hemingway 55 FH A BR TCREIIT 5% 58 A4 £ e v Vs TRZE A AR 3 228 A3 A 3
3l KRIRFOULAY B 427 AT REVR T I A S 5 [ 2 1942 0] R (Secondary flow) , TiIE /™% & X By
AR By ) () TR BT 0T

(3) Sy AT A M a1 — S5 DR, B YDA A S IR 4 A ATEAN R S 50 2 L N[
R RS RES EARE I, BN B YD v REFE AR A - AR AR 7R o7,
24 BRSO FHLE

HAT, EFR T BTUIH L A L 8 3. ARG A MR A AR, (BRI F LA
—A LR, B, 85 UIAR sl e, SRIGE I ICC .

(1) AR RZANFE MEIKS)) . JETF DE BRI Jgihs AR, 520155 B2 B i) 2 80 AR
¥4 2 Z (RN 7 -8 UTHCR i e AR s b ), dEmis RIS s R Ae, 28 By vy . SR, A
BN, R (U0, CCR BRE 5 Rolie-Poly f51 ) | 3 1t SGIe P 5 | A2 o BN L WY
Bk T -5y U AR  A AR BRI TR, DTS BT D1 AN ST AR . X — T 5 3 A Y S e 2 R R
USRS T AR, HAZ O IR AT & AR B R FH ) S 3437030 0 DA SR 2 (B IR IR T
SIS — kA

(2) B e AR/ P 28 AL : Wang S5 S | 245 W28 78 = B VI 1 T B R R BEATL e AR i P 2R
WA, S BORR R SR AT RN 55 U0 1 AR 1) SRl Ab , R TR BB D

(3) Bh S AR E VAR TE R ML . Olmsted"®, Olmsted il Fielding 2% K Fielding ® A Jy , 7E5%
BYYUIT, 43R | JE 455 % B A kTS v BEREEZRIEOR , ik &4 TR N AE IR S AT e T, 23
BIUIETE A, e —Fhim B P A A AR Lt 3l ) 4

gi b, A S IR U IR A% O R A T BT U R T R o FIAR R AN TR . SCkF
BY U AR B S T H R T AR, JRER T gt e IR/ N R | B 1A
MK T TICR AR 5 107 J5T 68 2 U] 5 ) S0 45 14 (A, 3 AR SO LA A4 B 0 3546 ) ()5 i)l — U Y 1
o, NI UESEAS 2 DATE B HAE M . X — SRR AE T 55 o0 AR A e A 7oA B i 52 2 LA
e SIS W - B 1) SRy BRAE

3 EIHERIT BN S ESE ST

TN ANE R O 03512 0155 2 0 235 S A i 5 AR 2% , R TR A B 85 23 iR PR 0
DY X — S e AR SRy AL R ) INTERLR B4 12012 1T AR LA 220 B Ay o it
R 122 AT R BRI BA S5 AR SR T WSl AL | 2 6] A S e B S BT L 5%
BR, JE M RTHT SR R, IR . RS B R AL G2 P 4 Ml Ay S A LA, ) T4 78 BT U B #i 4 MER
FREE . AR U TR ST UL R A £ BTSSR vk MR R, I E s A 25 # 4 b
OIMTOT R IERE , R R AS AR S Frenet BRI R B% 42 234 J ik 7"

31 MERELRBGEYIHEELL
LIS BT UL SO B S PR ISR 2 JE T ME R Y JEAE R . Oy 1 v filk DE R 7
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IR GRAR LM T SIS (A A, Schieber 8774 HY 1 18 A2 BERIRL (Slip-link model) , JH 5[ A IR
(Slip-links ) F5DLEE [B] 45 2 o, HOIE Ji5 W 2L — S RO AR 2 Fn sl Jp 2@ 0 . 7 86l B, Likht-
man' " P —2 K JR T MRS AR T (Slip-spring model ) , 34 “ VAL BRI B B 14 1 2 sh A AR B R
USRS A R R S E . 2, 2RI 7 (Multichain slip-spring model ) i 11 4%
() SRS 1 e e F ARG I T ZHEPREERN, RERSTE—EFLE F BT DV S AR MEA T, JRREE M
WETYI L.

