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1.1 BRI RS BB R A4 FI &

PATL IR R 5 s B BoR BeAn 5 IR A B 2E 7 () T700
T PAN FE 55 B 47 4 (Short carbon fiber, SCF, (12K,
FAE 7 pm, K22 mm))FE 2405 XA SDLA R A
) A P2 () S B IS (Phenolic resin, PR, (BRRFE AT
50%)) R i & IR IR e AR AT . e, R
TR LT AEAE N R ol A TS 40 min BEAT IR AL EE, B
HW AT 1 RIGE3 g e ik is T
60 mL A5, BEPEAS BRI RORVA TG R AR
LR AR IR T Y R IR RS VAR S TR TN 80 C
BT BRIE ), 45 20 By e A4 IR 6078 J B 2T 4 (Phenolic
resin-coated short carbon fiber, PRC-SCF).

1.2 FERRAYARE S REEI&

DAL 5 2% SR ISR BR 2 5 A = (1 v A (4l
J%2=99.9%, “FEIRLEE 75 um) B i (078 FE k41
YENIERL, SRAEREE S HL WRERIE. ket T2
Hl & R AT 4/ S A AR o, BRESECN 2%
11 P 8 AR 0, 780 6 i 4 48 LA BT 23 B0 98 % 1 FiL ik
Ky, AEREME 5:1. %%3E 200 r/min, £ YXQM 1T/
BREENLH 3 HIEREE 2 hy 3 h. 4h JGEREAH K. R
JE R AR R T YH41-25C B SR IE IR 3 WUE ML
7E 400 MPa JE 3% FH A4 ST A d 30 mmX 12
mm PR, EJErEeh = E R AT
FREE IR R R AT 4/ &2 5 M FL(Short carbon fiber/Cu
composites, SCF/Cu composites). k¢4 T2 N: IIEE
715 0.5 MPa, LA 5 “C/min F3# R il = I8 T3] 950 °C;
950 Cfrift 2 h, PRIGBNEXETIN 3.4 MPa; & Jm LA
25 C/min BHIEZ =R, B #HIESN 1 MPa.

1.3 ZALARAE R M REAN

KF Nova NaNo SEM-230 AY44ifi iy 1 B4
(Scanning electron microscopy, SEM)M %2 J5 R} FES
WRE BRI LTS O . EEMATES .. BEMEHT)

B KA Nano Measure #EFREMFE SR EL 130 4>
HAREG AW iR A 4 KR A o3 A 18
i LabRAM HR800 44 61X FRAE S S 44 Kb
YL IR AR A, SR Ne-He WO, KN 532
nm, BOLIIFA 20 kWiem®, BOLRSFERER, &
WEF B RE Fs K Helios Nanolab 600i 74 XA HE ¥
TN B AR R EBSD WM SRR
FOK 18 (Archimedes) HE KM A4 K] 1R 28 W 5% FE J I
L S HIRH HVS—5 R /N 7 far 4 [AE RS F A
D60K #5745 & FL 3 8 I B I 8 525 Rk R 4 At
FERH T3, SEMEBIRERMEE ., %R, HEE,
T EE AL 5 AN B 1 P M8 . 7655 Instron3369 HLFf
B 5B AT SR BT S, A AR
i B A AT — AR 2. 25 e R = A N,
RAERSF 30 mmX 8 mmX 4 mm, EFEHN 25 mm, I
FH N 2.00 mm/min.

2 SLGLER

2.1 EAEEWIBEEBRIERRAENIIER

Bl 1 B R B A 4 it s 6L 78 T s 3R T S ki
SEM 15« FHH & 1(a) Aoy 7R i 75 7 e I B 4T 44
17 SEM 1%, WG eI Eaer 4R mtis, &
FFAF LA LRR, IXAAR 5 SR B A i BT DLRE 4 7R ik
YR LR . B/ 1(b)~(d) T NI AR
NEEBFIBRATAER) SEM 5. 7 5 ikeF 4R 35
— E A s HLR AR 1 50 6078 TR AT 4E (L 1(b))s
HOBZEEESE], B2 1.83 um(LE 1(c)); K 1(d)
{14 8 A T R 5% 6 IO Py B A T 5 B 2T 4 45 6 R 0T

22 SREMARRMEEKER BT

Kl 2 FioRy PRC-SCF FHHRER BE J R A4 TESWL
%2, K 2(a)~(c)rI %1, ¥KE2h. 3h. 4h )5, EE
MARZEIIRES L —, B RLFgegEs . BE 2(d)~()
f) SEM W Zrl 41, EKEE 2 h. 3 h. 4 h GHIESHE
R AF 45 T 3550 4y BT A A

