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Interface regulation and properties of boron nitride nanosheets reinforced

copper matrix composites

LI Zhonghua, YI Jianhong , YOU Xin , LI Caiju, BAO Rui, LIU Liang’

(Faculty of Materials Science and Engineering, Kunming University of Science and Technology, Kunming 650093, China)

Abstract: Copper has a wide application prospect in brush and contact materials because of its high conductivity
and high ductility. With the rapid development of power transmission industry, the disadvantage of low strength of
copper itself cannot meet the demand, and it is urgent to develop a high-strength and high-toughness copper
matrix composite material (CMCs) to make up for the defects of copper materials. Boron nitride nanosheets
(BNNSs) is expected to be used as good reinforcements for copper matrix composites due to its excellent mechani-
cal properties and high temperature structural stability. In this study, BNNSs reinforced copper matrix composites
(BNNSs/Cu) with high comprehensive properties were prepared by powder metallurgy. Microstructure and inter-
face evolution characteristics of composites at different heat treatment temperatures, as well as the changes of
mechanical, electrical and tribological properties were studied. The results show that by matrix microalloying
(adding 1wt%Ti) and heat treatment, the dense and uniform TiN interfacial transition layer and nano-TiB whisker
are formed at the interface of BNNSs, which improve the interfacial bonding between BNNSs and matrix. Ultimate
tensile strength (UTS) of BNNSs/Cu-(Ti)-900°C is 408 MPa, the elongation (EL) is 15.5% and the conductivity
remains high level of 91% International Annealed Copper Standard (IACS) and the friction coefficient is 0.58 (pure

Logi=E R

2023-07-13; fEEI HHA: 2023-08-09; KA BHA: 2023-08-10 ; ML E A RTIE]: 2023-08-29 09:53:32

M4 E & #idk: https://doi.org/10.13801/j.cnki.fhelxb.20230828.001

HE&TH:

BIEEE:
5l AR

ERK B AR 54 (52174345)

National Natural Science Foundation of China (52174345)

XL, WL, YRR, B9 0 A et S G AR il 4 5 PERE E-mail: liuliang@kust.edu.cn

ZRH0AE, DR, e, 5. ZURINANK R B A A AR P 4 SRR 1], B AR, 2024, 41(5): 2683-2693.

LI Zhonghua, YI Jianhong, YOU Xin, et al. Interface regulation and properties of boron nitride nanosheets reinforced copper matrix
composites[J]. Acta Materiae Compositae Sinica, 2024, 41(5): 2683-2693(in Chinese).


https://doi.org/10.13801/j.cnki.fhclxb.20230828.001
mailto:liuliang@kust.edu.cn

2684 -

EEMRER

Cu is 0.8). BNNSs/Cu-(Ti) prepared in this study display excellent mechanical properties and wear resistance while

maintaining good conductivity, which provide the technical guidance for high performance electrical materials.

Keywords: boron nitride nanosheets; interface regulation; mechanical property; wear-resisting property; cop-

per matrix composites

B 2 A AR (CMCs) A LR 1 T . T4
FOE Y, fEm i gy . BAEMLTFE ., B
Jil LB H B T R AU iz o Y B
BB TR SR B T 5 N A SRV ST -
X CMCs [1) J7 2 J it 5 1 2t T 9 s i 22k, LA
W4 K3 (CNTs) FlA7 8507 (GNs) 45 ik 49 K #1 4Lk
38 iR AH ) £ (1 CMCs 1) 124 M e R 149 81— 12
Tt (HWAFFELLT BT (1) BRANK & P A AR EE
i (~400°C)?,  H 76 52 & M kLl & 2 A2 b (5 8
BREE T.25) 25 5 W SR HoAb S 2 Al 52 3 M 5 (2) il -k
A 2 ST A 25 R B G RORE Y ST HE DL R
BimkeE b2, Wk, TR — RSO s A
HE— 4R T CMCs R ZE A TERE .

RALT 4K B (BNNSs) 1 b — F g7 81 i — 4k
WsR AR, HRBLCE, BT HARR 5
o AR MR BEAE MR RS S [ T I T
54 &M e, BNNSs B A AH L7 2% M g (P
Bl : 800~850 GPa. fufifisifi: 61 GPa), {HlA
O 5 AR (1700~2 000 W/meK), HL A AL IR E
(~950°C) . it fh 2 J vk B R4 ) T I (R B
RH < 0.16) FFEALFHRED, BLAh, M4 A b
T ASORL R — 4 AL A OK A, 2 BNNSs 5K 11
bb 22 10 B B 148 = 5 R AR ] B4 22 fioh 1o AR % B T
g4, P, SR T BNNSs 4E Sk 38 5 A S 6F & 5 o
BE L B A L A bR AT R