SR, W RERBUA BT IR MEGAERY , A AE—E i A, HAE BT I LIRAI 5 th A e A 1Y Sy PR
PE. (1) ZHALBEG . BRI P RSN | R BRSO S B 5 i o S B s U 5 75 3
2 B 532 T P , X (EARSE R PO 68 ) 32 BR FLME AR /s SC I G iR AR IR 5 (2) 4R
FIMETAL « X MEGASTIY TCTE LI AR 5 T HE () S A4 NS (I, ZHB5F | BEIRAE) | Gl R A
R Ay s 2R B, 2 T B SR AS N e s (3) IS E BB s X SMEG AU E LB A
FESHIE AL . TH R AR A Sl B S A 25 (8] B A4 A, T S fo s 2505 SO0 T 2L 57 )
X R BEARS T3 (8] 43 A A S AT A i A8 ey bl in) i e DG L . DRIk, RV I RS AL B 8 e MR A
BT IR BT AR 2R AR, (FCECTEA A 7 A A5 L LAR AE /R BY VDT 500 a6 0 45 S ok | 5257
KA A AT I FESCHR R SRS AN 43 AU T BOR S5 Fn F b ik .
3.2 [RIEHESNTE

EEXT 85 U178 BB ST, 4318 7127 (Molecular dynamics, MD) Jy ¥ 08 H By fe £ 200 F- Bt .
S A2 4312 177 (All-atom MD, AA-MD) R 4D RE$& {1 fi B0 52 19 40— AH LA T A1 A4 2 45 M 15
B A E RR TR BRI T HAH AR R RST, MELUGA 3 35 Y13 T8 B =5 4 s 1] RUEE DL K 2 A
W2 2 By 17 ) 25 [0 RO . DRk, HLRE AB A5 7Y (Coarse-grained models, CG Models) [ 411, B - 2 #5 5
(Bead-spring model ) . ZHL[¥) Kremer-Grest #5717 | | (R HAE O B BEF N 25 A T A [RIB, RIRFRAR T 11
ARG, RO BT DI X SRR | KN ] 2l g 2 ) R F2 bl ik G207 ik BBk 1 It a) A
HAERBFR AT, (BEERARET , A A g 7e e M2 7 B v Z88 A1), LU Kremer-Grest 15
AU AR BPHURLAL B B PR T 085 0 I AR R R sk 0 | AR B VAR R A T R IRAE
R S5 NSRS T BT YN G5 AT R, S WFSE BT UIAE O A 1A N (AR A 2R

T I3 T8l A L R A R B 2 (5 S, WEE A R T 2 Fh U B A4S 20 At (Primitive
path analysis, PPA)J5i%. PPA %0 RS R LIS B LS5 5 0 FREA G o A Ak 507 X A
YL MG 1) JRAR %42 (Primitive paths, PPs), PPs |14 a8 ey il 25 o5 sl B 0] 52 S o B X6} 1 5 4
S E
32.1 #EZ/NLI i Everaers %5 P A2 ML PPA 7 IRl i R BER R AN s B R AN S REBE B
R /NS ARAT PPs. ELRIN 5, 1205 7 11 5 £ 1 P i o, DG DA% PN HEBR IR FH , ASCOR B3 i TR HE R
TR B AR AR R 19 4R T oe 8P, AR5 T8 BE S dne /Ml A (A, SR PR A R0 1 119 Lan-
gevin 311 1% ) THBREE I TC LIS Sl ARy 8 25 iy, DA T4 31 Sz WLs R F b AR BT 1Y PPs. BE T, ATLA
HIRARRB P PREE R (Z, ToR5E B P EA5 5 H ). Heu S S 2P 7%, e T8
P1%4” (Kink number, ZQ%%%?E%?EEQ BRI g ZE A2, B, PPs bl R A e — 00 i B 0 i BB i
RYREE IS (B oA A de At AT RE L 2O R R, (B TR, S EGE T EER R >
BRME B ik .
322 JUf&m/MMedrEk SRR/ IMEIT RN, JU R IME T B BB LA 4 s K LAk PPs,
DR BE it et o] R R (B A2 SUR T T SR ISR BR AR O 22 d/ NI “ IR LR Kroger 559 42
Y 21721+ B e i R ACER . Bkl o 2 R B U R, A LSRR B AR AR i I A LR
R f BT AR (B PPs ), IRl E 30 PPs B9 (Kink ) RGETH LR H . 21+ 05 RRIS SR it Hoik
M IEAEH (Z,) Je HAEBE B RBO B A5 R, 2 BN S5 2 925 53 B T H.2Z — . Theodorou
Zzlo2. 9313k i) CReTA (Contour reduction and topological analysis ) BN AL R A R K I
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HE W) A8 SRR EE PPs ARG ZEEZY . XSS TUAR) Jr vk C R sl I SCHR G 25 43 A1 55 it 3y 1) | 45 i B
] AR R L AR, 325 A B A Jm BRI, HAEGE T 2R 30 o i gl (an , /N3R5 ) g A, AT
XoJ 7 £ 3 BI85 2 B A 2 325 s

