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Table 1 Equivalent displacement and equivalent stress for different damage modes"* "

Damage mode Ojeq T jeq
Tensile/shear damage in X-direction Lo (a0 +75 +72, L, (El H{enY +Gpy, + Gﬂygl) /S1eq
Tensile/shear damage in Y-direction Lo \[{en) +72, + 72 L. (E22<322>2 +Gnyh, + G237§3) /624
Compression damage in X-direction L A/(€, )2 L. (E e )2) /03,64
Compression damage in Y-direction LoAJ(&),)’ L (Ezz<8§2)2) [04.q
Transverse compression damage LAJ(e)’ L, (E33<8§3>2) [05.q
In-plane shear damage L.Ay3, L.(Gi2Y1,) [06eq
Transverse tensile/shear damage Lo () + Y5 + 74 L. (E33<833>2 +Gyyy + G317§1) 6764

BRI 73 B A A SRR TG, [RTIHE, DR A ik o 02 A ) 31338 9 bR, B AL DA 36 Rt
&)™ (1) = max {¢,(1). ¢ (1= An) (16)

s ¢ g Fa], Achy i [R] B L o 2B BN ) B 45 05 B X IR A AR S R 3 B4R, 51 A4 0 7% B
w B RX— G, BRI

7

N (17
j=1

,H\':F', %‘j%%y‘?

1 01 01 00

01 01 1 00

00 0 01 01

01 01 1 01

1 01 01 0 1
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K4, B. CYIRHUESEG s, WS HBNER, &= 157",

STF 1275t Kevlar 214 )5 & 545 5 () DIF £ dnl&l 3 firos, aT LA 21, 38 (24) A 30 R4y,
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24

STF Kevlar® STF Kevlar?
= STF Kevlar?*! =  STF Kevlar®!
3L = STF Kevlar® 3L = STF Kevlar®!
*  STF Kevlar®! *  STF Kevlar®! g m e
® STF Kevlar®! _ e STF Kevlar®! ﬂ
P R Curve of STF Kevlar ST = P M Curve of STF Kevlar o |
(QG /'l <,c° ,‘
X 7
| SO S [P _ "’ 1§ — @, JEP <
1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 4 5 -4 -3 -2 -1 0 1 2 3 4 5
lgé lge
(a) Strength (b) Modulus

¥l 3 STF &% Kevlar 21 DIF ™

Fig. 3 DIF curves of STF impregnated Kevlar fabric
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[Skr] = [So] 5D1F,s (25)

[Err] = [E] 6DIF, M (26)

K : Spry Exp 209 50 B | BEEE Y B AH, [So].
[Eo] 43 Ay i B | A5 i ) 0 S 1EL, Spir, s A Spir,m 7
) ki BE AL A B AR R I o [S ] [E,] HAK
1535

[So]l = [Xl’YtaZtaXc’Yc’anS127S23’S3l]T (27)

[Eo] = [En,E22,E33»G12,G23,G31]T (28)

K Ey . En . Ex ARG BB &, G
Go . Gy AR M B YIS i, X\ Y. ZoA AN
T3 ) L AR R S s X\ Yo Zo AN TR 5 ) 0 4 o
E; 512\ 523\ S31ﬁ$lﬁlﬁm%§gw9§§o

R B A ARG LI AT LR o AR AR
(VUMAT) 4a 8 52 8L, % Hoim A A R JT 814
ABAQUS/Explicit H, EL A (1) BOA 5 1k an &l 4 fr
No B AE, i3 ABAQUS/Explicit 372 7 5 1 A8
Wit (Ae); K5, W N AR ¥G A% 3 o FH P R )7,
TR T LU A SO R RS E I AR e TR A
ST I AR RN 75 B I, B R AR RN 73R ] 32 78 7
S T A (1 STS 2 sy 17 = A

