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Preparation and confined microcellular foaming behavior of polypropylene composites reinforced by
in-situ polyamide microfibrils
HE Junwei"?, LIU Angi"?, JIA Caiyi"? JIANG Jing"’, LI Qian’
(1. School of Mechanical and Power Engineering, Zhengzhou University, Zhengzhou 450001, China;

2. National Center for International Joint research of Micro-Nano Molding Technology, Zhengzhou University, Zhengzhou 450001, China)

Abstract : To address the challenge of fabricating high-performance microcellular foams of polypropylene (PP) with inherently
low melt strength, utilizing polyamide 6 (PA6) as the fibrillated phase, an in-situ fibrillation technology combining melt blending
and high-speed hot stretching was employed to prepare PP/PA6 in-situ fibrillated composites (IFC). The effects of PA6 content on
the micro morphology, rheological behaviors, crystallization characteristics, and mechanical properties of IFC were systematically
investigated. Subsequently, supercritical microcellular foaming experiments were conducted to elucidate the synergistic effects of
foaming temperature, microfibril architecture, and confined space on cell nucleation, growth, and orientation evolution. The results
reveal that uniform-dispersed PA6 microfibrils with an average diameter of 252.8 nm are formed in the IFC when the mass fraction
of PA6 is 10%, leading to a substantial increase in storage modulus and a marked reduction in semi-crystallization time compared to
pure PP. Furthermore, the tensile strength and notched impact strength are enhanced by 17% and 92%, respectively. Upon subjecting
the IFC to a protocol combining high-temperature saturation and low-temperature foaming under supercritical CO, at 105 °C and 20
MPa, the PA6 microfibrils act as potent heterogeneous nucleation sites, resulting in the microcellular foam with an average cell diam-

eter of 8.9 wm and a cell density three orders of magnitude higher than that of pure PP. By precisely manipulating the confined space
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height, a dynamic inversion of cell orientation is achieved, meanwhile, the expansion ratio increases linearly with the increase of the

height of the confined space. This study demonstrates that the synergy of in-situ fibrillation and confined microcellular foaming

enables the realization of fine, uniform cell structures and multi-dimensional control over cell architecture in PP microcellular foams,

offering a novel technological pathway for fabricating high-performance PP foams with oriented cellular morphologies.

Keywords : polypropylene ; polyamide 6 ; in-situ fibrillation ; confined foaming ; cell structure
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Tab.1 Formulations of different PP-based materials

Samples PP mass fraction/%  PA6 mass fraction/% PP-g-MAH mass fraction/% Note
PP 100 0 0 -
PP/PA6(S)-10 89 10 1 Blend containing 10 wt% PA6 spherical particles
PP/PA6(S)-15 84 15 1 Blend containing 15 wt% PA6 spherical particles
PP/PA6(S)-20 79 20 1 Blend containing 20 wt% PAG6 spherical particles
PP/PA6(F)-10 89 10 1 Composite containing 10 wt% PA6 microfibrils
PP/PA6(F)-15 84 15 1 Composite containing 15 wt% PA6 microfibrils
PP/PA6(F)-20 79 20 1 Composite containing 20 wt% PA6 microfibrils

1.3.1 FERTFAE

4 PAG JURLAE .25 HEAF T 80 °CAA 1T T4
10 h, PP & PP-g-MAH ki T 70 °C4A4F F T4 6 h.
132 MR &

KA AR N 22 mm, KAR HE Ry 40 14 [H] 1]
TE e RUBFT 5 AL VR Hh 7 1) i - BB R
JE KUKCN 160,200 ,235.250,250,250,245 °C, 12
FFHE B E N 75 t/min, JEIARZE DUBLES H 5 $i B LA
TFWIRh T A H

OMEFZ A MABHE) : B R 2K R A5 ST
B A 7R i (B AR 25 em)&2 5|, i P TR 1A
% % 80 r/min P A LAAE T, fif PAG W 7E PP it
P b AL BREF I35 A, B S e S s, Bk
TR 1 PR

