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ASTUDY ON THE MECHANICAL PROPERTIES OF GLASS
FIBER/EPOXY RESIN COMPOSITE

ABSTRACT

Glass fiber/epoxy resin (GF/EP) composite materials are widely used in
various fields due to their excellent properties, such as mechanical
manufacturing, electronic packaging, aerospace et al. However, with the
continuous progress of the society, the requirements for GF/EP composite
materials are also continuously higher. In order to further improve the
mechanical properties of GF/EP composite materials, it is necessary to fully
understand the mechanical properties of GF/EP composites.

The present work studied the static and dynamic loading conditions and the
mechanical properties of micro/nano scales, and investigate the constitutive
relationship under the condition of quasi static and dynamic load. The
experiment material are 55 wt. %, 75 wt. % and 95 wt. % of GF/EP specimens.

Quasi-static uniaxial tension-compression tests were performed on GF/EP
materials at different temperatures (in the range of 50<C to 110<C), and uniaxial
tension-compression tests under quasi-static conditions at room temperature
were used as controls. The quasi-static mechanical properties of GF/EP
materials at room temperature and the influence of temperature on the

quasi-static mechanical properties of GF/EP materials were studied. The
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experimental results show that the elastic modulus and vyield strength of the
specimen decrease with increasing temperature. The quasi-static compressive
stress-strain curve of GF/EP specimen at room temperature is fitted using the
ZWT viscoelastic constitutive model. The combined results are ideal. The ZWT
model can describe the constitutive behavior of GF/EP specimens.

Dynamic compression experiments of GF/EP under different strain rate of
stress-strain relationship were obtained, showing the behavior of highly
nonlinear material. The GF/EP showed strain rate sensitivity when strain rate is
higher than a certain critical value. GF content of 75 wt. % of specimen are
brittle deformation in the test, specimens with GF content of 95 wt. % show a
brittle deformation and the plastic deformation, indicating that the increase of
GF will increase the toughness of the material. Using ZWT viscoelastic
constitutive model to fit the stress-strain curve of the glass GF/EP specimen
under different strain rates, the fitting results are ideal, and the ZWT model can
describe the constitutive behavior of GF/EP specimen.

Nanoindentation experiments of GF in different kinds of epoxy resin (EP)
on the micro/nano mechanics were conducted. The different GF content for the
influence of epoxy resin on mechanics performance was investigated. As GF
content increased, the EP's carrying capacity, maximum pressure into the depth
of the load is bigger. In addition, with the increasing of GF content, loading time
required to achieve the same pressure depth extension. Based on continuous
stiffness method, GF strengthen EP materials elastic modulus and the hardness

v
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increases with the increase of GF content. The elastic resistance of high fiber
content EP and local pressure resistance are better. The creep behavior of the

composite material is similar to that of uniaxial tensile.

KEY WORDS: glass fiber/epoxy resin, quasi-static tension and compression, dynamic

compression, nanoindentation
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Fig. 1-1 Ordinary liquid epoxy resin
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Fig. 1-4 Applications of GF/EP composites
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WEE GFIEP B BIN BBz, fESEPhriki s, ARt oA il fe 21X
FRPRAE TR BB s A B R o DRI CX A A RHE AN R R L N 1 5 e+ A
o Ji4b, HRTRIZAAPRH T2 AT R TR R, SORRTREEAT AN R IR T HE
ENE AR

2.1 Bim ERSEYN I

2.1.1 BrRIANR LG T 2

ARRIE T BREE A GF & &3 38 55wt.%. 75wt.%. 95wt.%[1) GF/EP ilff, 4
G B2 P R —— R A SOl A R A E L M IR RR B T4 ob B BR 2 =] Lh RN Tl
Y A IR ) A PR A W B o TS AL T 20 AR i TR EL AR 8mm,
JEPE 10mm, EHA&8mm. JEJE 7.5mm, H4E 10mm. JEEE omm AR Q1K 2-1 B

& 2-1. = APBCIL R &9 GF/EP X A%

Fig. 2-1 Three different ratios of GF/EP specimens
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ARS8 R (A2 BRI D S 56: e 26 A PR 23 7] A2 7 (19 ETM105D UL f 7 /3 e
W dl, il 2-2 fos. IR a AT 200 TG (D RESLRyLK R S
e (2) SEIRMLIIBEME R S THER I RS (3) W SERBH (4) ARJEXTSK
B AT IR IR %

r

B 2-2 ETM105D 2 & F 77 g X o pL
Fig. 2-2 ETM105D electronic universal testing machine
XA IAT HER S R 408, D95 R SO RV E T R S IR A S B B AT X b, Al sk
EWIZ 20.3°C, INEGEE N 2mm/min, BEFAEEE 5 SOk, PAORIEIRK S R R]

FETE.

212 REERS 7R

6 75 B F A2 H I T T 25 B I 208 10 3 -7 82 it 2 8] 2-3 P
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40000

— 55wt.%
wob  __75wt.%
30000 — 95wt.%

= 25000 -
=1
8 20000
=1

15000

10000 |-

5000

0 1 1 L 1 1 ! 1
0.0 0.1 0.2 03 04 0.5 086 07 08

Displacement(mm)

B 2-3 FAT-12AS ) X
Fig. 2-3 The load-displacement curve
FEMERRFAS S R ki, AN ). AR N o Mle, MRYE AT

a—i 8:A—h (2-D
AO hO

b, FOSTERI T B R AT, A PR IE BaIE AY, - Ah il e I e A

MRk CERARRI A IS4 8D, h Nl R A e . 15 B R IR N MRS
b s 5 1 L 7778 i 2 ] 2-4.