AT, Z LT84 8 3 52 A A RHIE 9T IE &b
ToE A BB, i 7 R T B 2 2 otk
B E ., 1, Haghshenas 25" % I HLAKE & 4
fbik il % T BNNSs/Mg &Z & Mk, 25 %], &
A MR &R T By B 1S B 0 4 S . Yoo
PR M 7 9OR A 75l 45 T BNNSs/Cu & & 4
RE, BB PR B A R R N A R
Fho WS R IE B T BNNSs/Cu & & RHE 7
ok A0 35K ) O FH R, AR R R A R R R, R
GE M 4 @ HE 5 G b RL SR B -0 4 S D IC A O
Zang % 3 13 JFU A7 38 JF A i BNNSs/Cu & &
B AL T BNNSs-Cu i FL1H 25 1), 3K45 T 08 5 1if
FEPERE A A MR, B A T A R R R A
AH DA 52 38 2o 7 S0 S A R e A,

EUGE T A S R Z M A s A B,
Ma %73 5 JC FE be 45 1. 201l % T BNNSs/Al & &
FRE, i 3 BNNSs I Al KE A 22 8] 51 52 7 3
P T AIN 2o 8 S, 25 SR SR AIN o I 2
T BNNSs 5 Al JEAR Z (0] (W2 M, A SUZ G T
SN T, e ARG RE, BRIz,
Bhuiyan %5 1 1 B 57 0 3IF 52 T A7 A 4 TiB &
BNNSs/Ti & & M B 25 9 S B =4, s T
52 A R B - S RV L A 7 G o X S B
BT 2 M R A RN 4 R LR Y AR, ot
ST SN A B M 4 T 45 R R LR R R R A
A BHAZ I B AN AH 25 14 T 58 00 42 98 A AL B 1) 1 5 v
F1o TR AT 55 56 5 2 5 4 FL, BNNSs Fl4H
SR Z M IR R N, H39 RS A sk A E
Wil 2 PR AR 2 M o P, 3 A e U B i LA 4R
o A A ) ) AT s AR, AR —
R HEA HE I G MORE R AS TR AH 22 8] B B[R] 38 R AIOR

gt LRI HE R, A SOE S SRS A1
(B 1wt%Ti) A MRS TEH & T HA R
Uf- oy % F it B8 P () BNNSs/Cu-(Ti) &2 & M kL. o
FTARRIRAE I T 2544 F Ti JLE 5 BNNSs (1 5
TS o I R L S T OO 25 ) 1 B AR RRAE, JF
AT T AL B AR A L R AEIREEE .
S RE S B HE AT RS

1 XWMBEAE
1.1 BNNSs/Cu-(Ti) £ &3R4 &

J5 Kl BNNSs (45 & >99%) % J& N 2.25 g/cm®,
A% 2~8 pm, JEJE 20~50nm, HIE 50 E 1(a).
K 1(b) frn . MBI 1(b) AT LI i, BNNSs A R
TP (25 R o SEREH AR SR Ry (L1 =99%) SN LAk,
BLAE A 20~50 pm (& 1(c)). A 3CAH FH A0 490 K 5kok
(4l =99%) #7412k 30~80 nm (& 1(d)).

K FHAIUAR BR B 45 6 Tl v 4 2 1 e 2 ik il 4 17
BNNSs #4552 A A1 kL, T2 E 1(e) Fr
INo EE, DIKS MEREEA B BROBHBTRELE 10 ¢ 1,
B 3 300 r/min), 7F @& AR PR HST = RS BK
(Ball milling) #J%J7E 4 BNNSs. Ti Al Cu B 5K .
Hodr, BNNSs. Tidi 43510 0.1wt% Fil 1wt%.
WEREE S M E AR B TR RA A B,
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BM—Ball milling; SPS—Spark plasma sintering; HT—Heat treatment
El1 ((a), (b)) FRHEULTIGIK i (BNNSs) 1) TEM EIE; (c) LIRS
SEM {4 (d) 49KEK TEM [ER; (e) BNNSs/Cu-(Ti) Z-& K
il g
Fig.1 ((a), (b)) TEM images of boron nitride nanosheets (BNNSs);

(c) SEM image of electrolytic copper powder; (d) TEM image of nano-
titanium powder; (e) Flow chart of preparation of

BNNSs/Cu-(Ti) composites

1 FH ik H 45 28 1B 45 (Spark plasma sintering, Lab-
0x325, SINTERLANDINC) %%, 7£600°C. 50 MPa
ZAF T AR 5 min (F4 R #£100°C /min) 15 3] b 25
AR, ¥ besh 5 B Kk 7£ 800°C . 900°C J% 1000°C
AL B 20 min, A SCH AT (Pure Cu) 1A [R] #4
b B 5 B 2 MRS il iy 44 O P-Cu. BNNSs/Cu-
(Ti)-800°C. BNNSs/Cu-(Ti)-900°C #1 BNNSs/Cu-
(Ti)-1 000°C ,
xR1 BREREEARMLBRERRE

Table 1 Nomenclature of sintered bulks after different heat
treatment temperatures

Sample Heat treatment temperature/ ‘C
Pure Cu (P-Cu) —
BNNSs/Cu-(Ti)-800°C 800
BNNSs/Cu-(Ti)-900°C 900

BNNSs/Cu-(Ti)-1 000°C 1000

1.2 RIEFZE
* H Y &k 5 1 i B B2 (FESEM, Nova N-

ano450, FEI) il {5 %1% 4 H15% (HRTEM, Titan G2
60-300, FEI) X & & M RO 25 4 2 17 3R AE . SR
FH AT 56 K A HE 7K 72 i 4 TG 8 f R B 11 (DHV-1000,
I M G L B BR A | 43 5 5 A R
F) %5 B AN B L B AR U)K 16 mm. FE 2 mm,
J& 1.5 mm MMEAR, RHJTREREHL (AUTOGRAPH
AG-T, HARG MRS S 17 = IR TSP,
N AF R A 0.2 mm/min, &R AT RE R 3 A4
R, R FHEE 2 EE B 55 ML (MS-M9000, == JH 4
AR AR H), £ 5N, 10N, 15N Fl 20 N 25
fif B2 150 r/min % 3R JEAT B $E B 45 . o
JEE 2RI A B M A8 BT A 42 (WC, YG-8).