- 3E A BHS) B R e H S B
B, AT KR

PA6
PP PP-g-MAH

3 Diameter=25 cm
(m]  [m| AL AA LR LN NN D
O O SRR
Twin screw extruder ‘ ‘Coo]jngwaterbath‘ ‘ High speedmller‘

BT s T iR A
Fig. 1 In-situ fibrillation process
133 FEHRA
FeR WO 5 AET S5 B R H IR L Hh 45 22

P 10 min, F AL %36 BE 15 0 4 180 °C, F 1
0.37 MPa, R H G VI A ki 8 48 b A0 45 41 ok
BT 80 °CF T 8 hm , FH i BEHL I & Am it vpihs S
PR SR. TEE T ASHANT AR 200 °C L
S 75 mm/s, {57 % 1 80 MPa, f# £ % /1 8 MPa,
RHIEHE 10 s,

134 #HILKBHSH &

B4 BB T AL 7 mmx5 mmx2 mm He{R I E
TR ULZE M, 7E 180 °C .20 MPa fiY scCO, i i {43
5 min FEATARLAT, Bt 5 L) 4 °C/min A8V H153 5 4 25 1
& WO IR EE (105,110, 115,120 °C), JF 8 i E 1 , i
S o i i PRI 2 S U R
1.4 MX5 kA
141 SEM WK

FIIH SEM M5 A b B SOIIE 5 o X T4l
PP B2 LI Bl R AR 5 (S) , W 28 IR D
W TR 4 AL B , EAT SEMOWLER . X Tt B &4t
BHEE SR (F), S5 B T 140 °CI - H Z8IFB0H )1 3 h,
I — B 2K AT 2 ik PP i o B A 5 it Ak 2 v Y
PAG6 T 2T 24k T 5 W (A 4, S8 PAG T 2T T 50 )
W 5% . W5 2 A B 1) PAG TET A AR A 22
TR AL By A 4 Ab PR, PR A SEM UL
SEHIES . SR FH Image-J A4 X AR S5 F RS A7 0



4 AR

2026 4E, 45 54 455 5 1)

gttt , AR A SRR AT 1004, 5
I AR H BTG it d,
g znidi
S

e d SRR ST R 1 ELAR 5 n, R0 sl 2T 2
% .
1.42 DSClix

SR8 BRI L 4~6 mg FE B T4
1E DSC AL A1 L) 30 °C/min M 40 °C T 2 200 °C, 4
1 3 min U BRI T35 58 5 BEJS LA 30 °C/min 122
2125 °C, IR IZ IR B T fER AR i 2 DSC i %
FRITE R ST ] () AR AR 26
1.43 R M Ak K

P45 L0 RRHEE 190 °C 24T 28 B LI il
4 E AR 25 mm JE R 1 mm PR A AR I
FEfh e BRSO B B A 1000 wm, FAUR (o)
7 Bl 24 0.03~300 rad/s, 7 190 °C (45 Tt B 55 T PP
15 AR H T {45 PA6 £F 4518 25) k47 sh 45 %
T, DU A REASE i (GY) SR B (*) A AR
A (tand)
144 F1 %M AR AR

A BEA R GB/T 1040.2—2006 13, 75 28 1
TR AL RS 300 2 000 N 37 453 %<4 20 mm/min
(I ZAE , XoF DA J T i S SRR i 2B 4 T B e 0
R, AR AT IR 6 vk o i 1w i R A A
GB/T 1043.1-2008 M, >k FH 137 32 32 05 =X, e 45
e P R AR R SRy 1500, B HE R 62 mm, R4 A i T