323 FHEATFE CFHBREGE AR T AT AR R RS U, B R R R R A
MG VR A TS T34, FRASIE S PPs ik . Ben-Naim 25 S e AR H TP IR A&, (HHER
JEAIIASZ i F AL J) . Likhtman Fl Ponmuragan"* X% 5 17 T 58 3% , Cao 557 3L FARUT A
R T AHCHE . Cao 557l Likhtman 558 I BFFE R , -1 R AR K Bl [R) 25 A2 fik 2 ( Contacts ) AT
KA A iy, ARSI ] W] 5 5 A A i 45 ][] (2 ) AR G . X — SR I /R , P ST w0 ik
A REAAAE G HA K AR i 25 55 i M (Entanglement heterogeneity ) , X R 01 4R I 45 F9 AS Y5 — 1 T BEAE B
VIS0 e e Z B CAFAE , FFR 5 S BB 1 (F 4% B D007 1 A R R Je ) 7 A TR A 52 )

SR, B PPA Jy IRTEAG I RAE D ZE AR F A5, e il B X BY V1A I X — S R Bk, A1 A7
BEWRRYE: (1) RERFEMEDRE, ZHEFMCHA L : BIR 214505 TEHie FREIEAL I 24
HAEAE R ABFE S AT AR E S I AR S 0 G A5 E B N YRS A, ELL 4R TR 22 )
S FFDOCIR P45 5 CReTA J3E> 2 W IR o3 A S 2 PE T — e FEJE b 2008 1 Z2 RS R A 4544
(2) MELIAEIR 0 R guLESRY . A PPA LA UK 3 R FRYEZ, | Z B LS | Rimgh | AN
FANGERY | SR SN IR () G S5 7E BT VTR S T AT G2 B AR [ 04 2l 77 274 7 Ry RN 2 0L 55 D11 ) e
I (3) X 55 4 45 R AR G 45 BBURK . PPA 45 R0 i SR FH Ay it 238 B (L = L Ak S 80 URk, ml Ry — 2
FEAmE . R W ) A VERE sk A K AY “ P g4 (Pseudo-entanglements ) B B s 2 fi g 158 2] Sk EL S22
g5, FEOT ESA ML R . El R R R BT GRS R SO 2R O
AITAHATY AN A, T 3K 4 T B B )i 25 by 722 S Sl T B G AWO A 1 17) DC B
3.3 FBVELEIRIN Y T i E——Frenet FiRZE R IR IZ 4T