2 HEEM

2.1 EEMEHLIE

Khodadadi %5 X} STF #25t Kevlar 214 17
T e ST, AR R S0 4 A ST AT R T AR A
WE s frs . 2Bk kBSR4 R 8.74 mm, it
wom=11.18 g, AL A NI, LU 7E HEA ok i
RIS AR, RoF R 70 mmx70 mm. K54 it
A ], X ZH 8 R 30 mmx30 mm (4 i X B
ARSI 2, $.o0 R~ 0.5 mmx0.5 mm, HA4YIX
B B R SR 1.0 mmx 1.0 mm, 432219 E By
%) 3 — 2 BT, ]RF R 0.28 mm. 214 DU JA it
TN % (ENCASTRE) 293, #U{AYEZ shid F2 Hh oA
VR, ARS8 25 8 2 TR ¥R
38 JFH 4% fih ( general contact), FE4E K& 0.25,

38 ST P2 T JEBA, STF 21t Kevlar 214

Read material parameters

Calculate strain rate effect:
[Srr]=LS0l0ni 55 [Ert]=[E0]0pir, M

Update strain: g,,,=¢,+Ae

No Judge damage:
=17

Yes

Calculate state variable: ¢!

Calculate damage variable: o,

Update compliance matrix: S

Update stiffness matrix: C;

Update stress: o

I
M4 SEAMER R BUERR AR

Fig. 4 Flowchart of numerical algorithms

for the dynamic constitutive model

54l Kevlar ZU0) B SR 2 PERETC W . 22 5%, IR Ik, 7EBUEAE LU, STF #R5% Kevlar U1 iR R 2

Bon] i 4l Kevlar 219 B9 R B2 BB, 0 2 B .

I (9) 5152 STF JAZHRFIEM 2 S8 a3 3 Jis, Hod: w o STF 1 Si0, YU 7 8.
B W25 U AL SR 45 R X LLAnT&] 6 fr, mT LA B, W BA IR A — Btk .
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(a) Front view (two-layer) (b) Front view (four-layer)

(c) Top view
I STERU I oM. Al SR UESTw 81

Fig. 5 Finite element model of ballistic impact tests™™!

*2 BUERWP STF R Keviar LUHIEI R LS 51223

Table 2 Material parameters of STF impregnated Kevlar fabric in the numerical simulations' 2%

E,,/GPa E,,/GPa E;/GPa G,,/GPa G,;/GPa G,,/GPa Vi Va3 Vi
70 70 7 16.4 1.8 1.8 0.33 0.40 0.40
X/MPa Y/MPa Z/MPa X/MPa Y/MPa Z/MPa S,,/MPa S,/ MPa S;,/MPa

2758 2758 24 580 580 60 180 180 180

*3 WEMEHIW R ST RTIHF MM E S5

Table 3 Parameters for fitting the rheological properties of STF used in ballistic impact experiments'®!

W%  mo/(Pass)  mo/(Pacs) M /(Pacs)  VefsT Fmess? K Ky Ky ny g oy
15 38.775 0.972 50.624 78.952 238946 -1000 -—0.0017 0.0036 046 10 14
35 1078.201 14.663 9 540.340 9.603 16.151 —-1000 —0.0065 0.0400 0.71 1.1 1.0

1000 10 000
. w=15%
—— Curve 1
~—— Curve 2
= 100 Curve 3 = 1000
5 5 A
& &
2 10k 2 100
v 172}
IS 1<)
2 2
= >
1F 10
0.1 1 1 1 1 1 1 1
1 10 100 1 000 0.1 1 10 100 1 000
Shear rate/s™! Shear rate/s ™!
(a) w=15% (b) w=35%

Ko il st STF BRI Mk 5 SE R B fx L

Fig. 6 Comparison of fitting curves with the rheological properties of STF used in ballistic impact experiments**

074202-7



%39 % W SURAE . B YIS RER DL R AW I S A A A A 557

TR STF 35357 Kevlar 1) 1A% BE A7 A5 22 57, 70 BUE AL, 30 8 S 3 1oz 19 % 2, 315 A~ 08
P = pareal/T (29)
K o B puea WV L T LR L, 1 JZEURY RS 0.28 mm, A4S DL 7 b il
FHE A& RSB 4 R