N

(M

(b) SEM image of PP/PAG(S)-10

40 pni

i 6 K
145 EILEAM KA

1 B R & TR T VR AU IR U 15 min s i
7 MG T A B T T 2 4 Ab B , R SEM ISR 30
fLEEM . KT SEM R, 2=/ HL 100 LT
5E T, B Image-J KA GE T FLA5# , i FLR
SEREALE B A A (Q2) ARG

S 4
d= < @)
N=(M0 G)

Ko JEALI Y EAR BT wm; d SRR
H LI B AR, B m n R IEAL A ECE (n (2
DA 100), HAE A N SR AL R, B4 em® s MO
SEM [ URAT R 5 A S T BEHR DX IS SE PR AR, A7
cm’,
2 #RE5ITR
2.1 MHBIT AT

& 2a Z [ 2d B 7R T 4l PP K& PP/PAG6 IR A1 KL
PIWTIRITE S . 41 PP T30 7 4% , A PAG Ji5 , FE1R
A AU T 2 B0 A V- 5 AR A RS, B 53 PP 5 PAG 1Y
A LA PR AT 5K ) BRI 2 AR T B T %
BB, K 2e 2R 2h 80 T RIILIRY)
T PAG UKL A ST 43 A o PAG BT A3 E0A 10% Fif )
SERIEAR N 1.7 wm, AERIRIOR 415) 4045 F PP 344
W, Bl PAG 5 s BN, F0kE RS 40 A FE AL ] KR
TR

4 PAG 3T 43 BIGA B 20% INF, 543 PAG 43 Bk

28 28 10¢
24 241 8l
o\\° 20 2207 i
> -~ Q
E 12 § 12+ £ 4l
= 8 = 8 a
4 4+ 2
0 2 4 6 8 10 12 6 8 10 12 0 2 4 6 8 10 12 PP/PA6 PP/PA6 PP/PA6
Diameter/um Diameter/um Diameter/um (S)-10  (S)-15  (S)-20
(e) Size distribution of PA6 (f) Size distribution of PA6 (g) Size distribution of PA6 Samples

domains in PP/PA6(S)-10

domains in PP/PA6(S)-15

domains in PP/PA6(S)-20 (h) Average size of PA6 domains

12 PP J% PP/PAG LRI HITE A AN PAG 23 HOHI ELAR IOZE LT
Fig. 2 Fracture surface morphology of PP and PP/PA6 blends and statistics of PA6 domain diameters



IR, 45 - R UL I T 3 SR N 5 M) 7 S AL s2 BRORAT 5

R R ST IR 2R 12.0 m, I IR RIS, JHEdy
SRR 3k 3BT 22 19 20 BOMH B DR Al 43 2R 4R
KRR, X A {UEIES T PAG (ISR 8 1l fig
TR R 3 4 v AR il 24 a0 A K URL ] R AR T
V.

B3 R T IR A LR 5 B A AR PAG £F 4
A HAR A . TEREPLERT , PA6 KB

\ 2 L4

25 d=252.8 nm+64 nm 25

RS m AR LI TER IR . Forf, PP/PAG(F)-10 h
AT -3 B4 M 252.8 nm., [ifi PA6 & &9 0, 41
Y1 HATB W K, PP/PAG(F)-15 Fi1 PP/PA6(F)-20
AT A 734 ELAR 43 3035 81 531.3 nm F1691.2 nm, iX
ST PA6 S I 25 R AU RS AR R A 4521
EJHIE T PAG6 & 2 AR 2 HIOH RO MO e 3 i ¢

_Z A Tﬁ d=531.3 nm+89 nm
20 20
X X X
=15 | =15 =2
S 2 .2
g 10 2 10 2
& & . &

5 1 5 7 .