2.3 FERRLTH /R E S RIIZA LRSS

Kl 3 BT N FLBRAT 4L/ B A R AR . B
Kl 3(a)~(c)tB A B H, BREE 2 hy 3 h. 4 h ¥R
LRYESL ) oy A TR A, B RS A R HAR
BIBONEUE , EAMENN G AL, (22 B E 3(a)
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1.83 um

Bl 1 FERRLT4ER 5 6L T 5 R A SEM 4
Fig. 1 Surface and cross-section SEM images of SCF before and after PR coating: (a) Surface, degummed SCF; (b) Surface,

PRC-SCF bundle; (¢) Surface, single PRC-SCF; (d) Cross-section, PRC-SCF bundle

[ 2 PRC-SCF + Cu BRI Ja i &8 (10 2 AN GO 35
Fig. 2 Macro- and micro- morphologies of PRC-SCF + Cu mixed powders after ball milling for different time: (a), (d) 2 h; (b), (e)
3h;(c), (H4h
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Fig. 3 Microstructures of SCF/Cu composites by ball milling for different time((a)—(c)) and frequency distribution((d)—(f)) of SCF

length: (a), (d) 2 h; (b), () 3 h; (¢), ()4 h

B BT BUBREE 2 h R IRREATI R/ B ok 578 4 2 WU Bk
HYE. [FINF, JRAT LA HBEE BREEIN A, BRer
YA LB, BT A 2 WA 9 7 AR R £ 4R R
KRG 2 B 5 o0 A TABAR P, PR, W] RLdid
23 1) R S [ A PR A2 B AT 4 R BERDIRAS, HE A TRAN
T RE BB I H) A AR 2R AE A, T DA 4 H BT 2R AR R ROk /
WAk

Bk RAE S B ARL A BB T 4 K FE S S 1 AR
A5 T XF AN [ R BT 1) o 8 F) JL B 21 4 /40 525 sk o
TRET YRR FEBEAT GE v 70 W FF R TR £ 4 PN 1 45 R kAT
P2 hr. HE 3(d)~DE, BEEBRERAMEL, &
A PPRE A B AR AT 4 1A~ K IR T 32.28 pm 9§
/NEE 31.84 um FRUE/N A 23.65 ume EREE 2 h, 3h. 4h
(1) 52 G MRE A8 ik 21 448 1) K BE A0 26 4y A R EEAE Y
10~40 pum. AFEFE, FHXTEEE 3 h (R SR
5 BREE 2 h IS RN EATIAEE — 3 K N 60~
140 um FIBREF4E . AN TERES 4 h IR A MRS,
BREE 3 h IS SRR B ATIAAAE — B0 K2 60~100
pm PIBREFYE . HUL Rl AT, B R S HOnT E] 1 g
G MR B 2T A B2 3 A7 10 35— AR B W A
&, AP B BE TN . B 4 BT Bk BE AN [ B
(AR AT AE IR 2 Mo ] 4 BT, RERES (1 It it

1365.5

51585.9

Ball milling for 4 h

Ball milling for 3 h

Ball milling for 2 h R
Degummed SCF R=1.921

400 800 1200 1600 2000
Ramanshift/cm™!
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Fig. 4 Frequency distributions of SCF length
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It 35K 5 I (1] (1% 8 K Sl el /N J5 38 0, BRI 438 3 h il &
(A Bl 2T 4 /AR B MRS B B B R AT, LR
LSRR HIN 7.93 glem’ 38.73 MS/m,
4.53%.

Bl 5 BT N RIR AT 4/ A MR ) e . A
Bl Sy aT LAE B, FE AR 440 2 A PR BT sk 5
I R B B 16 S 389 0 JE kN, AR JE R XA, BR S
IYEL 3 b & R R A AR 2 A AR gE G 1R
Uf, HBUZ iz, S5 AN 332.94 MPa. 46.17 HV.
B S(b) R = 25 LS Figar— i ith 2 55 A0 ], AH T
&, BREE 3 h (BB B ATAL R 2R 7E = S 2k b gk
2025 B AT S T EREE 2 h A 4 h o £ A R 2T 4/
i 52 E A AR 025 S A T 2R U B T