R4 BEMRERE PR ERLE MRS K

Table 4 Material parameters for the numerical simulations of ballistic impact experiments'>

w/% Pareal /(kg m*Z) ﬁsO k §
15 0.523 0.4 0.272 0.444
35 0.722 0.4 0.957 0.321

HOFE RIS B B 5 2 5 SR 25 SR A LEan P 7 iz, W] LR B W) S 5. BB A B
Fean (&l 8 Fir s, Al LATE 2, BB AT 2 R BRI A | AR D R B 5 SR 25 SR A D)

70 120

—=— Two-layer (exp.) 110 | —= Two-layer (exp.)
= 6ok Two-layer (sim.) —~ - o~ Two-layer (sim.)
» —a— Four-layer (exp.) e 100F o Four-layer (exp.)
E/ - - Four-layer (sim.) § 90 + - v~ Four-layer (sim.)
2 50 2
B3] 5 80
2 2
[3] o -
% 40k % 70
= 5 60F /!
2 < v
g 3ot g sor

40
20 1 1 1 1 1 1 30 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 80 90 100 110 120 130 140 150 160
Impact velocity/(m-s™) Impact velocity/(m-s™)
(a) w=15% (b) w=35%

&7 B el SC I AR A R A S SR A SR B e

Fig. 7 Comparison of the numerically predicted residual velocities with the ballistic impact experimental results™"!

(a) w=15% (b) w=35%
B8 il i Se g S5 A BB AR S8 X

Fig. 8 Comparison of the damage morphology of ballistic impact experiments”® with that obtained from the numerical simulations

DL w=15% 1) STF ¥=35t Kevlar 21432 £ 75 m/s (1) vps 35 R 461, AS [5] 304 405 45 = i 48 45 = S an 11 9
Fis, Hohbn RGE—, NS TR0k B 0.444, it LK @ 2121 @R R 0510 Dl 0~0.444, Syt
O 47 DX S R/, AN R AR IE o DR 9 BT LA B, AN [R]85 A5 2 1% 40 47 T AR 387 it ook EF [ A 38
TG A, A/ 5 D)4 A3 B 2 A 460 0 T ARG 28 R T e i i e X iy B T AR . i 45 R 5 Liao S50 A 45
REA MM ZAL, W STF 215t Kevlar 21478 32 ] vy 28407 B LA R A /85 D) H 405 1 &
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0.05 ms 0.10 ms 0.15 ms 0.05 ms 0.10 ms 0.15 ms
(a) Tensile/shear damage in X-direction (b) Tensile/shear damage in Y-direction

0.05 ms 0.10 ms 0.15 ms 0.05 ms 0.10 ms 0.15 ms
(c) Compression damage in X-direction (d) Compression damage in Y-direction
0.05 ms 0.10 ms 0.15 ms 0.05 ms 0.10 ms 0.15ms
(e) Transverse compression damage (f) In-plane shear damage

0.05 ms 0.10 ms 0.15 ms
(g) Transverse tensile/shear damage

K9 ARG A= E

Fig. 9 Numerically predicted damage nephograms of different modes

22 KEMEHSER

Xie ZEPN JFJ& T STF 125t Kevlar U4 O v oF 5286, 57 7 @0 & 10 B i FRoeHE A . Hodp
PEEEPSL R EHAR N 16 mm, e~ 2.5 kg AU BR LAY 7 dERrp AL M WA, 21888 5450 100 mm

(a) Front view (b) Top view
P10 ARE e SEH0 A FROCH A

Fig. 10 Finite element model of low velocity impact experiments!
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HIIRTE e BB e o 4948 SR R], AN 43 L4 R A7 g ARE, 04 0 & it il [ 52 (ENCASTRE) 29 3 L)
B S50 25 1, YT 4L R 48 mm>48 mm A i iy XS E AT W A% Jin %%, B oT RSE S 0.75 mm»0.75 mm,
55 2 S IR B 7 1 R 2y R — )2 800, Ko 0.28 mm, BE& #UATE IS S FEip AR5, sk 541 41
Yy 5 40 2 18] ¥R 3 e fih, R R ERCH 0.25,