800

— 55wt.%
700 | — 75wWt.%
— 95wt. %
600 -

500 |-

400

Stress(MPa)

300 -

200 |

100 -

0 1 1 1 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 005 0.06 007 0.08 0.09 0.10 0.1
Strain

B 2-4 B 7-m R
Fig. 2-4 The stress-strain curve
MBI LA H, #EESINEE T, GRS & 455wt.%5 75wt % il B 7E N4 id 1%
A B JiE AR S BB AR T WY, T GR35 i 995wt Yo ¥R e 76 1A 2 JiE IR E )
THIG A T B AR T . R 2-1 AN [RGB a2 A 8 e 4 S5 vh il 45 1) e R R
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£2-1 TEGF4 38X M09 & IRT% &

Table 2-1 The yield strength of specimens with different GF content

GF& & 55wt.% 75wt % 95wt.%
JEARGEE (MPa) 430.8 781.2 233.5

2.2 NELEE TRV ERRSE 4R I8

2.2.1 HRFNIR IS A2

A SZEG R BAC#S 8 [ Zwick/Roell 2 &) 4277 1) Zwick/RoellZ005 7 75 GE#4 KA LS
ML, W 2-5 . SEBektkl A GF &84 55wt.%. 75wt.o% (1) FikikkE, R~ R/ANS51E
TR N BT RS R 48 9256 R A ]

& 2-5 Zwick/RoellZ005 % 77 4% 1K, 38

Fig. 2-5 Zwick/RoellZ005 universal testing machine
B NG FE A 2mmimin. fENNEL GF 2 & 55w IRFEI , InAINT 3 FE 53 )
W9 50°C. 80°CHI110°C; fEM#EK GF & &y 75wt %R, IIEINT i B 43 s
50°C. 70°CH1 90°C o XA AT HERIAS R Aiilse, MMM EE 5 ke, PUARIEAL:
fRmr Sk,
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222 RNIEERS T

G IR N A FRBE vk, 1520 W R GF & =il R E AN [BRE R 1N - A% il 28
Kl 2-6.

300

250 |-

200 -

150

Stress(MPa)

100 |-

50

0 1 1 1 1 L 1 1 1 1
000 0.01 002 003 004 005 0.06 007 008 009 0.10
Strain

K 2-6(a) 55Wt.% X M T BB & T A 4 -2 % i 4

Fig. 2-6(a) The stress-strain curve at different temperatures of the 55wt.% specimen

Stress(MPa)

. . . . . .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Strain

B 2-6(h) 75Wt.%iX 72 BB & T - % B4
Fig. 2-6(b) The stress-strain curve at different temperatures of the 75wt.% specimen
1P 2-6 T, 55wt % k15 75wt i ) Ji I o 5 38 S5 4 B S LA AR G, P
B R, ORI E R R K. B 55wt Yo R E IR 1 TR, - AR il 2R Rt
RPN HIRES, RV R, B 0 AR SR R, X ) 58 AR B SR S 5
M o
iR TSRS R, 52E 2-2. FFEMRBEIR AT, AR

sy |

BEAR (0 AR
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£2-2(3) 7 FiR % T 55WtY0iK H 69 & IR 3%

Table 2-2(a) The yield strength of 55wt.% specimens at different temperatures

e T 20.3 50 80 110
JENRBEE (MPa) 430.8 269.5 185.0 150.3

£2-2(b) TR iR T 75WLYeiX 449 B IR 5% K

Table 2-2(b) The yield strength of 75wt.% specimens at different temperatures

HE CC) 20.3 50 70 90
JE AR (MPa) 781.2 508.1 376.3 354.4

450 | = 55wt.% .-’..

__wof o 75wWt.% ..'.

& 350 ._-'

. 3
50 -‘.‘#"Il::.... | | | | | | | | |

» ‘ St}ain . » . »

B 2-750°CTF & 77 -2 % o &,
Fig. 2-7 The stress-strain curve at 50°C
WP 2-7, HHAE 50°C R, 55Wt%-5 75wt YolKIat fF v i 45 He 48 1 F7- A i 2%
75Wt. Yo B i R 5 5K

2.3 ZWT #4538 14 AR B

ETREE, HESEFRE DGR REM B 12 ERE . ZWT R
AU AR RE, TALIARE BT 1081 4E52H . ZWT AR RS F — AN e M 988 1
AN FEISFAER E ) Maxwell R FEBRA R, WF 3.4, SR, 7EuER AR E S
o B AR RV A (107 /s #10°/s ), MALE B n] i (2-2) HBse Rk H
AR ARG BN E AR 4T 6

6:E05+a52+ﬂ53+E1I;é‘exp(-t(;—T)dT+E2j;éeXp(—;—T)dr (2-2)

1 2
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He: o RN, e FRRNAR RN Egy a Ml RS MARRT R I IEL
PSR P L 59

T
L
Zlﬁ.. a f ; E, %

l_]; =E 6, n=E>0,

B 2-8 ZWT #55% bE A 42 A
Fig. 2-8 ZWT viscoelastic constitutive model
HIE 2.4 3 trar s, kPRI R 77 AR AT — %€ AR SPERFAE, AT B ZWT
SRR AR AR B AT A A
HI I N A O e, Al (2-2) ik

o=Ac+A,+A°+B (l1-exp ©)+D (l-exp E (2-3)

e IR N 5E G B AR A0 DL XSl A S R ae P A MR, X
GF S &0 709 7T5wt.%. 95wt%l:‘i’JﬁQ1ﬁFE’JF“jJ AR AT SR G, SHEME LRI

#23. (6, =444x10°s7, & =3.33x107s7)

%k 2.3 ZWT #538 KMAE A A b %

Table2.3 Fitted results of modified ZWT

A A A, A, B C D E
75wt.% 47211 1.39x10° -6.46x10° 7.41x10" 537x10° 4.68  0.00559
9%wt.% -411.71 2.03x10° -2.16x10° 2.41x10*  6.05x107  3.93 0.047

SEIGAR BRI RS ZWT AR A s Bt tbanbd 2.9 s . W FEAYIS, i
W ZWT AR GEGS 75wt %k GF/EP MR FIHERR S 12247 4.
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800 |-

70— 75wt.% (experiment)
600 |~ 75wt.% (model)
— 95wt.% (experiment)
%0 —— 95wt.% (model)

400

Stress(MPa)

300 (-

200 -

100

o . . L L . . . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.1
Strain

B 2-9 ZWT BEAR A K b4 R 5F 448

Fig. 2-9 Fitting result of ZWT model and experiment data

)