2 #R5e
2.1 BNNSs/Cu-(Ti) E & M RMM KA

K 2(a). [ 2(b) M BEERES 5 2 & R A SR
TR, SR AR R ARIE S, HKEL
(F 12 /I8 ) 2570 30, Mereib %P &, BTEK
PRt . i LU R T AR AR I A v A Y R AR
R R TE R 45 I e TE PRGA B BUE AL, IR B AR A
R 6 A5 48 I BRI B 4l i B2 oL 2R . ool

A
% 50 pm |
X
70 pm

01|
(c)

30 um/

A®,
» BNNSk 2

Cu matrix /

Cu matrix

|52 ((a), (b)) BkEE 5 BNNSs/Cu-(Ti) & & ¥HARIIHOIES 5
((c), (d)) BNNSs 534ii SEM [¥f4; (e) BNNSs X3k EDS Hif- 4%
(f)Cu; (g)Ti; (W)N; ()B
Fig.2 ((a), (b)) Microstructure of BNNSs/Cu-(Ti) composite powder
after milled; ((c), (d)) SEM images of distribution of BNNSs; (e) Scan
results of the area of BNNSs: (f) Cu; (g) Ti; (h) N; (i) B



- 2686 -

EEMRER

KEFBRM LB, £ F]F BNNSs 7F 34
K151 531

&l 2(c) WL %2 %) BNNSs # F 1 2k 78 36 (R % 1,
A RSE~8 um, 156 B BR S 1R ¥) J5 BNNSs 1) 25 14
KR, & 2(d) H BNNSs %5 i A AR5 Fok
AR R Z 0, AR TG 2 ke 245 o 7 b ok %
BNNSs 5 5k 0] 9 R 4545 . &l 2(e) 7 EDS T
FIG SR T LA 1, 99K Ti 0B &) 1oy B 4R
SepRrp, Sk JE gk b B FR R 4R Ti oG W N -
Br it 470 . ik BNNSs-Cu 4 5t ifi 45 4 25 2 B 4
FET
2.2 BNNSs/Cu-(Ti) £ & HR& W R4

X bg 45 A% BNNSs/Cu-(Ti) £ 44 3 47 41l 56 -JiF ik
AR, D R G b UL SR B 5 AH Y 4> A IS L, SEM
RAELE LK 3 frn . M 3(a). & 3(b) o] L
F i, BNNSs U7 17 A 7E 544 S5 B, 75 BNNSs-
Cu 1 X IR A % 20 B i i) A A A, e R e
S5 IRAS T BNNSs 5 4 5 14 2 7 B BN S &
125 4 55 H 25 2 51 R iR o 4 B35 BNNSs-Cu 7t
A5G R, A SORHBE 45 AR 3E AT v TR Ak 3,
P23 Ti JC &K 7] BNNSs XI5 #, M & A A
N AR A R, s AR R g A X
BNNSs/Cu-(Ti)-900°C & A #4 # F 1 X 45 (F 3(c))
PEAT L T #R £ (EPMA) B #r, oE— B3 T
Ti LR MY BORAL, JC R 40 A W&l 3(d)-~3(f) s

PSR
m
Sﬁ,‘-’r L7 .

(B R IFICE, Joiki EPMA R5]), MIE 3(e).
K 3(f) PR EIN, TiLEMWERIX, K& Ti#
PO a4, LR Ti W B A% (40 A X F1 B IX),
Vi B R 4h B 5 72 T [5) BNINSs FfF 3 & A2 1978,
I — &% SR U B i T 9 A B R TR T R RN T HK
PALT IR Iy, AR SR Ti R R T AR
PR AR o A T HE— 25 B R S B B A RS
TH] 25 ¥4 R 5 TE N W A B R 4y, R FH TEM X
BNNSs-Cu 1 i W25 44 AT IR A 27
BNNSs/Cu-(Ti)-900°C & & #4 1 - 1 fil Wi 45
o E 4 fros, a5 o B O O L B EHR (HR-
TEM) S A8 BL A5 46 sk — 20 B o 17 4o 98 53418 19 4
A AR B e AT A AT X 38 A 4 A A L (18] 4(b) .
 4(3)). nf&l 4(a) Br7R, BNNSs F i 4b W 2% 5] 1)
A) FLEUR B A 2 AR G A, SRR S
T AL 0 AH AR 3, R B T Y DX (X8R 1L IR
I11) #F 47 HR-TEM 43 #7 .  [&l 4(b) I &l 4(a) i1 IX.
B AREAT T g . Hob, & a(c) it i
R o A B AR 445 3092 T (RTBE O 0.20 nm, X
W BNNSs 1) (111) f# 1o [FIFEHL, 4n&l 4(d) Frow,
ST 3k )2 XA T S M 0.25 nm, X TiN
Y (111) fh 18 . Corthay %M Hg i T s B E T
BNNSs/Al & & A4 B A= iR % 22 5 18 S b i i 2
(AIN) I 3557 73 A7 A BR FL AR f RN R A B, AR
oAb P 5 A S, BNNSs-Cu Ft I Ab A2 jig T 3% 22