A 4
0 020406081.01214 0 020406081.01214 0 020406081.01.21.4

Microfibril diameter/um
(a) PP/PA6(F)-10

Microfibril diameter/um
(b) PP/PAG6(F)-15

Microfibril diameter/pm
(c) PP/PA6(F)-20

K3 PAGTET LA I AR i (K b d - F 4 EAR)

Fig. 3 Morphology and diameter distribution of PA6 microfibrils (in the figure, d, represents average diameter)

2.2 AR AT

TE scCO, & it B, B i 76 155 R 42 73 ) i 3
T RN B AT SEROA — A IR AT 2 R L I B
MR 25 S AT R B ) Je ey L i A% 5 4
K, N THISE R A T PP ARG ES RS8R
TREF X AZ R FERL , 4 25 11 T 125 °CR PP &
AN[F] PP/PAG #1 L A IR 45 i A i 2 . iR IR 4R
X% B4 PP 45 i 06 58 L BE IR, FR A i i, i

—— PP

|

| === PP/PAG6(S)-10
} —— PP/PAG(F)-10
; -—-- PP/PA6(S)-15
| —— PP/PA6(F)-15
} ---- PP/PA6(S)-20
; —— PP/PA6(F)-20
|

|

g, M2 T AR PA6 & e 2 & 41
BHGSE SR AS 25 P, 2 1P 45 i A ()
ZERI 4 PP 1,13k 479.8 s, PA6 INAJA , ., '
FYi sk, HE PAG & f B W 4 i, 4T JS , PP/
PA6(F)-10 .PP/PA6(F)-15 .PP/PA6(F)-20 i £,, 4K % Jy
61.8.45.0.37.0 s. X Wi/R PA6 AT LA R HL &
T AR, REHR A T2 5 1) S A A% A7 a1, AT 1 i 2 42
FHHOFLSAZ 5 5 AR

L L
400 600
Time/s

800 1 000

PP A PP/PAG6 #ELFE 125 CH 1) S TRLZE A TN

Fig. 4 Isothermal crystallization behaviors of PP and different PP/PA6 materials at 125 °C

2.3 MR T AT
& 5 R T 4l PP . PP/PA6 IR Y S IFC HIfiERE
Wit (G BB (n*) AR R 1 (tand) A A9 3R 1)

A4k, I Sa FE SbRTAEL FEARAR X, TFC 1) G A1
n* B 5 = T AR E] PAG & & F AR AL, F B TFC
YER B ZESRAT R SRR ) “ SR e AR | g2k



6 TR

2026 4E, 45 54 455 5 1)

F2 PPHARFE PP/PA6 R ER A,
Tab.2 Half-crystallization time (¢,,) of PP and different PP/PA6

materials
Samples 1,,/s
PP 479.8
PP/PA6(S)-10 158.2
PP/PAG6(F)-10 61.8
PP/PA6(S)-15 98.2
PP/PAG6(F)-15 45.0
PP/PA6(S)-20 73.6
PP/PAG6(F)-20 37.0
105
10°
s 103
& [
) M - < PP/PA6(S)-10
100 . «PP/PA6(F)-10
------- ' +PP/PAG(S)-15
e + PP/PA6(F)-15
10 . + PP/PAG(S)-20
Eh + PP/PA6(F)-20
S TUE 100 o7 102
w/(rad-s™")
(a) Storage modulus (G")
v « PP
ok e  PP/PA6(S)-10
o, Tia * PP/PA6(F)-10
To, TviL > PP/PAG(S)-15
~ S, Tvia, v PP/PA6(F)-15
2 0tk . :u.,.: vota, * PP/PA6(S)-20
& *e ey, 4u, “PP/PAG(F)-20
= (RN K
10 menmnn :.:.:.:.:.:':':':':':-:.
10° =0 100 107 102
w/(rad-s™")
(b) Complex viscosity (")
= PP

PP/PA6(S)-10
. « PP/PA6(F)-10
o'k ., v PP/PA6(S)-15
- » PP/PAG6(F)-15

PP/PA6(S)-20

etm . . PP/PAG(F)-20

tand

B
n
~
-

L L L RRTessis:
tl:::»xx;"”“ A2 LI Y
Y4400
geta,at
o . . \ .
10 10- 107 10’ 102
w/(rad-s™")