2.4 RE NG

AT GFEP W PFEAT 1 AR N s S 45l %, /15 17 GF & A
(¥) GF/EP FEAEAN IR N B JE B L, R IN GF & ElRfIC, W REdk sy, ik s A
EEAE AR LR o ] ZWT ORGSR PEAS RS & GFIEP 1CFEH IR T HER &S 1 S 30 4L
¥, WA RBOVEAE, RY ZWT BAIA] DU IR GF/EP WA 47 9.
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=T NEIRE TEFSHHXN

3.1 Bim MERRSH IR

3.1.1 MR ARG T 52

AR T REE N GF &840 34 55wt.%. 75wWt.%. 95wt.%M1 GF/EP W1k, 5
B BRI A . SN L7 A a i TR E AR 12mm. K 210mm,
B4 10mm. JEEE 100mm, B2 10mm. S5 240mm R & 3-1 Frx.

B 3-1 =#FBLIL IR 69 GF/EP X 4%

Fig. 3-1 Three different ratios of GF/EP specimens
il 2-2 s . AERIRIT AT 75 ZMA TR (D RSyl e
Wi (2) SERMLIBE (R 5 A THES I RS (3) B SERB M (4) ARJEXTSE
BALEAT IR %
XA BEAT HE R SRS, 95 N SOAN R N HER SR SR AT XL, 03¢
W 20.3°C, MNEGEE Y 2mm/min, AR ER 5 ok, PLRIEIR IS R K AT
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.

i

3.1.2 IRWER SO

IR PR H R T RS B L A A B -8 R 2k 0 B 3-2 P

65000

60000 |-

55000 |- — 55Wt.%
e 7 5WE. %
50000 - — O5Wt.%

45000 -
40000

35000 |-

Load(N)

30000
25000
20000 -
15000 +
10000

5000 -

1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Displacement(mm)

B 3-2 AT 12 A4S dh &
Fig. 3-2 The load-displacement curve
TEAEB A R APRIG b, RN (2-1) 75 B0 TE 5 IR T A B d ol 4
SR A 3-3.

800 [
750 -
700 | — 55Wt.%
650 |- w—T75Wt.%
— 0
600 [ 95wt.%
EL“? 550 -
500 [
2 ,
& 450 F
8 400 [
B asof
(73]
300 [
250 [
200 [
150 |
100 |-
50 [
0 1 1 1 1 1 1 L
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain

M 3-3 & Jp-Rm K
Fig. 3-3 The stress-strain curve
MBI AT UG Y, EFRSINESRE T, A FGRE B AR N E0d 72tk ) e ik o
FERRBIEER A T W2 . R3-UNARIGF & & B £ #EFH 2 H 4 S50 il 45 1) 8
HRBEIE . BEAh, GFE &, 1alF: A5 PR th il ok
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%£3-1 REGFA 28X 409 & IR 3% B

Table 3-1 The yield strength of specimens with different GF content

GF& & 55wt.% 75wWt.% 95wt.%
JEAREREE (MPa) 296.7 398.3 761.4

3.2 P ELRE THVERSHRHRINTE

3.2.1 #RIFNR IS T FE

ARSI R FH AR 9 HE [ Zwick/Roell 22 7] A2 7™ 1) Zwick/RoellZ005 2 /5 ge i BH 4s:
B, k25 Fis. SEERAEEA GF &80 55wt.%. 75wt.9% ) iR ikEE, R K/NSTE
R R BT A B SR8 IR AR A

BB INFE L 2mm/min. NEL GF & &y 55Wt. Yl LR, ANERET 1R B 73 i) 5
4 50°C. 80°CAHI 110°C; fENNE GF & &N 75WtMIAFEIT, ANt ik B2 73 s A
50°C. 70°CH1 90°C o XAFFEAT HERFARLMIRTS, FFAALFEE 5 ke, PAORIEAL:
(HIEA G

3.22 NIGERE o4

6] 5 i N AL BRSO 71, 15 2R GF & il e AS [RRE N F R 77~ A8 ih 28 4
K 3-4.,

200 - —50°C

—80°C
—110°C

)

Stress(MPa

50

. L . . . . L
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain

B 3-4(a) 55WLY XA R B AT B 7 -5 T 4%

Fig. 3-4(a) The stress-strain curve at different temperatures of the 55wt.% specimen
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400

—50C
350 |-
—70C
—90C
300 |-

N
a
S

Stress(MPa)

0 1 7 | L 1 1 1 1 1 1 1 1
0.00 001 002 003 004 005 006 007 008 009 0.10 0.11 0.12 0.13
Strain

B 3-4(b) T5Wt.%iX 2 R iR T & /- % 8 &
Fig. 3-4(b) The stress-strain curve at different temperatures of the 75wt.% specimen

H1 4 &] 3-4 AT, 55wt % k55 75wt Yoia {1 i hir i R 2 25 5 SR I AR R
BTG R REr,  Gl B0 J o RE AR . ELRE R IR RO T, I - AR 2 R 3 S Lk
NS, RTR R, SRR PR R .

SEEERIR N HERFSIIES IR, B2%R 3-2. FFaMBERERT S, JEREEE
BEAR AL o

k3-2(a) 7~ iR T 55wt.% X A 49 i AR 3%

Table 3-2(a) The yield strength of 55wt.%specimens at different temperatures

wE CC) 20.3 50 80 110

JEARGEE (MPa) 296.7 207.7 150.3 129.5

%3-2(b) RERZ T 75wt %X 449 & IR 5% &

Table 3-2(b) The yield strength of 75wt.%specimens at different temperatures

wE CC) 20.3 50 70 90

JE MR (MPa) 398.3 358.5 309.9 265.8
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400

350 - = 55wt.%
° 75wt.%

300 -
©
Q. 250
=
1A -
o 200 [
[0} "
5 -

.
150

.
.
.
" -
S e
100 |- S
.
-----
.