(d)Cu; (e)N; (O Ti

Fig.3 ((a), (b)) SEM images of billet after corrosion and sintered at 600°C; (c) Secondary electron images of electron probes (SED) of
BNNSs/Cu-(Ti)-900°C composite and results of elemental mapping of EDS: (d) Cu; (e) N; (f) Ti
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WR020,m | ATUS, ()
iy Q) Wi *(000)

+(002)
#(000)

1 10 nm

o S @, |
L - Lalalds ““_—‘
€14 (a) BNNSs/Cu-(Ti)-900°C & {44 ¥} BNNSs X3 /) TEM &% :
XFRLF 4(a) DXIK T TEM B8 (b) B AR & ((c), (d))s
Xtz 4(a) KK 1T A9 TEM B ((e), (£) S MR ((g), (h));
X7 4(a) XK I Y TEM EHR (1) K B A 5] ()5
(k) E AP R SR R
Fig.4 (a) TEM images of BNNSs region of BNNSs/Cu-(Ti)-900C
composite: TEM diagram corresponding to area I (b) in Fig. 4(a) and
inverse fourier transform (IFFT) diagram ((c), (d)); TEM diagram
corresponding to area II ((e), (f)) in Fig. 4(a) and IFFT diagram ((g), (h));
TEM diagram corresponding to area III (i) in Fig. 4(a) and IFFT

diagram (j); (k) Interface structure diagram of composites

H¥%) TiN Je b 2, FHm X P T Cu-TiN-
BNNSs A 2544 (K] 4(b)). Kl 4(e). & 4(f) XF&l 4(a)
o DB I AR AT TR o AN &L 4(h) BT,
T gl EL A 4 A5 B R T R B R 0.32 nm, X
TiB 19 (010) &4 1f, Jf H TiB f 4 [010] J5 a1 #64k
AR EE -4 EIRIES . B 4() M IX
B 101 /) HR-TEM K4, 38 3 e 4 L it 8 4845 3] X
B kA & A R BE A 0.21nm,  XF W TiN @9 (200)
W, HE— U0 T 7E BNINSs 4 5 4 1 S0 T Ak A
BT 315 HEUE )R .

i 1 % A4k H A BNNSs/Cu-(Ti)-900°C & 4 b
L ST OSSR HEAT A BT T A AR IR AT
Ti JiL ¥ 1] BNNSs X34 #0, I & A 51 50 IE i
FHOH A TIN L2, R T IX e 5 A7 A B D i
TiB AH 2043 A #E TiN Ji] [l o TiN 35 3 )2 09 T8 B ek 3%
T BNNSs-Cu [ St g it , #2m T2 A& M Em
SR e e . W R AL H AR TiB R0 S5 TIN i
AP (TR S NN S /M (N TE7S
TiN-Cu 9 ARG, DI AT Bl 00 i) 5 i Ak 2R

A AR IR S R e A 3, PR A Z ) ) 45
SR A PR S 25 A s B R A 1A 4(k) TR .
2.3 BNNSs/Cu-(Ti) £ &# # 1% % gE K

K 5(a). [ 5(b) /R T 4l F & & 1 kL b
PG (R FE G238 R U] % B R 4 FCRE 8 179 A AL R
BAAMBE T % S A e, LR
A RO H S A L Al AR A PR AKX EEH
T ERES 5 o 40 £k -5 BOR T F B R 3G i & Ti
) [ SO e A AR W A T BELAR: T A 3B B
HAAEENE, EET &R EREH LT, Ui
Wit 25 L B G TR, T Y Ti & B W Cu FE 1K
R, JF5 BNNSs &4 SRR N, SR B o
e AE IS /IN T4 1Y) &R B AE . BNNSs/Cu-(Ti)-900°C
W B B v, S HV 143.6, [ P-Cu 55 65.9%.