KN IT BAE 1 E 2 24 MCXXP 5 H il e
F 25 e R () B VR S e L b R AT T
WAL . S5 RFEH], A2 83%MIHHA 17% 4
AR, UEDT 1% A0 HE SR,
FE L HUE SR 5N 10.78 MS/m. 38.48 HV. 91.62
MPa; % == B CRE R 25 it 28 Ay Tl A B8 A2 4k ith 2 1 2
B SR, FEAEZ 1 RN 2645 S il 1 A
422903 mm IS AN H P22 FRIHL S W7 1 ZH Y
W, A SRR P SR, R ORI A SR B R

R/ BT/ RO A fE
Table 1 Physical properties of SCF/Cu composites

E, HIPRNRESERZE, SU SR T w5
BB AT A AR B HINLEE, 4SRRI, A
SRR 110 i 7 28 DA B SR (¥ R4 R0 B P FELRS T 4
ST, 15895 RPITER 1, itk
Wiz 2 Z A M A I E BB SAMAL 2Pt
Fe T A S/ S A M R R A SR B 0 A 5
fosemy, 5K, AR AR, a8
R HON 1%~10%0], 25 #i58 B {E M 233 MPa T
F| 25 MPa. AHEGTT 5, ASHF 70 A i Iy A i (.78 4
BT 24 FEBRBE 73850 3 h il % PR R 2T 4/ 53 4 AR
HEBUR, LREBMJ IR RIF. Ftk, AR
R A3 B AR S5/ A2 R i D A v R B
() —F (6 5 AT AT R T v

3 pH5ITE

3.1 RS G B MMM BK E AL B X AR AT 4E R 3 B AN 25
FIRIPHLER
B 6 Bt AL J5 BB AT 4E FIAR R R 52 B 4 h Y
SEk, ACE 2 FIE 6 vTLUE H, AREHATH A
R 2T 4 J A 1] Fr R BB e R 7 2B 7™ B [ 3R

Sample Apparent density/(g-cm °) Electrical conductivity/(MS-m™") Open porosity/%
Ball milling for 2 h 7.82+0.03 36.52+0.05 5.17+0.02
Ball milling for 3 h 7.93+0.07 38.73+0.03 4.53+0.01
Ball milling for 4 h 7.81+0.02 33.94+0.04 5.74+0.04
(a) 21 Ball milling for 2 h (b)
B [ Ball milling for 3h i B
400 B3 Ball milling for 4 h S 1200
332.94 46.08 10001
< 300 77 1455 Z
& 253941 125244 = 2 800l
= %% g 2
=) g o
2 200} 140 5 5 600f
5 g 5
s B 400 ——Ball milling for 2h
100 - 135 ——Ball milling for 3 h
200 } —Ball milling for 4 h
30 0

Flexural strength Hardness

Bl 5 JERRA YR SR T A R

0 1 2 3
Bending displacement/mm

Fig.5 Mechanical properties of SCF/Cu composites: (a) Bending strength and hardness; (b) Bending load—displacement curve
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MIREFYER 7 B EH, DR RS 05 he 1 h #
1.5 h (IE A AT SEM Wg2, Has Bl 7 fis.
B 7(a)mT 1, BRES T HARY B 32 B2 My A I €078 )=
ZEIIMAEH T2 PR KAWL 4EK B 7 1) IR 55 24
W I 72 M v LA BR B AR IR e ROk o £H T 7(b) T 0
PR RAFIES 2 58 W 2 e 4F 4. & 7(d)nr 4,
T 5 o B 2T AE 3R 5 I 52 BN IR 1, BRES IR RF R4
Pire A AT YR . T M AR I K 90 1454 BAPTE
R B R R 1 ke AT v 5o e b el R A R R 92 ) AN 2R
P, BT AR R AT e R TR G o a Rl

6 BRI AR BB R YEANAER B 73 15 4 h IR AR TS

7 WAL, BT IR ST 4 RIFELS S, —
JiTHl, SCF Zeid Byl AR 6078 5 /e LR H TR R PR 1)
W, M TAFRRIIRSEE £ R, X
AR SE I SR M PR SE O RIS, T HLBE G T 41 4
R B, 55—, BT PRC-SCF Btk AE
Ty s A R 5 2 132 I 8, kil 1 i £ 4
FEANURAR T, 4k SR 3R BE A 15 B T 4 i A 72 J2 P e
SR,  DAME R SRR 1 & KR, R, vk
(145 2t DR KRR S P R B 1 FH SR 7 SR 4K 5 25 ST R 000
MTEEmH. 2, BTHRBRIIRA4ERET 57
JE BRI T M 32 BIHURAR AT , 27 A B i A
oA R R AR K, B AT 4E
Ty W A I 0, 7 R BR B r HOR A3 3 — I L Bk oK