50 -

1 1 1 Il
0.00 0.01 0.02 0.03 0.04 0.05

B 3-550°CTF & 71-2 & &,
Fig. 3-5 The stress-strain curve at 50°C

& 3-5, ELAAE 50C R, 55wt.%Y5 75wt Y6k A HE A R A N -8 A% i 2%
75wt %A e Al 5 LR R PR SR 48 B K

3.3 IRE /24

Xt GFIEP IFEAT 1 AR T e SRk, K15 17 GF SEAFM
GF/EP AFELEA R T K JE Mot B2, RKIRE R, GF &&llt, IRk
1ot R 58 PEE /) o
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SBINE SHPB ShAS[E4ESCIE

GF/EP EE MK 2 TR EREZORBG= 1077, LWINFRZER A RRE . . &
TRESFERESE. 1 H 2 1 GF/EP R AHFTRII ™ bl o 2 A Al G 1) & ZE Rl g, TRt
M RHIEN S T2 MR RE 0 b 2, T LAXT GFIEP MRLEEAT B IR 485k, 7t Hahas
T RE

4.1 SHPB $ARRYSLEG [RIE

2385 I 4 A% BT (Split Hopkinson Pressure Bar)S2i 3 A faifk SHPB HiR . E ¥
S FRIEFFS206 55 B i Hopkinson 5256 T 1914 4F32 H, 31 Kolsky®® T 1949 4F i 7 3%
BRE, (XERE DI RHE R AR N R . BT R 1 B,
PRt ix 2% B AR 20 2550 Hopkinson AT HHT, SHPB SERGHIA CL4 BN A K}
TE R AR ) S M R i B L R AR T B 1M H, e R AE10~10%s™ 15y B2 748 2 ) o [
MRS ARV 1 BB RO EZ —

RERKRGFWMI ARG WERS. B8 RG4k, HPREENHS 25 R
4, M RGFEOREEEATCEE). TR RSO (LB #8) % . & R %
2 ARG T P DU R LS AR A B NSRRI B SR A R
FEREEIE 4-1.

L s MR BB
A <y / ¢
v i T ) ]- /
Hﬂx{*?’éﬁ) fire ﬁtﬁw ?%ngﬁu
N AR

B 4-1 pit i SHPB R R AT~ & B
Fig. 4-1 Schematic diagram of the modified SHPB experiment system

W FEATRIR J7 5 BE s AR _EOR Ui 2 BEHR AR BN ) 5 AR K & - SHPB
e BT I L B A IS A S0 AT R N - AR Ok R IR IEAT NI AT B, K
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WAFRAE NS ARG ST 2 18], 3SR o e 4 2 UM SR ) AR, SRR NS A A
PR AN TR T AR RR RS (NSO s NS BAL BRI, il F 2 28— >3
S, RAEAR, RO AT B FHSTANE , Br LAES 0 AR S I
SSFF RN B, RN 5 — ¥ 70 ANSHBGE A A HE 238 S AT OB S I . NS
SR e 25 il 5 B R GANEUE RGEC K oK. &n, KB IATR EHI R I
A2

—AEFRAIE R )P B 182 73 2 2 Hopkinson JEAT SR FIFEAE B 18, SHPB SRIGHAR 2
BNLAERAN AR EZ B (D)INARFF AL R HERAE, R R AT AR 20N
HK SRR/, BT RURE R EIE s KR, 7R HAT AP ) A% 3 70 ok o
AR — 4B T 5B o (2NN AT HIAE % DIt BB ORI 22, IXRERT LA
AR ) (A2 2SI JF BRI SN IR MR A AL . R
S 3R e AT i T 2 P A5 2 A 128 N A AT DA S e H AR LS 7 24 PR

£ ERPIAEGE TS, IWBFERF RN T o (O o TRINARR & (t) « T RNAR

6‘5( 9K R ISF

RO+FO

1) =
o=

és (t) — Vi (t) I_ Vy (t)

£,(0) = [ & @)t @)
Hoft, R0 A1 F, () 5L AE NS FFRBATFE SR BERTTIOE /1, v() v, () 551
SEARBETE N SHFERUB ST FFRT MOIE, A, o |, 40595 S AT i RIS 5 2 T AT
T AR DA S KB o 4% IR — S S A BRAS ,  ii [ F 7 T8 PR R AR ik — T 1Y
%R
FENSFAT 1]
RO =EA (1) +4 0]
v, (1) =Cyl& (1) — &, (V)] (4-23)
7E B 5 F— DU
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F,(t) =EA& (1)

v, (t) =C,&, (1) (4-2Db)
Hrp, ERIEATMRIRSR IR, Ay 2 AT IR AR, Cy & AT A Sk e is . Rt
H(4-2)RA K (4-1) 7] LG 2

EA[& () + & (1) + & (0]
2A

S

O (t) =

50 =12[150-50-50)

O B & tO)a (4-3)

S

BT AR B RAN T, B RO=Rt) ,» T£

5, (t)+&,(t) = &)

(4-4)

IR, BT 5, () RUEAE 5, (1) 77

o,(0) - EAASO &)
£, (t) = % j; [&,(t) — &, (1)]dt
4 ()= ZISQ’ B O & t (4-5)
NI (O RS 2,CD AT 75
o, (t) = E/f [, 0) -5, ()]
£,(t) = ZICO j; £ (t)dt

5 (0) = 2222, () (4-6)

IS
N (4-3). (45) DK (4-6) IERAEG R X EE N Z T F FHSHPBH R #1534

27



AN N2 1w ] S S VA0

PRI A7~ NLAE 5 24 FF TS AR =il AP R

4.2 RIEHFERGER

FEBNAIRAE SR, T AU A F 2B AN DA E P 5, BEmfS
FINRFRAE 2 AR AN [N 7R A2 T 2K

HE, IR AT, S AUEEAT AT, BIAEAS IR B B0 24T 15
WG EAT GG BT A 5 1L R, 02 3T IOT R U T LA BA i A B I FEL RO 8 T3
RFEIRPIGE IERTE, RIS, HETITBOVIERSER A se IEXTT 6, R0
s T A s, IR ORAERR ORI il XS AT A I e, V8 BR RO X 5256 (14
SO WAL, BRI BT SRR A A 2 IE W ERHR AT, DASRAS SE B il IR R
B, BRI AT 73 AT