R TR RAE BT YDA IE G A rh g 45 405 DAS A I Sl A T S JRy By U0 AR TR 19 N TEDCHK , A 141
B0V S T R g R/ M S 3 TUAAT 43 Bt B B G 45 3 53 B 5 i ——Frenet R 2R I 4R 425 23 A
(Frenet trihedron-based primitive path analysis, FT-PPA) 5% . 1% 77238 1 Frenet bRZR X} R bR #8458 10 Ry da
JUTRFEFEA TRG A 20 81, SEI T X Z5 A 1) RGESr RG2S S A AL BB B, S IR MT B2 48
PRSI B LS4t T s ) TR
33.1 FT-PPA ik thRIE 5 5B FT-PPA J5 ik ERALE A CHEE IR PPs UM E 5L T Frenet 28
A UTRAAE S BT . (1) SR AR Rt . 150G, KRS8l 2= (N, SR Kremer-Grest Kl
LAY B TR 20 BRI AL B ) AR A 5 20 ATE P S B R 8T U) 45 R I BER 45 Bl
KA Everaers 555 g it fie/ MU T TE AT -1 PPs. (2) JET Frenet RAE 1) PPs JLHFAIE 24T :
Frenet H 22 (Frenet trihedron ) JE 4482 [8] th & Jmy B LA PE BT A 180 T H., B 34N IE A A SR ] 5t )
A%, BI, YIn] i (Tangent vector, T) . 727 i (Normal vector, N)FIE]¥: 7] (Binormal vector, B) ; il i1
5 PPs 4 |45 S Frenet H742 , AT 45 2138 (Curvature ) FI458 4% (Torsion ) 4 JLAu[ 12k, #F MRS 22 {5 PPs
PR A g 25 7 A2 1 T R (Kink points ). EARTIT , Hh 238 09 Jmy ERAR B 5O 10 6 6% B DX 52 31 488
IEEE BN A A AR B R 2 2 i, RS oS, OB AH I HL 5 1) A0 S — X BT s il —
ENINEEL TR T
332 HETFT-PPAMBELLA KK R HET IR Frenet FRALK PPs JLMTHRHE ARG A /34T, A1 B
Xt o i A B R EE AR NS A A T T RGN 2R S A . AR P AR EE ] A A5 B (L) L BT RTE
PPs b0 DL S g 25 e i) J LB (6 3) , R GIAS R 53 LA JLZE s (1) R4 (End-entangle-
ment, EnE) : 25 F4 B — 024 B ST 20O SR 0 -5 R B EE R o /N T B8 T NV, (N, 20 35 TR 25 4y F
MR B EE BT S AR, ), DR e SO AR Smii4s ; R0 Es T HE L EER G, AR i
WSS, st sh A A A T aE P A g . (2) TR PAZESE (Simple entanglements, SiEs) : PHEEZ
OB A =1 AN ER sm i 4G, AR TR | ol W EE R R SN2 e . (3) ZH 445 (Multiple
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IrEbrid

S-shaped

MuE

Fig.3 Schematic representation of distinct entanglement types identified via the FT-PPA method: End

entanglements(EnE, purple), simple entanglements(SiE, yellow), intervening entanglements(InE,
blue), and multiple(double) entanglements(MuE, red)(A), typical chain conformations illustrating
""S-shaped kinks''(B) and "'sprial kinks'' observed in the simulations(C)""
(A) The red line denotes the primitive path (PP) of the target chain, with other colored lines representing PPs of
surrounding chains that entangle with it. (B) S-shaped kinks arise when a target chain forms entanglements with
two opposing chains, leading to a local reversal in PP curvature, resulting in a near-zero average curvature over
that segment. Sprial kinks occur when two PPs intertwine through more than one complete revolution, adopting an
approximately spiral configuration along their lengths.

Copyright 2024, American Chemical Society.

entanglements, MuEs) : §PEE Z [BfF7E A = 2 N AER RSG5 B, FRECN ZEHgESE (a0, WEHEL; . —
WL5E) , WA RN ZEE RS, . 2 PUSS SR R N R BRI, LA g 45 1 72 mT RE D I
W IR PRLZ S, AT RE & TG By U AR I il R v i RS BEL T, SRR S AR AT AT D) R
AR E T A 5 . (4) /i AZEZE (Intervening entanglements, InEs) : 27— Z5bric BEE A E N
S 2 B EE 2 [ B X, 558 = SRR LA R s g 4h , WZ a1 e SO A S, HARP IR Z AT
TH B 12847 A RS 5 AR W 2 E g 4G 77 e s ZU R U Fli2 sh sk B2 . tb4h, FT-PPA kit
YRS A DD 1] St (4T 1y 1o mRI A ) i 0 SR AL, I REAA RN AL B — SRR R Y A2 A G A5 S5 A
in, SIEAYr(S-shaped kinks)%ﬂﬂ%ﬁﬁ%ﬁ?ﬁ@piml kinks).