STF MYy A8 ek Al 12X (9) AT G o & S BURME I3k 55 For, 006 ith 4k 5 T 728 55 96 45 2R i
FLan &l 11 fros, o LAE B, A 25 -5 5000 50 AH AT

F5 REAEZW S STF REFHEMMESH

Table 5 Parameters for fitting the rheological properties of STF used in low velocity impact experiments™!

no/(Pa-s) n./(Pa-s) Tmax /(P2 8) Ye/s™! Ymax /7! K, Ky Ky, ny ny ny
20.677 5.26 362 54.5 164.725 =5 —0.02 0.005 0.7 1.2 2.0
10 000
= Experimental data
— Curve 1
Curve 2
— 1000 F — Cyrve 3
<
& -
2 100} ¢
2
.‘>£ L]
10 \
1 1 1 1
0.1 1 10 100 1000

Shear rate/s !

B ARE S h STF LR R LG 2 5 5230 Bt i) L
Fig. 11 Comparison of fitting curve with the experimentally obtained rheological properties

of STF used in low velocity impact experiments'”!

B AU b B TR R RS B 2k 617 R, b k(i AT LU i Qin AFPY R SIE AR ) . STF iR 36
Kevlar 2349 i I 58 ol BO(E AR 400 B0 280 Aoy - (92 4% flT 2 . R 1 W WS- 152 % il 2 55 52 36 45 R 1 % e An 51 12 By
o DN 12 AT LA Y, BOEREADL A 2807 - (0B 1 £ 5 SE IR 5 SRANAT, A ol i 7 v BE L 5 S B 4
A FH R R 22 HEAYERFAE 20% i fa

®6 REMERE PHERDHM S H
Table 6 Material parameters for the numerical simulations of low velocity impact experiments
Pareal / (kg 'miz) ﬁsO k §
0.3032 0.16 0.814 0.796

[35-36]

BB AR IS 2 1Y STF 12 35T Kevlar 24 52 B 5 wh o i A9 W% SR 500 5 52 96 225 S 0 % Ee 7 13 BF
7N, BT LLE B, P TR SV 0 rp o B3 B — A B 5 A R 5l 11, pR T i A A A Oy 2 AR AR, 2028 (1)
— AT R TC AT BIAR A AR
23 EBSERIXE

Qin 5P £ X STF 1215t Kevlar 219 & T o i 245 28 I 52 35, AR 45 52 50 2 R 2 57 A7 PR T 7Y, 4
K 14 frn . Hod, JJHEAK R 100 mm, T8 )% 4 20 mm, JEE K 4 mm, 760 FE oo o WA, 41k
FLAE N 80 mm WY [RE Je B[ 2 o 1 8 TH SR ), A% 58 4 20 kAT E AR, 20 O R e o [ 32
(ENCASTRE ) 2 o8 DIAR LI S 56 25128, X410 R 30 mmx30 mm A s X k47 WA i 2, 850 <)
4 0.5 mmx0.5 mm, &2 8V JE B T5 m R 43— )2 BT, RoFN 0.28 mm, & & J] HAE i gt #& o A i
3, TR S5 40 215 80 2 (8] 38R FH A R, R R BN 0.25.
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—— Experiment —— Experiment
—— Simulaiton 25 —— Simulation
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=
g 20
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EIO- 215
= )
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0.5F &3
5 -
0 . L > L . L 0 L > L . L
5 10 15 20 25 30 35 5 10 15 20 25 30 35

Displacement/mm Displacement/mm

(a) Load-displacement curve (b) Energy absorption-displacement curve
12 BUEAAS BN A B0 5% | AR IS0 7% 2k SR o JC IR A5 R0 (Xt 1L
Fig. 12 Comparison of the load and energy absorption-displacement curves obtained from numerical simulations
with the low velocity impact experimental results*”

(a) Simulation (b) Experiment

13 BUARBHUS B RS55S4 R (%] EE

Fig. 13 Comparison of the damage morphology obtained from the numerical simulations
with that observed in the low velocity impact experiments”!