ARSI I AR AT B ST SR S HULRA-1 SR B R 4-2.. A UGais
— LA AGFEPIM:, GFE &4 595wt %M 75wt.%. HFiRFE R ~F/N, IREE I A
T AP AT 15 D0 L BE SRR SR AR 45 A A — s K5, (AL, B0 LAS SR B8 B 1Ak
PR RO, R R 5 75 d N R 4-2Fh 7

k4-1 EE£ 2 H5EAALKERT 5SMH A%

Table 4-1 Hopkinson pressure bar device size and material parameters

Ex s K /mm HARImm HJE(kg/m’)  FMERLE/GPa
T 1000 36 8000 200
NSAT 2000 36 8000 200
ST 2000 36 8000 200
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E4-2 SHPBsR 1o 32 &
Fig. 4-2 The SHPB experimental device

k4-2(a) 95WtY IR R T 5 AR ATH R K

Table 4-2(a) 95wt.% specimen size and different strike speed

%5 K EL/mm A f2D/mm % . v(m/s)
1 7.80 10.2 3.43
2 9.32 10.2 4.15
3 11.00 10.2 6.53
4 11.40 10.2 7.44

*4-2(b) 75wt.%IX A R T 5 R R ATHR A

Table 4-2(b) 75wt.% specimen size and different strike speed

G5 K EL/mm A #2D/mm i v(m/s)
1 10.10 8.04 5.07
2 9.80 8.04 6.27
3 10.00 8.04 7.81
4 10.10 8.04 8.66

REBRIFREPEAE, 19 BN ARHAN AL /- R A2 £k in 18] 4-3.
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400 | o
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v’ "v'

350 |- vy v
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© v v
% 300 (- = 'v

V\
< LW v
o 250 |- lﬁFAL';A' v
3 R v
= [ ' v
% 200 _:",'-‘,.0“\ 3
o iy, Vv
£ 150 - gy o
-

g yS % = 2833/

100
£ oo .« 295.0/s
& osof + 411.8/s

. v 586.9/s

50 L . ) . L L )
-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Engineering strain

B 4-3(a) 95WLYIX A& R B TR T TA R /-5 K dh &

Fig. 4-3(a) Engineering stress-strain curves of 95wt.% specimens at different strain rates

1500

1400 |

. AL = 324.3/s

v

1200 [- v £ 9 o 514.4/s
= 1o [ " v A 669.3/s
o v
= 1000 v 3 v 772.5/s
< oo " .
»
@ el 5 >
£ ol = v

AAA v
& 600 |- ¥ A‘. _..M“. JPTTTTTINN
£ 500 |- v A s o®® o...
© 400 [ v A P o ) &
8 300 [ W T g A
- v AA .l °® A
D 2w Y o*
= v, °®
W 00 o®
ok
-100

1 ! 1 1 1 1 ! ! 1 1 1 1
-0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024

Engineering strain
B 4-3(b) 75Wt.% XA R B B R T 8 TAZ /)-8 T 8 4

Fig. 4-3(b) Engineering stress-strain curves of 75wt.% specimens at different strain rates

GF / EP Bl {1 TRER F7- A8 i 2GR0 (CRER Fpik B fE 2 1) 1 TFE
N2 778 2 AR R A D 8 ) S AR R R, i L I AR AT

£ H AT T, 358 R R IR sl AR, B RTE B 42— e B 5%,
IRZ SCERXTIEAR Y 7 & B BE B 7%, EEAUREREL. PR EMEAIE UL =M1
RO, R (R R I 4-4 BT o RERIEAS AT LU 1 198 3w AR 2L, AT
BUERR RS, i HAXRh 706 T HAT RN R AR R > 13 BN G B 45 R
AR Tl — AR A P A v A e A 2 18 o o i 2% Je Bl o 08 2 7 ZE R R A B
PR P R B AR K 0.75 SR E MR UG i AR A AR A = SR ENE — B A UM
s SRRV IR IR E R SR ARIE , S — S A R A S B IS L
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i R
¢ o —
(e T Z@ﬁﬁ
oS 0 R
a FRemik b 7EEE— c fEEE—
P »
. (e

0 m § 0 0.002 ’\_\7 g
d fEREE= e FRARIIEATLIL

Kl4-4 € T Mk L S LR 7
Fig. 4-4 Several ways to determine the yield point

FEARSCHR A THEREZ, B RRRA 1 RN 78 Wk 4-3.
% 4-3(a) TRk EATH T 95WLYiX 49 52 & % B A5 5 B IR A A 44

Table 4-3(a) The strain rate and yield stress of 95wt.% sample under different speeds

G TR mis JRiAE %[5 JiE IS F3/MPa
1 3.43 283.3 234.1
2 415 295.0 187.4
3 6.53 411.8 223.8
4 7.44 586.9 334.0

%4-3(b) TP & B ATH F75WL% XA 69 & & ik R85 R IR 2 /714
Table 4-3(b) The strain rate value and yield stress value of 75wt.% specimen under different speeds

%5 TR m/s R4 A JiE IR 3/MPa
1 5.07 324.3 563.4
2 6.27 514.4 534.1
3 7.81 669.3 563.4
4 8.66 772.5 1181.1

4.3 ZWT $h38 M R A=Y

ZWT Rl A AS Py A R [R5 3 P 400 5 R 2 28 T 4 Ak e (9 2 77 - A it 2, BITH 24
(2-3) X BHAS LA IR 0 B 7 7- AR L BEAT A5
I SRR A T BRI HOR, NN AR R AR B I [R] Py R] LA A
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WAL Rl (2-2) e (2-3)
A SERGAE R T e, I B RS B4 LA S A R v R e AR
PR GF & AR R R R AR R AT S HA G, S HANE S R AL 4-4.
% 4-4(a) 95Wt.% X AF ZWT #b 72 b KM A A A g i -4 R