3.3.3 FT-PPA 77 69402 BLH 5 & 30 FT-PPA J7 il X g8 45 S T (RS 400 o3 i gh A8 B, A 3 e
NRAE4E PPA J5 i AN IR, TR A8 7R AN R G 45 Fh F NES R4 AE Y V) T b 7 rh A A . dn, PRsy bty
X R I i 2 A 2 ALy 12y birh e ME &£ T W22 EgLs, MG 1 Ry b)4s
et — ke Sy S AL A FaF DA A TR R VE 7 X SEOCHERL AR R B 2, K E S AT
XoF 1 A3 F A Y U R R A A

4 BIYIERISEHTRE S AREEEITA

SYYTHERE S 4 T ATE SR B D) A N A MR 2 137, HAZLORHIE (I, AR5 5900 -
BRI | 25 (A E A E 1k S AR SR B AL 55 ) 1) 237 MBI USRI LIRS i AR 5 5 4
BUITTE . TR, Rl o2l Ty 250, SR AR OO RO 4 () E U B8 7 FXBELL 26 1 F (s
B Cann, SR R S i SR 2 P T A S R S v o LA BE AR | SR AN . R TR L
A RS E AR N 2R ) , S f s B DA B9 A AR ) B RS B 41 1 BAR RO BIE TS 65 . A1 e ol
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BYIHR (p) R . BISR (K 4) B, 78 .
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52 S M AR CRORR 22290 3% ). HE—25) e
MrakWl, X3 UIN 17 & e S 55 ) i\'f
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19, R TR LN (Plug flow) . % S

[1] 5832 51 7 (Recoil-like motion) N 22 B 1) w17 45 44

SRR, BB A IR RE R £ oql2 1 D
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Wi

Fig. 4 Normalized steady-state shear stress o:*"/G (the

R T BRI ST B B R E v S B )
%éé*@ IR ZIKIZ]M@L%}+T“§§§ bl plateau modulus) as a function of the Weissen-
7RISR, BY, TEN IR A XN, R berg number(Wi)™
ZM—ABTY) R (U0 Wi,=31. 9) VI 55— The black line and red points correspond to the GLaMM theory** and
BT R (41 Wi,=128). 25 E I, RASYEYIHk  experimental results''”', respectively. Based on the measurements., the
SRR ART Y S B (R shear rate (fan be div‘ided. into f()ur. regir'nes: regime. I (yellow) with(.)ul
SN DR 8 T e e
— 2R AR, RS ET YIS B IFERL  egime 1V (sellow) without shear banding. Extremely weak shear bands
BB TR, TR BT R EAFAE 22 WLAR  exist at the shear rates Wi=16.0 and Wi=1595 corresponding to the
‘dm:; , Mﬁﬁﬂgiﬁiiﬁﬁ]%%ﬁéﬁ%ﬁ\% ?}ﬁ,{zlgiffl:% boundaries of regimes I/11 and I1I/1V.

FE BT A P B ARE PR T B T ey, CoPvmett 2021 American Chemical Soctty

4.1.2 GEHFOMEEBRER G iti6 O 7RIS YIN I & BEE e, A BA RIS,
R GLaMM BETHE 25 L S Wang S5 () SE BB 4 76 L . GLaMM BLE W — B 2% 18 1 4%
Kk % (CLF) . 23 B (CR) AR 29 B (CCR) A8 8500, (1) BB 343748 TR, il TR &Y
YIHF S 800 AR Sy Al SRRSO, PRt P () A 28 B U0 0 7 8 S v TR (R 4 235 B T B 82 3
BN E (B 4). (AT RS, BT, S28 b MRS 3] 5 57 U pERE R 1 I3 F- & . 2R,
TER F T IAYE D B2 10 53 F sl 1At Jd RGNV BRID A0 | 36 B LR Rk
R g S oo VR IAR R 28 T4, AR A BA B UESE T RS BY YT ) G & 2045 = 0 F I AR e BY V) 4%
T 5y U iR A AR B AR TT R