&l 5(c) by 4l i FE AR 1 2 A b REIG TR R T -
whse, wTLVEH, MEMEIREA S, 26
AR BR Bz 58 (UTS) FE IR 58 B (YS) S6 Tt
55 A . BNNSs/Cu-(Ti)-900°C ¥ T K 4 1Y 5
JE-IAPEICE R &R, Hitp, YS & 355.5 MPa, UTS
} 408.2 MPa, [ 244 fif 2% (EL) iy 15.5% (I 4f %k
P W% 1), YS 1 UTS 435l lb P-Cu £ 55 T 157.2%
& 65.2%, UiHH BNNSs H A 5 st L5 ), fig
BER SRR . X BNNSs/Cu-(Ti)-1 000°C
KUk, TR D EREM, XML FEHANT .
(1) VLA = IR be 4 by S BOE IR f kAL, AT R AR
T AR T3 PERE s (2) 1000°C Ry il T K2 4 ik
=, R T BNNSs Fll Cu i 7 &2 v, $ 3%
BNNSs A fiF 25 ¥4 (9 "™ BB IR, BEAR T &2 & AR
R, 1 5(d) LA T AR 305 HAbAS [ 7 2k i £ 1
CMCs Jj 241k Al 10 b g 2 SR B 220 PR {5 B0
2, MWE () AT LLE 1, XTHF ARG &%
TG A 1 T ] 5 10 B 48 DK R 1 i B 3k 52 A R
(CNT/Cu. GNs/Cu), HHk R BT s 5 FiLE fh 52
CATEYERE CBE” PG . ML, X TR RN
KR 3 5 4 5L 2 5 AR (TIC@CNT/Cu., ALOs@
CNT/Cu) K ¥, A HEMRG 8 —E k%, Hit
$o7 50 B B 498 a8 AR AT S BRAR 1 AR SCRT A5 B )
BNNSs/Cu-(Ti) & & # BHE AT RIS H 1 0y LAl
Ly ABREOR R R Arom B VPR AL A e &R, HLgE
AYEREDL S, Atk BNINSs 34 9 i 5542 4 b R
T floA R S0 2L A R R I T T

K FH SEM X b iR A8 T8 M4 B} ) i At by 11 iR A7 3
fiE, M 6(a)~6(c) H AT LA H, AR $Ab B B
il 25 18 52 A5 b 0 6 B M B AR ) ) P DRy R AR A
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elative aensity/7o L
100 +
- //% 125.1+7
7 195 120 7
< <. Conductivity/% IACS 3 < 100 | //
g 90t s - 177277 V) g S 86.5+3 //
\>} -’ 5 \m/ B0.0L: //
E {90 3 2 80 | //
2 o =]
3 0
g 5 g 60 | /
= Q :E //
S 2 o
20 185 40 + ///
10°r 20 | //?
0 80 0
P-Cu BNNSs/Cu- BNNSs/Cu- BNNSs/Cu- P-Cu  BNNSs/Cu- BNNSs/Cu- BNNSs/Cu-
(Ti)-800°C  (Ti)-900°C (Ti)-1000°C (Ti)-800°C  (Ti)-900°C (Ti)-1 000°C
450 — 420 [ *Thi .
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UTS—Ultimate tensile strength; IACS—International Annealed Copper Standard; CNTs— Carbon nanotubes; SWCNT—Single-walled carbon nanotubes;
GN—Graphene nanosheets; GFs—Graphene flakes; GNFs—Graphene nanoflakes
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Fig.5 Conductivity and relative density (a) and Vickers hardness (b) of P-Cu and BNNSs/Cu-(Ti)-800°C, BNNSs/Cu-(Ti)-900°C and BNNSs/Cu-(Ti)-1 000°C
composites; (c) Engineering stress-strain curves; (d) Comparison of the tensile strength and ductility of the composites in the present work with other

copper matrix composite material (CMCs)
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Table 2 Mechanical properties of P-Cu and BNNSs/Cu-(Ti) composites

Sample fj{::?stilt‘;e/ % Conductivity/% IACS Hardness (HV) Ztl:eligth /MPa 31:::;: /;r;jle Elongation/%
P-Cu 99.1 98.6 86.5+3 138.5+£12 247.5%15 45.95+3.2
BNNSs/Cu-(Ti)-800°C 98.5 90.2 127.5+6 273.6+16 321.6+11 15.60+3.5
BNNSs/Cu-(Ti)-900°C 99.0 90.8 143.6+5 355.5+10 408.2+10 15.50+2.8
BNNSs/Cu-(Ti)-1 000°C 98.3 91.7 125.1+7 315.8+13 364.5+11 20.60+3.3

W 11 2% TH1 A7 76 Ko 35 57 HLUR 388 1 190 8 A W7 28 oot e 43 i % BNNSs-TiN-Cu i I 5t 1 i #4 & . Bb ok,
PR RE Z e s, Hik, ZAMERIE R A 6(d) o0 g 1) 2 75 75 280N H 4 b ik A
B3 PE . % T BNNSs/Cu-(Ti)-900°C, 7& Wt 11 % i b BNNSs, #F— 25 80 9iF 1 3 V8 S T 4 44 g mT L
LR BN K RIMRF S e, RAMBME R AR Rmes &, s N A2 R S 850 2
Y24 (K 6(b)), X 1] AEFH 25 T BNNSs 9355 R PG . R, & 6(e). &l 6(f) b W %K 3
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Tearing BNNSs