Table 4-4(a) Fitted results of modified ZWT of specimen 95wt.%

£C/s)
A A, A, B C D E

2833  1.90x10° -4.41x10" 2.60x10° 4724  343x10°  3.01x10° 356.61

2950  4.79x10"  -4.46x10° 1.21x10° 4919  357x10°  3.13x10° 374.00

4118  583x10* -6.77x10° 2.62x10° 9244  222x10"  4.37x10° 522.08

586.9  1.14x10"  4.26x10° -2.18x10" 13868 6.56x10*  6.24x10°  744.07

% 4-4(b) 7T5Wt.%IX A ZWT #5780 A AL A A fn b 45 %

Table 4-4(b) Fitted results of modified ZWT of specimen 75wt.%

£C/s)
A A, A, B C D E

3243 9.65x10" 6.13x10° -1.20x10° 5407  392x10° 3.42x10° 356.61

5144  271x10* 1.66x10° -952x10° 8577  6.22x10° 5.70x10° 680.54

669.3  2.34x10° -2.81x10° 8.74x10° 11160 8.10x10°  7.05x10° 84131

7725  250x10° —-4.11x10" 1.51x10° 956.67 1.29x10° 8.14x10° 971.03

SIS RN L RS ZWT AR RILA 145 Bt L & 4-5 s . a4,
ViBH ZWT AT g a8 B R 518 GFIEP AR 1125247 N
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nN
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t=3

=}
o

m  283.3/s (experiment)
283.3/s(model) v
295.0/s (experiment)
295.0/s (model)

4 411.8/s (experiment)

Engineering stress (MPa)

411.8/s (model)
v 586.9/s (experiment)
586.9/s (model)

o
=]

0k

s n L L 1
0.015 0.020 0.025 0.030 0.035

Engineering strain
B 4-5(a) 95Wt.%IX A ZWT 46 52 MAR A A RS 25 R 5 R 1 4 4%
Fig. 4-5(a) 95wt.% ZWT viscoelastic model parameter fitting results and experimental data
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1500

1400} Ty = 324.3/s (experiment)

1T "\ 324.3/s (model)

1200 _,'/ ¥ * 514.4/s (experiment)
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Q1000 F 4 b A 669.3/s (experiment)
=3 900 [ X 669.3/s (model)
B sool J 2 v 772.5/s (experiment)
L gk { 5 772.5/s (model)
? eoo [ v P W e
2 sof 4 "N il i
© 400 [ 5N
£ aof 5
2 20l
W 400 F
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£ L ! ! L L

1 1 ! 1 1 1 1
-0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024

Engineering strain
B 4-5(b) 75Wt.% XA ZWT #:5 HAZ A AR IS L R 5 R K
Fig. 4-5(b) 75wt.% ZWT viscoelastic model parameter fitting results and experimental data

4.4 W TERAFIE

Kl 4-6 P S i e sl BRI, AR GF & 5 B AR TE 5 il 42 5 B A 2 (I 3
B AR IRHES . BT S0, 76 SPHB Zhas 462, 95wt Yol 75 AN Al B A 5
NRAET ERE NS IFA B VIR RRRIE, W A T BB, URET
Wett AT, Ty H AR 20K, etk AR TR 75wt % il FEFEAN [R] B AR 28 N #SR AL T 58 4
FIBEIR, HBUR Z R ACKBIE LT, R RA T IEtER . BEE GF & B8N,
fE—E R IR Tl B
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B 4-6 XM R ATE A RE
Fig. 4-6 Before and after deformation of the sample

4.5 NTRERXM

RAFEAF N AR R N R 1568, AR, AREZEZEMIR K. mEsLhzs
AR A R SO AT AR RAR R, BICER 7R B R AR R RGN+ b B, A
5] GF & il i ARt B - AR 2 5 R I an ] 4-7 B o

2ol —=— 95wt. % B
e 75wt.%

1000 [
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©
o
= 800 [
»
7]
o
® 600
- ° S ) — .
o
=

400
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200 g——

250 ’ 330 ’ 3.:;0 430 4;0 530 5;0 S:JO 8;{) 7(;0 7;0 Btl)o
Strain rate (s™)
B 4-7 1B GF &2 RIRRE-R EFEX AR
Fig. 4-7 Graph of Yield Strength-Strain Rate for Different GF Content Specimen

GF Ly 75w B P01 LS LA 5T 95wt ik St T 75 FG LA T
EP BRSPS BRI, PR MR EP MIGHENTSL, IR, GF & RAIE (EP &
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D A R Je R 5 B
FE—ENARR R, GREP 1R I AN BAT AL AN, (H 2 AR L A I FEL
SCAATIL A 5 10 122 4 200 (1) B o

4.6 KE LK

Xt GFIEP R HEAT 1 WA R 455550, #3317 GF & AF 1 GF/EP WFE/E 2 A A
(R AR N BN v Re s SRIRA 3 TR 1 BhA LR -RAE R R, HAEFIE
B2, #5330 TIRREE & AN AR R N 1 SR RGBS i ZWT R AR A A, R
ZWT HEAIAT LLgIR GF/EP A I AMIAT o 3ok, i il AE SL g i 5 e s
R 95WLIIRFE I F AL T 75wtv%, ULHH GF & & fsbin, 76— B3k Tk 1Em
k.
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FEHE GF/EP EEMBINKSIZF L -E

5.1 HREREZA

IV RE SR AT RHE B (E N R B2 PR RE, B ZALIEAPRRERE . MR
IVE LA IR0 B R R AR PRI SRR RN TR T, S H DRI B R
R 4e E3EIRENBAT RN RIS IR 4R SR CLRIOR R IRAERE . IR 2 a4
BHEGTHAIEAILBE ST, AT RHESNIE T T IS 5 5 R, MR SR
BN EARE . IV IEM R A S RE X RE R AR RE T, S AR BT T
RIEEST, EE WIS RHRDURTEBIA N € B2 8. LRI R R A REIA
EAETHBIAEES, MTREVMMEITE, REF2EVERE 77 RENS DRUE A B 11
NHIRAR, XA e A AR R E .