4.2 HYIEZEEMENERRE M

BT )2 ()07 B AR RAE BT Ut R B AL ™ 25 1) 3l ) 2k i B, A2 FR I B DT 4 2
WA BRI LR SO Z5 4 S I T S D 2 3 — (R P A 20 IR A B BT DY (T UML) 28 G 2L
421 WHIHWABENCIZBA" N TIRFRBTUI AL E A R R, AR T KR (65
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Jr Bl B U ORI B (V). AR R, FE
B Wi BCR (i, wi=319 5 Wi=128), BIK
AR B YT AR A 2 Y, A7 B I R
FUBY ARG, JLP 58 ek TE X f 2k 1 (&
5). X —sRAHCHEA J1Hb UL, BT
A= 5 R JE I B R ZRK TR R R IR T
ZER, B, AR5 0 AR T H A AR
AT 5 F kA 87 U A Jm Ak 1) 18 55
F7 L XRS5
VTR R P AELE K a4 4 5 o i 2 o
FE By T 28 [0 5 1Y) AR R 2R

422 HEWNBWHAREHXE NTH
TN IX PP UG S5 R S Tk A ) 3EAS T, A A
AT SC ) 2 ML Z1/Z 1+ 330000102 by

3 .
(=] 2 @D‘
o 4 AR
x 1 x"@
= | &
n 04
S 5,
5" A
£ e
> 21 g
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32401 2 3
Y ax(Wi = 128)/Ryq
Fig. 5 Correlation of the positions of maximum local shear rate
(Y, at strain y=20 for the identical initial microstate
configurations under different shear rates Wi=128 and
Wi=319""
The numbers in the symbols denote sample IDs (for ease of discussion, we
have assigned unique identifiers to different parallel samples, with each
sample having its own distinct number) , where each sample corresponds to a
different initial equilibrium microstate configurations. For the same sample,
the abscissa represents the position of maximum local shear rate at Wi=128,

and the ordinate represents the corresponding position at Wi=319. Black and

red symbols indicate the positions of maximum shear rate in the fast band and

TRBEE ) b B YR LS B Al (DL Z,RAE,
RPBE Y5 8 25 %50). il 6 iR, 78 Wi=319
T, PTG A s DSOS B T Z, 1
T /MBI, HLiZ 07 B e 5 Yl Fe v O]
PARTOPRERRRE . W, S —3k 1 N 22 (V) FE PR B D15 Hhul IR B KM, X 57 X S 4 25 9% 1 i
I BEBC T Gy P A ] A P PR EMR — B X — 25 SR, 45 I 2% v g 2 5 A AV A S e 5 DX 3R
1 FILHCHT BT AR (W RE 55 , Wi T e R AR B I AR rp AT A BB U0l i R v .
B E R, TEYIRIEI B (y < 5), £S5 10 PPA G845 43 H1 )51 (U0 21721+ 553508800100 ) | FEFEXE LR
AR BB VI 7 B X8 . X — G 3R, ARG S 3 b 7 7 10 23 1) sl B[] 2 B i AN J2 LA
TR B X LA GBI 4R S P 5 JH5 AR B AT RB AT 52 2 2SR 43, R [RIZE TR () 9 235 ] RE R I T A [

the secondary fast band, respectively. Not all samples exhibit double-layer
shear bands, hence fewer red symbols.

Copyright 2021, American Chemical Society.

V(y)iRyo V(y)l7Ryq
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Fig. 6 Comparison of the average number of entanglements per chain Z, (y) distribution(A) and the first
normal stress N,(y) distribution with the velocity V(y) distribution at Wi=319(B)™"
The purple line indicates the position of the minimum Z, or maximum V.