Tearing BNNSs
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((d)~(f)) BNNSs/Cu-(Ti)-900°C &5k 24804k BNNSs HIIES
Fig.6 SEM images of the fracture of composites: (a) BNNSs/Cu-(Ti)-800°C; (b) BNNSs/Cu-(Ti)-900°C; (c) BNNSs/Cu-(Ti)-1 000°C;
((d)-()) Morphology of BNNSs at cracks of BNNSs/Cu-(Ti)-900°C composite
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Fig.7 (a) Mechanism diagram of frictional behavior; (b) Friction coefficient curves of P-Cu and BNNSs/Cu-(Ti)-900°C composite; Average friction

coefficient curves (c) and wear rate results (d) of pure copper and composites

800°C F1 BNNSs/Cu-(Ti)-1 000°C F & 45 it JiE§ AH 24 ,
X R BRI S )k RS T R AR . i,
Tif S A T it e 2 AR A 49 AR AR RN B AR 2 ) B 2k 1
FuE N AR T S Ak, I LB R SR AH T
PR B — R BB ROR -
2.5 BNNSs/Cu-(Ti) E &M BIRLITH

J Y U Hb [ B BNNSs/Cu-(Ti) & & 1 ¥}

S Ak S AR T AT D e e W VR AE i s AR L . B

MIRUE, &G AHEMAFR Y R AL AT 23 o
%&ﬁﬁﬂc 240 i 5 A 0 AT A% 326 iR Al = R 4y B,
O 1L TTRR AR BT A

oc=0M+Aop+Acgr + Aoy (1)

For s o M oy 239010 O B2 465 A8 R 4 ) A ) 37

SR B 5 Aop. Aogr 1 Aor 43 51 0 07 55 5 4L
2 it 5 Ak B 27 A 35 R Ak X B B R A 5 B 1Y
TTHRAA

AL 5 DR A s Ak DTk 2 2k A LR A DI

BNNSs Fll Cu 5 {4 [8] 77 75 #2 ik 72 8022 5 (A
IRk Z%k: Cu M 17.7x10°/K; BNNSs 4 1x107°/K),
TEBe 2l S ARk B 5 () ¥ 10 ) 78 5 T Ak 9 1 ) 8 Ak
X FBEOU AR - A, SR A A,
PRI E 5 | 18 A5 i Ak T DA A SR A

12AT \/ATVBNNSS

Aoctg = aGb 2
" \/b(l —Vennss) | DBnwss @)

Ho, o BHE (1.25); Gl Cu KKk fy 5 U] 5 1
(47.1 GPa); b MAAIGK i (0.286); AT HHEE4E I



VRS ARG oK R B 00 A R A b B R O S 1

2691 -

[#]8 PEIIEIE A SEM B4 : (a) P-Cu; (b) BNNSs/Cu-(Ti)-800°C ;
(c) BNNSs/Cu-(Ti)-900°C ; (d) BNNSs/Cu-(Ti)-1 000°C

Fig.8 SEM images of abrasion debris: (a) P-Cu; (b) BNNSs/Cu-(Ti)-800°C;
(c) BNNSs/Cu-(Ti)-900°C; (d) BNNSs/Cu-(Ti)-1 000°C

5 B R 22 5 Venwss BB B MR
BNNSs AT 53440 ; Dennss & G #1 kL BNNSs
AR I RS, 4558361, BNNSs/Cu-(Ti)-900°C
524 BB B BB 51 R A A R b BT k(o
21.5 MPa,

HYk, BNNSs #5 K f4 Fb 2 1 AR 9% B A 137 55
Wizsl, 5lRM A, o oTEkal i LT A
K E
Ao'p = Aocp — Aomp = aMGb(~pc — Vom) (3)
Hr: Aocp Fl Aoyp 539118 B A OB 2E Cu &
RPLAP AR TE I B A5 R AL DTk ; o« S 5K (0.2);
M 9 F BB AT (3.06)5 ow AT pe 2391 4 4 Cu
FEARFNE A MRMRLAR AR TE J5 0 45 2% B . 5 A3k
By, BNNSs/Cu-(Ti)-900°C & & #1 %l i BNNSs 5t
P4 45 58 Ak DT IR (B 27.6 MPa,

411 {5 AL 51k T3 33 Hall-Petch 23 20 /2
o6r = K(Dc ™7 =Dy %) (4)
Hid, KNH(0.2); Dy F De 43 50 o 4l 4 e 4k
A A MR Sk R F, Hod Do Ry 4.5 pm,
24 Be 45 5 S MR AR S it 3545 5 Dy M 0.5 um,
1 & 6(a) TEM R &k N S 481145 SR kA . 45
FW], BNNSs/Cu-(Ti)-900°C & & K 41 55 4k 1)
TR {E A 18.6 MPa.

FH A 2 22 B 720 a8 fr £ 36 3 25 ik B T
6] (4 55 VI AE k47, XF T & & # k) BNNSs-
TiN/TiB-Cu & ¥ M, #5ff # oF TiN i I 2 &
TiB & 201 1Y 55 UJ VE R 2047 D\ Cu JE 4R 1% 38 5]
BNNSs. [, 2 4% 328 58 Ak o7 ki # 38 i A 1w

B D) R B, IS BT U SR B ek A TE 45 A e
(IBE) fFrffi g, AR .
IBE = krd (5)
Hvh. IBE N BNNSs 5 Cu LR A w4 A4 6E; k
REMEREG RSV d o R AL R
ETJEERS
T 45 A R A R AR A T 45 S RE b AT
FE R VPAL T B S A DGR H R e T B N
ERFEW L, Wik, @5t &2 AR o Ak A
Y AR AL AL, AT B E 2 1% 3 5 Ak 1Y DT R (E
ANATF .
Aot =0c—om—Aop —Aogr (6)
45 WL W], BNNSs/Cu-(Ti)-900°C & & K 2%
faf A% 356 5 Ak TR {4 80.3 MPa.,