I AL S TR AE ORFFIRLEE AN S ANAR (I DL [ A R4 Rk I A it N TR 14y e 2R M
LR A BRI TR P (1 5 G0 0 e A5 Pk RE B X T Rk 2R 8 B T ek o7 5
T REMARNNT S, AR TERE R R MR R R B A R, DAL SR AR 865 A2 1 g
Xt T N AR L

BEE L ARG AEVARE B AR B B 7035 0o S5 B AL R st i i
EACSFHIZR, ARG T BUCTR 2 /D RST RS 1AV EBE IR, Toik e mn {5 2041 R
FIVEREVEAL . SRSk, BEFURD], SRS RUN, 2882 g BT — € )=
PR, S FaF e AT B4R T S R

5.1.1 FRERMIXIEL

AR IS IR AR BEBUR IR AR, B8 SCBUS T4 Ml RE i e 1 il %o
TN RSHRRE J 2 M B A DA 340 850 ) B Sl FE AR R 2 A R, 3T
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JENRERE il sk B - A 2, B T e T SRR AR B2 DL AR B A 2
AR ) B -Ar A% th 2 a0 B 5-1 B, NG BEE I ANEAT I3 N, e Sk I A0k
KL RS B RHARA R A S IR 3 38 2 T00E B K IS N IR BE BT e, BE IR
BrBL MR AR EEIKR, MR RE, MR AERRERRE . T
Oliver-Pharr®y iz, A L4y b4 BUAAAE LA vk 50 B Ay 2 B ) i 1 A0 S AR SHy 2 B )
EBEARTE

T REVRMEL ISR P ARG PEATIR AL, 38 % 8 Nk B oK #ify Ja 2t
TR, BEUGAR, G PR BT U A AT Y. [ 5-2 ATA] 5-3 I PR BN
Ay - 18] phy 24 K 8 - (R 7% 1 26

hmax

ety —

ll
i
i
i
[N
i
i

w3 H

mak R ~|q pmax

,‘lf b

EiEh

B 51 #AGERT-ERBETER

Fig. 5-1 The typical load-depth curve
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A
(b (b)
"
o £
L (a) )
r y ¢ ”‘: @ ©
T - ik
B 5-2 A a4 H A7 -0 i) 8 4% B 5-3 #A A B AT-12 A5 8 &
Fig. 5-2 Typical load-time curve Fig. 5-3 Typical load-depth curve

J Sk e N AT T i i A 1 T s R P A 1 5-4 s, A S 00l 0 B R R A 2 AT
SRVERSTERRT, IR SRR HEB IR Sk (Berkovich), T AR HORE 35 IR Sk 55 280 A
RSk nEad RE R, IEAIREE N h, Bl rova, RN IERE R Sk S iR R
FEouh,, SBEMEPARIENRE D o« MEHRERE H DAL SRR E o) DUSE i K
BT P s RORIEANIREE N EVESRRUREE N, DL 28 T A3 T 3R A5

P a

hs i — G ER

he ~— I IR

B 5-4 JEkENAfp B AL B AR
Fig. 5-4 The process and parameters of loading and unloading
X T EHAL R AR HER R Sk, AR REHE A 0N 70.32S S KB NIRZ AR5 TH AN
BRI A, SRR EE h, 2K R T R IR Y
A =24.56h? (5-1)
Forp iR he -

h, =h- 0.752 (5-2)

Horb POSE A EAT, S OUIEARNIEE, hONEANIREE, (Frafid) mgitis E R
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VSR
Jr S
E =—— 5-3
ST (5-3)
_1—v2 1—vi2 ]
E, = = + = (5-4)

Zh, Mo RZIEMERFEREANAIALL,  E, Ao, 9 Sk H SRR A E A
oo BOECSKIPIRASR S AL, W T3 RSB I £ =1.034. 3 (3) &M T5f e
fil, JCrPIEARNIRE S FTAENE B AT R, RoaON:

_(dP _
S‘(dhlhw 59)
B 53 S b R S P
P
HoP 56
A (5-6)

5.1.2 YKREIRSLE 5L

JEIE ST A B0 R DA R s AR A B TH R 3R BRI I — IR N -
2R TS B EN AR, PR SRS B N B K R NTRE T BIME . AT 3 S5k B R
PEROBPEL, SRR TT A2 B S K, 45 SECEE/SEIMIE SR, Oliver 1 Pharr % A
2 W SR 51 (Continuous Stiffness Measurements, CSM) B3 3% 41 &4 foh
X1 i 3 G B % e e AR o T N S 452 A F T 2%

FENNEAAT E BN E R REIREE S, H R LA RIE A 1~2mm R SRS
H R PR SE R Gi5h 1150 N RS iR, shaM Rl anEl 5-5 fan, Ko ANLZERIE, Ko
SN, D, NERRE SR 2%k, D RGMIFHE 2.

ARG B8 T FE n] iR A

mZ + DZ + KZ = P(t) (5-7)

K 5-5 BRI i fk, G FH/E D=D,+D,, Z¥RIEK =S +K, ) +K, , B&S

I TSR S) 1 Rz e R AL o N
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P(t)=P, e (5-8)
Z(t) =2, (5-9)

Hrb, o=27f NAPR, ¢ ANREHIGE T BT RIAAAL A, HROL(5-7)(5-8)(5-9) K fif -

%:\/(K ~m@?)? + (wD)? (5-10)
tang =22 (5-11)
K-mo
WK T A BT 1 A 1 2«
S= : - L (5-12)

FZ>°cos¢—(KS - me?) Ki

B 5-5 CSM #93) 542 A

Fig. 5-5 The dynamic model of CSM

5.2 HRERINIE

5.2.1 s REFNFERE

A S e AN [R) 5 B Y B A A IR S8 R AL (5 79 % 5%, 75%, 95%). ik
R~F: B4R 10mm, JEEE 10mm. 28 400#, 800#, 1200#, 1500#%4LE2HD 4RI IRFT BE,
FERH SRIATFEBESRA NG, DA 9K BRI E K .