Copyright 2021, American Chemical Society.
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KT e RAL SR A5 3 b 0 R BRAE , AR BAES A A £ &R FT-PPA J5 k™, E—24 R TiX
SR iy 555 IX 8 R S SRR 2R (A S3 A INTE G . DR R B, TR , Z2E 45455 (MuEs) Fifr
A2 (InEs ) 23 [8] 207 476 B 52 0 Jaiifsdne /ML X3, sk 2 d /ML X 38 5 J 2 59 V05 A b BB by
(A U B WA (L 7). 3R, MuEs #1 InEs (94776 MG B O AE [ Fh 29 8, BRI, MuEs f1
InEs 730 (R EE X, JLBERIF DA RAX 455, AR T VAT T e 59 5. X — R M EH#E
TIE ST it a0 55 U A4, X2 i S e (R
SRR T2, 1) 23 (R 4347 ) & BT D) 0 B o OZF'(y)/Z-1
F e PR 2R, R BY UIAHE T8 i 1 465 4 e o ;

AR T RS A SO S R e B .

FT-PPA 715 ™ HE— 4875 , MuEs 5 InEs
VA A B EAFAE, JF H B B SR 1 31
i 2, REUKEESFHEGERE RN ZE
FEARFNA A . R E B, X AT ARG
HRRIAEZS (8] B A IF AR A), R 2T

0.4 0.8

=0O= MuE + InE [Equ (y = 0)]

SR BRI A X B G IX . X4 MuEs T InEs 1) 3 g — V() Wi= 319, 5= 20]
W X AT R BT R T, B, P -0.2 00 . 02 0.4
T Mus Al Ins 431 9 J s /1ML DK, Lt Vy)irRgo
Briash 2 3 IN A R 55 . 245224 BT Fig.7 Shear rate V' (y) distribution along the gradient di-
Yt , 33 $ X 3 IR Y L AR 57 = st v o A rection(left panel, black line) under the conditions of
P e BT R AR AE R MO R P BT A Y Wi=319 and strain y =20 and the distribution of
/@,'.5\ . ﬁﬁgﬁ % ;{% iﬁm%g@@/ﬁ ETQI&@E @J MuEs and InEs[Z'.(y)] for the same sample at equi-
TR ]2 AT M D B 5 librium(y=0, right panel, red line)"™
% 5'%' %4145 . Copyright 2024, American Chemical Society.
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Fig. 8 Normalized local shear rate for a sample at Wi=31. 9 and Wi=128(A), local shear rates Wi, in
the fast/slow shear bands for different samples at Wi=31. 9 and Wi=128(Wi,, = 7,y,.)(B)"*"

(A) The corresponding dashed line represents the interface between the fast and slow shear bands. The nearly
identical curve heights under different shear rates indicate that the local shear rate in the fast band is proportional
to the applied shear rate. (B) Due to sample-to-sample variations, data points from different samples do not
perfectly overlap.

Copyright 2021, American Chemical Society.
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Fig. 9 Velocity distribution curves of a bidisperse mixture(N200/N400) at shear rates Wi =4. 0(black) and

Wi,=10. 0(red) for strains y=3(dashed lines) and y=20(solid lines)(A), sample-to-sample correlation
function of Y,,, between Wi ,=4. 0 and Wi, =10. 0 at strain =20 for 8 independent samples(B)"*"
(A) The dash-dotted line indicates the position of the center of the fast shear band. The velocity profile remains approxi-
mately linear before the stress overshoot (dashed lines) , indicating uniform flow. After the stress overshoot, distinct shear
bands form (solid lines). (B) The numbers in the symbols denote sample IDs (for ease of discussion, we have assigned
unique identifiers to different parallel samples, with each sample having its own distinct number). For the same sample,
the abscissa is ¥, at Wi =4. 0, and the ordinate is the corresponding position at Wi, =10. 0. Black and red symbols repre-
sent the positions of maximum shear rate in the fastest and secondary fast bands, respectively. Only one sample exhibits
double-layer shear bands, hence only one red symbol.

Copyright 2025, Springer Nature.
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Fig. 10 Two-dimensional distribution of the number density of short-chain monomers in the vorticity plane
at strains y=0(A) and y=5(B), with a slice thickness equal to the root-mean-square radius of gyration
(R,,), variation of monomer number density p of short chains N=200 and long chains N=400 at the
center of the fast shear band with strain y under Wi ,=4. 0(C)""
(C) The dash-dotted lines represent the average monomer number densities of short chains N=200 (circles) , and long
chains N=400 (squares) in the sample N200/N400. Note that since the number of short and long chains is equal, the
average monomer number density of long chains is twice that of short chains.
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