(c) Loss factor (tand)
&5 PP FIA[E PP/PAG MRHK BT EFT
Fig. 5 Viscoelastic behaviors of PP and different PP/PA6 materials
() PAG THET BRI 1 PPHEBLAYIZ B, 35 1 SR 1
UESE T PAG6 AT LIS SR A AEAE" Y, FEI&] 5b Hha]
DIt B 20 0 08 e ) RS RY 1 B D) A8 R " I 4
VRT3 -4 2 18] ) RH B8 R R PRI el 1 Ok
Z W] AR AR LT, S EORERE R R, &l 5e

PP ) tand {EBEATR L TH1 T B, HRA AL tans Fifl
WY b T S IS R BRI A 3 1T TFC 1Y tand
(B AEAISE P AR AL 3 AR AR X - 22, PR EIE T 34 &=
A PERME R SRR R R BT RE LT
HAF RS R Rl K S5 RE .
2.4 MA A F AT

& 6 % . T 4 PP PP/PA6 TR 4 B FI TFC 19 )
PEfE. Kl 6a R 6b hi il ZE RFEW , T E &
AR R B 34 55 T4l PP, o PP/PAG(F)-10 35
] 31.8 MPa, 840 PP 4 F+ 24 17%, HAL X7 1 298
MR X T PA6 i 4F HAT B b Rl L S K A%
Fb L BB 08 AT 505 8 5L T N ) 34 5 9 AH 19 A BLAE
W Bl PAG6 Jo i 73 G 2 15% F120% , PP/PA6
IFC A7 A5 5 43 5 Uk /N 25 28.9 MPa £127.8 MPa,
X EEE R O N AR AR K LR A A
2% SOV TR 6d), HIlE5 T R
TR A, 5 PAG6 TRET A A R Rl T 2k A 1)
ARG i — e BRI TR B . (EAS 48
[ 52 , 4 PP 2 PA6 Jii 1t 53 BUH 10% Fl 15% 1) PP/
PAG6 M4 KF 347 3¢ B 190 14 7 24, T PAG6 JiT i 43 B0
20% 1) PP/PAG A iy g -7 722 it 24 52 I A iy i
PEBTRLRAE (] 6a) , H T 240 32 i 25 AR, W TP
F(E 6d) B R LT YEA T i A A B, 2
TESE T 2k S Al P XA R AN RS2

b PEREIRZE S (8 6¢) o, PAG6 UG B2
BT TR ARG s, B IFC ¥ TR A
Ako HH PP/PA6(F)-10 [k L v eh s ik 4.9 kI/m’,
Al PP LT} 92% , 31X FELJH K F PA6 Tl £F nl i1 5|
KRR I 28 o S A U i S5 s SRR L
fE, ALY B E PAG LTI S &k —EMAER
it (1 7)), N TTT AR SR B0 i B A, JE K B HE FE N
W FE . 5 — 7T, LRI ) A GG 45 IR A Bl
T 708, G B T BN A2 e e eAh,
Bl PA6 & HEHGIN, B2 A5 A0 RHER 1 ppi o B 52 T B
B AP T3 WO R34 5 [ i 7 g 4 rp 1
SR
2.5 KRR ESTIFC AL M FHm

TEHL PAG6 T3 BN 10% (3R AR AT TEC T
J& scCO, K155 . K 8 FH T R[F A EEE T
scCO, & i J5 M AL FLIE S A F L5 A IR 4l
PP A ARSR FEAR WAL 5 & A GO 51k, Rt
FLRST i R HLME LB iU E 454417, PP/PA6(S)-10