41



AN N2 1w ] S S VA0

KH Agilent G200 HYZHK T AR R Gixt GF/EP E-A M RHEAT 90K A DK U
WA N 5-6. HALFE H#EF N 0.01 nm, s 5HEF N 50 nN, KA = HHE KT
3 (Berkovich), Hsil5rtagkdess 77.065 M S ROk fh 65.3S 7R E K
5-7. THRETRIAR RN, T DK 3 IR e Sk S RONHE A Dy 70.32 ) [ A s =k

P 5-6 Agilent G200 7! 24K & NI 2 4
Fig. 5-6 Agilent G200 nanoindentation test system
ARSI BN R: (D s, Bnddmr 2 R/mEdHea (P/P)
Pl 7 A SEBFR O, MAFREE N 0.05s. (i) K EAIREE B E A 2000nm,
RIEANTREE T OREL 10s BEUGAZ o Ciii) DAEE EI 0 A, BV aeqy /i [A] 3047 #0313
B fe KA ) 5% PREK 758 BEATIERBIE, )58, RIF S IEE BT L5,
T AR HEAT 10 SEIRBCTEIME, B IRIAI R E Y S0um.

B 5-7 Berkovich /& k kT & H

Fig. 5-7 Diagram of Berkovich indenter
ININAS [R5 5 A BB 2T 4 O A S8 B A4 R 0K T R A8 S 7% - il £ 0 161 5-8 Frais o H
BRT et AR I NIRE , GF & B, 6 LA I N BT O, R MBS 4R 28 (7N
B, $RE T E AR AREEE o N SRR N IR B T 5 i P 284y BE K A
HBLRE-I (] i Ze 11 5-9 P, IR AAHIRIREE, BEE BOML eI InERg 2, it
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Fig. 5-8 The load-depth curves of specimens of different CF content
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Fig. 5-9 Depth-time curves of specimens of different CF content

AR S P Ak FH A SR A B K5 5 SR B R 5 PR RN, R B RE R -
TR IEE R RIARAL, S INAN R & B 2T 4 1R B HE AR A2 A AR e ) 5-10
e HHERTED, ST AHE NG, BEA&EBELT4E s Ehn, NIEEHE K. H=Mak
A E B (] EEPERG N, ZRUEL G SRS TR 5-1. BiE SIS 4EA RS,
2R AR BRI, IR B YA AL B SR R 1AM AR AL o
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Fig. 5-10 Contact stiffness-time curves of specimens of different CF content

I I
1500 2000

% 5-1 TF) GF &Z 42N -5 B W K4t E

Table 5-1 Slope of contact stiffness-time curves of specimens of different CF content

GF &= 55wt.% 75wt.% 95wt.%
S(N/m/nm) 93.440 117.827 191.459

B 5-11 JNUSINANIR] & B R LT 4R S SRR ) 5 AR B s N IR LA AL 28,
ATUVE . BIEAREBUN, SRR B NIRRT R B, H 2 shBoR. =
JE NG #E 200nm J5, #PERCEAE S BT EEE TP R SRS 1000nm
Ja, MECTRR, SN AR SRR A .

60

55wt.%
. 75wt. %
95wt.%
40
Wﬁ*ﬁ««wx“uu‘“ AAAAAAAAAA
. el

Elastic modulus(GPa)
<

4
§§
V4

°©
T

1 1 1 1 1
0 500 1000 1500 2000
Depth(nm)

B 5-11 R GF & ik i AL 2 - IR A W &
Fig. 5-11 Elastic modulus-depth curves of specimens of different CF content
HX 1000-2000nm Ji AP 5 B3R AL SR SR TS 1y — IR S B 45 R o B aliEAS
AN RUORFIME R br e 72, H4 R 2T K] 5-12. FE PO AENIMERE N, E&
MORERIUH S s s e e, SR B AT 4 S B S B R AR A TR M R, FEAH
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B 5-12 1 F) GF &2 &) it
Fig. 5-12 Elastic modulus values of specimens of different CF content
B 5-13 JNUSINANIR] & BB ET 4R S i A ) B B e A TR JSE A A i 2 A2 AL
e BT RS RBEIE, IEAREEVNT, SEEERCOR. B AR #EAT, Rl
TEBWTFRAR, TEATREE Y 300nm I, & TAE . M BE S APRHE R A T A A 28 1%
BT, R E BRI AR M RERE . M5, BEEENREE PR, HEHER
B ETr, H ETHEREEE BT eI NG KM K. e Bebti g Sk T~ 7 B EAL
DXPRIHE R, 39 5 B I LT 40 B0 DOmZ g R, G pll EE g, IF Hm s e 4
EERAERI BRI IOES . s EE G TR, e RERE. e
SEERE AR GAPRH B AR -
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Fig. 5-13 Hardness-depth curves of specimens of different CF content
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Fig. 5-14 Hardness values of specimens of different CF content

5.2.2 &I

KBRSk, WEHBRKEARGA A 50mN. INEGEREWR: (D JnEkimiE
2s, BRI IEH M. (i) PR 500s, BEBATEHRGAZ . Ciii) EIEE 25, BASLK
AR RFF IR, FAMRIET 10 s, BOPAME.

AR AT A% £ 18] 5-15 o, M RTLAE Y, 28 I BE R, ANFA
BER LTS BRI M PR R B N AR A T IR NIREE , B AT 45 Sk
s RIS N R BEB/N . WY IEAG SIS 2T 4R & B A R, TCRE AR B8R R A AP it 2 i
BHIGR . R TAHFERIEAR ), B4 b, R IR A 8N .
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Fig. 5-15 The load-depth curves of specimens of different CF content

= b AR AT AR B BURL RS - I 18] i 2 18, 45 21865 AR 67 7% i I ] A2 AL JUAEE , 4 5-16.
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Fig. 5-16 Creep displacement-time curve of specimen of different CF content
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Fig. 5-17 Creep displacement-time curve of specimen of 55wt.%; (b): magnified view of (a)
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Fig. 5-18 Creep displacement-time curve of specimen of 55wt.%; (b): magnified view of (a)
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Fig. 5-19 Creep displacement-time curve of specimen of 55wt.%; (b): magnified view of (a)
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