3 &1t

(1) EALTN 44K A (BNNSs)/Cu-(Ti)-900°C & &
MRt R A S ERe, o, 4R B Y HY
143.6, HUPLTREE H 408 MPa, IEff%E K 15.5%, H
HL S RA AR FRE 91% [E Bril K #i AR UE (International
Annealed Copper Standard, IACS) [ % = /K °F ,
JEE 45 ZR A 22 0.58,

(2) X} BNNSs/Cu-(Ti)-900°C & & #1 B 3 4~ &
BUSR AL LI AT I, o, B sRAk . S
A0 Ak RN o 3K % 3 0 Ak 1Y 5 1k TR 4 B A
49.1 MPa, 18.6 MPa fll 80.3MPa, " LIFE i, #
fap A% 3 5 AL 19 DTk f o 28 L iX 45 45 T BNNSs J
I T T S ] P 1 2 A A 2 R

@) AR EZ AR S 2E R G, FEIH
A F .4 BNNSs 5 TiN i J 5 1 fl1 44 K TiB & 40
P TR B SRR, A Ak T BNNSs 5 4 JL {4 1]
B REAS A . A YRR A AR & R L E A
MR B RS T 2%, WO R
BEH B 52 A MBE (CMCs) 3248 T 3 i 3241 .

S Z ik

(1] FRASt. s K& SR RN T L2 25R 7). gk
45, 2022(5): 22-29, 33.
SU Huaguang. Overview of application and processing
technology of conductor copper and copper alloy[J]. Wire
and Cable, 2022(5): 22-29, 33(in Chinese).

(2] WS, AREGH, W0, 55, A SRR RS AR 46 T2
FAEBERIBIFE IR (7], HLAE T AR, 2023, 47(1): 1-10.
PAN Xincheng, LIN Zhengqi, YANG Liu, et al. Research



+2692 -

EEMRER

(7]

[10]

[11]

[12]

[13]

progress on preparation technology and properties of
graphene reinforced copper matrix composites[J]. Mate-
rials for Mechanical Engineering, 2023, 47(1): 1-10(in
Chinese).

FRESC, ¥ SO, ILLE, 45, 7S Or /il g . ot Rsi ().
1T RET R, 2022, 50(12): 32-37.

WANG Yuanwen, XIAO Wenqing, ZHOU Hongjun, et al.
Preparation, modification and application of hexagonal
boron nitride[J]. New Chemical Materials, 2022, 50(12): 32-
37(in Chinese).

HAGHSHENAS M, ISLAM R, WANGYY, et al. Depth sensing
indentation of magnesium/boron nitride nanocompo-
sites[J]. Journal of Composite Materials, 2019, 53(13):
1751-1763.

YOO SC,KIMJ, LEEW, et al. Enhanced mechanical proper-
ties of boron nitride nanosheet/copper nanocomposites
via a molecular-level mixing process[J]. Composites Part
B: Engineering, 2020, 195: 108088.

ZANG C, YANG M, LIU E B, et al. Synthesis, characteriza-
tion and tribological behaviors of hexagonal boron
nitride/copper nanocomposites as lubricant additives[J].
Tribology International, 2022, 165: 107312.

MAL S, ZHANG X, DUAN Y H, et al. Constructing the co-
herent transition interface structure for enhancing
strength and ductility of hexagonal boron nitride nano-
sheets/Al composites[J]. Journal of Materials Science &
Technology, 2023, 145: 235-248.

BHUIYAN M M H, LI L H, WANG ] T, et al. Interfacial reac-
tions between titanium and boron nitride nanotubes[J].
Scripta Materialia, 2017, 127: 108-112.

MEREIB D, SEU U C C, ZAKHOUR M, et al. Fabrication of
biomimetic titanium laminated material using flakes
powder metallurgy[J]. Journal of Materials Science, 2018,
53(10): 7857-7868.

CORTHAY S, KUTZHANOV M K, MATVEEV A T, et al.
Nanopowder derived Al/h-BN composites with high
strength and ductility[J]. Journal of Alloys and Com-
pounds, 2022, 912: 165199.

FAN Y G, WANG C. Growth kinetics of interfacial reaction
layer products between cubic boron nitride and Cu-Sn-Ti
active filler metal[J]. Journal of Materials Science & Tech-
nology, 2021, 92: 69-74.

WEI C L, YEN, XIAW Y, et al. An electroless deposition
strategy for preparing ultrathin CNTs/Cu composite foils
with excellent mechanical properties[J]. Diamond & Re-
lated Materials, 2022, 121: 108785.

FENG J Q, TAOJ M, LIUY C, et al. Optimization of the

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

mechanical properties of CNTs/Cu composite by regulat-
ing the size of interfacial TiC[J]. Ceramics International,
2022, 48(18): 26716-26724.