TUREE, 45 - R UL I T3 SR 5 BRI o8 S HB AL s2 BRI AT 7

—PP
K PP/PA6(S)-10
——PP/PAG6(F)-10
----- PP/PAG(S)-15
—PP/PA6(F)-15

TN PP/PA6(S)-20
i —_PP/PA6(F)-20

w
W
T

&t

Stress/MPa
Tensile strength/MPa
- = N W
S S G S
H

W
T

S

I iF 56 FAr
Fas Eas
T T = T 4+

Notched impact strength/(kJ-m2)
—_ [ e} w

I
(=]

0 10 20 30 40
Strain/%

(a) Tensile stress-strain curves

YY?? P AG’\O? o/® 56—\5? o° 26-20

Samples
(b) Tensile strength

?YYY [® P*("\QYY P P*("\SYY P A6-20

Samples
(c) Notched impact strength

W

(d) Fracture morphology of PP/PA6(F)-20
[El6 PP IR PP/PAG ML J1 2 i
Fig. 6 Mechanical properties of PP and different PP/PA6 materials

_ PA6 microfibrils

Crazes | | - H

= & =-h

w7 H

K7 L 4Eds RSO LIS e W

Fig. 7 Fiber-induced crazing toughening mechanism and impact fracture surface morphology

H PAG ORI Ay AR B 7E— R B Ak T
WAL (AL R AR AZ B TR LR T A . AL Z
T, A 1Rl PA6 5 Y IFC H PA6 T 4F A BRI K
L 5 LR R, REAS PR AL I A A AL A, B
ERRACAZ A e 22 Sl S AL R G nr
VARG, B, S AR AN SR, PR v L2
PN . 53— 7T, AR iR VR T iR &
WALE I R 25 5% . X T4l PP IRIR(105 °C)
RF I AR B A, T AL BE TR IR i 28 391, 76 110 °C
B3 I BRG] 6 FL R WA 8 K5 2 il B s —
T 1S °C, IR R 2R R R, W fLBETE Y
AR IR AL R RE T A, RS
/N AR AR ST R E 120 °C, KERSER I UE— 2

REARG, WAL IS T SR B, LSS A B I ™
i, X T PP/PAG R AR G MR AR AR
BETN ISR S R R R WAL AE K 2 B RORE
77, I 2 AL RS A8 5 Bt I B v, S i
FE S REEEREAR, CO, o0 Hlus 5 52 &, i fLAE K BH
FIIN WAL SR ka3

&1 8b AN 8¢ i — 2P T GE i L A5 , 105 °C
B4 PP B vt AL B4R A% BE 43 590 R 80.2 pm T 1.7
10° ~/cm?, PP/PAG6(S)-10 (1) 91 £L % J& 14 & 7.5%10°
ANem?, WAL EARI Z 13.7 pm, JEA7 REF ) L IFC
LR F (8.9 wm) A HL4L PP AL TR 4 40 51 /N
89% F1135%, M FLBEJE (1.9%x10° >em?) 4l PP 32 T}

AR



] TR

2026 4E, 45 54 455 5 1)

105°C 110 °C 115 °C

r—;L i
PP/PA6(F)-10
(a) SEM images

100 —e—PP/PAG(S)-10
g 80| §—TNo-PPPAG(F)-10
=
8 60} \
g T~
£ 40}
= — 3
S a0l /E’_’;/
o T
O 65 10 115 120
Temperature/°C
(b) Cell size
AIO“’ . ——PP
T —=—PP/PAG(S)-10
A —4—PP/PA6(F)-10
2oy .sA\A ®
2 -
i 108+ \l n
E
% 107 L 0/°
8 ?\a/

105 110 115 120
Temperature/°C
(c) Cell density

8 Jeifuit AR A IR T B fLAH SEM KT R SE i A

Fig. 8 SEM images and size statistical analysis of cell structure of foamed samples at different foaming temperatures
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Fig. 9 Schematic of confined foaming process and cellular morphology on orthogonal cross-sections under different confined spaces
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Fig. 10 Variation of aspect ratio of cells and expansion ratio as a function of confined space and confined foaming mechanism
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