3.2 FEMAUHEARE SMRIBEEL

HT P 3 W, AN [ BRI 16 ) 5 P B2 AR P
B/ 5 T 2 R HLARAR S BON B0 » 1K 2 T BREE
Gy B A My B AR A1 7 2 T 8 J OB AL SR B A 1 B

Fig. 6 Morphologies of degummed SCF without PR coating + Cu mixed powder after ball milling for 4 h: (a) Macro-morphology;

(b) Micro-morphology

el )
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%ﬁ??ﬁ??%ﬁ%‘

i

PR shell

- e

10

5

&y
SCF particles \f/
™ 2

7 BRERISRE B IS B £ 4 ) 3 ORI DR/ T ) SEML 2

Fig. 7 SEM observation of protective and dispersive effects of phenolic resin on carbon fiber after ball milling process for different

time: (a) 0.5 h; (b) 1 h; (¢) 1.5h
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W, TEReSh I RE AR AT AR T IR E D
WJEMESARM COL COsv Hyw H0)Y, Beghinfix il
AARTE R T B R Iy, nT DA SRR 2 1 1 4
PRI E A TR AR I BORERS , R, AMinE i{e
HEER AR AR T, A RO 2 ) )4 e T AR K, A
Bhpeah R4t m, X LA R T E SR s FEL
e,

1 IR, BEAERESR AR, Fihref4/
S G AR 2 W B AT L S 2 e 8 S ), AL
FRBEER B I 8] S gD R 3G n . iX 72 T EREE 2 h il
(1% 5L Bl T 4 /R 52 Rk ER T2 S0 T s 6 K T P 358
TIAELE D B R e B R R AT 4, X At L P 3
FAAE— & I FLBRANGRIG, DT 45 R FE A 5
BRI FLAN 5o B & BREE IS [RIR38 n, 2R 48
YR, A4S A R R . T ERES
4 h il £ BB AT 4k /4R S-S A R T2 0N TR 5
LAY B W R AT Ho e 1 4 AR I T 22, SRy
2 PEE FLBR R IR R R G I, R AR e At 1) =4
DO ME PR, XA A5 I 3 F e S R FE A, (]
I P FLBR 3 A

=

B8 HLMR AT LA R Mo I R s 0 78 R RO 2T 24 ok PR AN ] ) i JE AR o 4 RORE F) 7 35

3.3 IEERLTH SRS AMRIEFL

H P S A1, R 2T 4 4 5T A R 2 i R i
BREE I (] S 3G 0 JS ks, = 2 B0 e~ A% it 46
PME, M S, BREE 3 h (H0 2 30— i i 2k 78
=AM R RE AR S AT R ES 2 h A4 h
1) 28 P L B 2T 24 /R 52 R )47 2 A A i 2 D0 B
B, ZHEEETCH X

K 8 fiTs AEREE 2 hy 3 h. 4 h J5E &8 K 4 5
RS, Bl 8 WA, JER AR R AR ECR, 2
LR BE J5 52 A SR (4 B R R TR 3518 2 g e~
(1 SORE LSO K /N TG k22 5, 3K T3 AN [ R % i)
X 400 SR PRI R S R I AR AL o

Schmid B[ K/NRE T SR “HBE” , 54
BHE IR RE . 582 55 7 2 Re % )R 5C . Schmid
T RANHAARFRRIKER R, BERIRT) SR Schmid
Tk, e R AEAR T, AR A Rt ik
9 B NIRRT 4/ A ) Schmid PRF-40 46 &
Guit-iE. E 9 FTLLE H, 6T BREE AR R] A Ak
LF Y/ 2 AR Schmid 70 Ra& ML, HE
BOAGLE 0.4~0.5 21,

Fig. 8 Morphologies of electrolytic copper powder(a) and copper in mixed PRC-SCF+Cu powders after ball milling for 2 h(b), 3

h(c), and 4 h(d)
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BERGADH, XEtRE 7 I 5 R ARRER T
A28 DX ) S AL

AN [ 3R P ) 4 REL B 2T 44/ 5 A AR <08 ki

T R L) 22 A — 58 AR T _E A A R4 ORL 438 T
FUT N B SRR Z IR, Fr i RERE 2 19K,
il i At RE 2278, e IS RS . [
I, T KA B IS 5 R AL T AR R A R
BEE KA R A BRI 2, fERGUNY el i
HHEA BRI E R B 10 Frm AR
Y/ A MRHK) CSL iy 0 A RAE I 1) 22 73 A o