(a) Front view

(b) Top view
14 RS RISEERC 1A BROCA AL

Fig. 14 Finite element model of quasi-static puncture experiments™®
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F7 EBHSERLWD STF REHFHEMMESH

Table 7 Parameters for fitting the rheological properties of STF used in quasi-static puncture experiments"®

no/(Pa-s)  n./(Pa-s)  Nma/(Pa-s) Yels™ Vmax /5! K, Ky Ky ny ny ny
2845 852 7449 58.808 570.207 —20000 —0.006 0.0012 0.47 1.7 1.4
10°
= Experimental data
— Curve 1
. Curve 2
- 10°F — Curve 3
<
&
E» 10 £
e
10° F ==
102 1 1 1
0.1 1 10 100 1 000

Shear rate/s™!
FE 15 WERASZERISEg T ST AR FRE AL G 42 5 SER B fxT LL
Fig. 15 Comparisons of fitting curve with the experimentally obtained rheological properties
of STF used in quasi-static puncture experiments**!

R ADL A A A9 25 bR S BN 35 85 i

*8 EFRSFRE P HERMBMSHY

Table 8 Material parameters for the numerical simulations of quasi-static puncture experiments™*

Pareal / (kg ,m*Z) frsO k f
0.5443 0.1 0.814 0.741

STF #3215 Kevlar 219 i i i 25 WA SO UL A 2800 - (2 B 1 £ . RE R M- (0 % it 2k 5 2 B 45 2R 1Y
XFECANE 16 Bz o T LATE B, R 2 5 08T - L8 248 55 SC e 45 R ARAT, B 2l B rh i e R
W W 5 S 30 45 2R A AR O 158 22 BE A EHFTE 15%.

50 1.0
Experiment —— Experiment
sl Simulation _ osk Simulation
=
.2
z 30F g 0.6
K] 3
3 20 i 04}
%n .
=
o
10 02
0 . . . 0 | A A
10 20 30 40 10 20 30 40
Displacement/mm Displacement/mm
(a) Load-displacement curve (b) Energy absorption-displacement curve

16 BUERIG BN 8- AS 2R BB RS M2 5 1 25 28 U S B 5 R Xt b
Fig. 16 Comparison of the load and energy absorption-displacement curves obtained from numerical simulations

with quasi-static puncture experimental results™®!

KA 2 B STF ¥235% Kevlar 2V I 505 SR 45 R 000 HAn P 17 Froi, n] LUR 2, 5 2
A SNyt 11 AR B, 40 52 SR R
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(a) Simulation (b) Experiment

P17 KRS 2 AT S5 A 2 SE 02 R0 X L

Fig. 17 Comparison of the damage morphology obtained from the numerical simulations

with that observed in quasi-static puncture experiments>®
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(1) JIr & S 10 sh 25 A M AL AU BE g Mo 0L STF 12958 Kevlar 214 1 i 1 17 5
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A Dynamic Constitutive Model for Shear Thickening Fluid
Impregnated Kevlar Fabric

YE Yichen, WEN Heming

(CAS Key Laboratory for Mechanical Behavior and Design of Materials, University of Science and Technology of China,
Hefei 230026, Anhui, China)

Abstract: Shear thickening fluid (STF) impregnated Kevlar fabric is a new type of composite materials
which has better impact resistance as compared with neat Kevlar fabric. On the basis of previous work, a
dynamic constitutive model for STF impregnated Kevlar fabric is firstly developed by introducing dynamic
increase factor (strain rate effect) and residual strength factor in combination with the rheological properties
of STF and yarn pull out test results. Numerical simulations of STF impregnated Kevlar fabric at different
impact velocities are then conducted using the proposed constitutive model. Finally, the numerical results are
compared with the relevant experimental data. It is shown that the present constitutive model can predict well
the impact response of STF impregnated Kevlar fabrics in terms of residual velocity, load-displacement
curve and damage morphology, lending support to the accuracy and usefulness of the dynamic constitutive
model for STF impregnated Kevlar fabric.

Keywords: shear thickening fluid; Kevlar fabric; continuum damage mechanical constitutive model;
rheological properties; inter-yarn friction
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