(d) (e) (f)
| . L 15}
< |° [ W Ball milling for 2h < °[ mmBall milling for 3h « [ = Ball milling for 4h
S S 3,
Q Q Q
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Schmid factor
9 DLEREEAS[R) I [R)VE S8 A JEURH i) 4% PR AL B 47 4 /40 25 A4 BH B Schmid BRI 4345 & G il I

Schmid factor

Fig. 9 Schmid factor distribution and statistical graphs of SCF/Cu composites prepared from PRC-SCF+Cu mixed powder after

ball milling for different time: (a), (d) 2 h; (b), (¢) 3 h; (c), ()4 h
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1) Py e A i 6 78 0 T £ S 70 AR I ) e £ 4 1)
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EREE 2 hy 3 he 4 hJ5 BREFGECEHR A4 P 1 4 B8 201
BRI KL, (HERES 2 h PRFERR A D B 40
BB AT 4E, AR SRR —.

2) EIMERT, Beghist My R s F e A= 134 IR
PRI B 4 T2 AR (3 BRI A% LA A
JE AR R 2 1) B T AR O, 375 /A L T
gh o BT IR BN .

3) BREE 2 hy 3 hy 4 h RSB NSBAT4E 1)
K SRR I3 AT L BAEL) 10~40 wm, [E7 BREE IR E] (1 4E
K, BREFYER Lo A K 38— AR LB i v, R ET 4
P BRI 32.28 pum /N 31.84 um FHE/NE
23.65 pm, i H I RREF4E AR AR 13 77 A5 ¥ £ 4 JoUkE
B 48 2 LIS A THR SR Y, (ELTE VR ER B B (1] )
K, BReFE R ORAETES KR F AR AL T H A R
HEEH,

4) Bl EREE () [ ZE K, HERRET 4k /2 A Mk
MRME R, BSER, PR mERA, JFL
SRR BRI (8] SE 8N A 6N, BRI R X H, 24
MRS 8 A% i 2 A AR R, AHELTT S, BRES 2
h A4 )2 PR AT 4 R A AR S e P T 2

TN . BREEZMH 3 h il IR R B AT 4/ 5 A 4 R
CREEA AR R, HRWEE . L%, B
SR YU TR B S AN 7.93 g/em’. 4.53 %, 38.73
MS/m. 332.94 MPa. 46.17 HV.
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Preparation, microstructure and properties of
SCF/copper composites

ZHU Jia-min, CHEN Zhuo, FANG Hua-chan, LIU Tan, KONG Fan, XIAO Peng

(National Key Laboratory of Science and Technology for National Defence on High-strength Structural Materials,
Central South University, Changsha 410083, China)

Abstract: Using electrolytic copper powder and phenolic resin-coated short carbon fiber as raw materials, the SCF/Cu
composites with short carbon fiber uniform dispersed, controllable structure, good performance, simple process and low
cost were prepared through ball mill mixing, cold pressing and pressure sintering. The morphology and structural changes,
the uniform distribution degree of short carbon fiber in the matrix after ball milling for 2 h, 3 h, and 4 h, as well as the
differences in microstructure, physical and mechanical properties of the SCF/Cu composites were compared and analyzed.
The results show that the dispersion uniformity of short carbon fiber in copper matrix is greatly improved under the effect
of phenolic resin on dispersion and protection of short carbon fiber, the carbon/copper interface is well bonded and the
matrix is dense in the SCF/Cu composites. With the increase of ball milling time, only the morphology and length of
short carbon fiber change without structural change. The uniformity of length distribution gradually increase, and the
average length of the short carbon fiber gradually decrease from 32.28 um to 23.65 pm. The apparent density, electrical
conductivity and flexural strength of the SCF/Cu composites increase first and then decrease, the open porosity decreases
first and then increases, and the hardness does not change significantly. The comprehensive physical and mechanical
properties of the SCF/Cu composites prepared by ball milling for 3 h are good, with apparent density, porosity, electrical
conductivity, bending strength and hardness of 7.93 g/cm®, 4.53%, 38.73 MS/m, 332.94 MPa and 46.17 HV, respectively.

Key words: resin-coated short carbon fiber; ball milling dispersion; regulation; microstructure; physical properties;

mechanical properties
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