SHUAI J, XIONG L Q, ZHU L, et al. Enhanced strength and
excellent transport properties of a super aligned carbon
nanotubes reinforced copper matrix laminar
composite[J]. Composites Part A: Applied Science and
Manufacturing, 2016, 88: 148-155.

JINY, ZHU L, XUE W D, et al. Fabrication of superaligned
carbon nanotubes reinforced copper matrix laminar com-
posite by electrodeposition[J]. Transactions of Nonfer-
rous Metals Society of China, 2015, 25(9): 2994-3001.
ZHANG X, SHI C S, LIU E Z, et al. In situ space-confined
synthesis of well-dispersed three-dimensional graphene/
carbon nanotube hybrid reinforced copper nanocompo-
sites with balanced strength and ductility[J]. Composites
Part A: Applied Science and Manufacturing, 2017, 103:
178-187.

WEI X, TAO J M, HU Y, et al. Enhancement of mechanical
properties and conductivity in carbon nanotubes (CNTs)/
Cu matrix composite by surface and intratube decoration
of CNTs[J]. Materials Science & Engineering: A, 2021,
816: 141248.

CHEN L, HOUZ C, LIUY F, et al. High strength and high
ductility copper matrix composite reinforced by graded
distributeon of carbon nanotubes[J]. Composites Part A:
Applied Science and Manufacturing, 2020, 138: 106063.
PAN Y, XIAOS Q, LUX, et al. Fabrication, mechanical
properties and electrical conductivity of Al,O; reinforced
Cu/CNTs composites[]J].Journal of Alloys and Com-
pounds, 2018, 782: 1015-1023.

YANG Z B, XU J J, QIAN Y H, et al. Electrical conductivities
and mechanical properties of Ti;SiC, reinforced Cu-based
composites prepared by cold spray[J]. Journal of Alloys
and Compounds, 2023, 946: 169473.

LUOF, JIANG X S, SUN H L, et al. Microstructures, mech-
anical and thermal properties of diamonds and graphene
hybrid reinforced laminated Cu matrix composites by
vacuum hot pressing[J]. Vacuum, 2023, 207: 111610.
DONG B X, LIQ Y, SHUS L, et al. Investigation on the
elevated-temperature tribological behaviors and mechan-
ism of Al-Cu-Mg composites reinforced by in situ size-tun-
able TiB,-TiC particles[J]. Tribology International, 2023,
177: 107943.

DING L, HU S S, QUAN X M, et al. Microstructure and high
temperature tribological performance of Co-based laser

cladded coatings reinforced with in situ TiN-VC[J].


https://doi.org/10.1016/j.compositesb.2020.108088
https://doi.org/10.1016/j.compositesb.2020.108088
https://doi.org/10.1016/j.triboint.2021.107312
https://doi.org/10.1007/s10853-018-2086-x
https://doi.org/10.1016/j.jallcom.2022.165199
https://doi.org/10.1016/j.jallcom.2022.165199
https://doi.org/10.1016/j.jallcom.2022.165199
https://doi.org/10.1016/j.compositesa.2016.05.027
https://doi.org/10.1016/j.compositesa.2016.05.027
https://doi.org/10.1016/S1003-6326(15)63926-7
https://doi.org/10.1016/S1003-6326(15)63926-7
https://doi.org/10.1016/S1003-6326(15)63926-7
https://doi.org/10.1016/j.compositesa.2017.09.010
https://doi.org/10.1016/j.compositesa.2017.09.010
https://doi.org/10.1016/j.compositesa.2020.106063
https://doi.org/10.1016/j.compositesa.2020.106063
https://doi.org/10.1016/j.jallcom.2023.169473
https://doi.org/10.1016/j.jallcom.2023.169473
https://doi.org/10.1016/j.vacuum.2022.111610
https://doi.org/10.1016/j.triboint.2022.107943

o

sy

SE e BALEN AR R 15 4 R 55 bR ST R S 1 R

£ 2693 -

[25]

[26]

Vacuum, 2022, 198: 110894.

DEORE H A, NICHUL U, RAO A G, et al. Influence of SiC
particles and post-heat treatment on the properties of
Ti-6Al-4V based surface nanocomposite fabricated by
friction stir processing[J]. Surface & Coatings Technology,
2022, 449: 128985.

SHIN S E, CHOI HJ, SHIN J H, et al. Strengthening behavi-
or of few-layered graphene/aluminum composites[]].
Carbon, 2015, 82: 143-151.

YANG M, WENG L, ZHU H X, et al. Simultaneously

enhancing the strength, ductility and conductivity of

[27]

(28]

copper matrix composites with graphene nanoribbons(J].
Carbon, 2017, 118: 250-260.

NIZL, MAJS, LIU Y, et al. Microstructure evolution and
mechanical property strengthening mechanisms of Cu/Cu
NPs/Cu joint fabricated by ultrasonic spot welding[J].
Materials Science & Engineering: A, 2023, 866: 144656.
CHEN B, GONG ] W, HUANG W, et al. Constructing a paral-
lel aligned shish kebab structure of HDPE/BN composites:
Toward improved two-way thermal conductivity and
tensile strength [J]. Composites Part B: Engineering, 2023,

259: 110699.


https://doi.org/10.1016/j.vacuum.2022.110894
https://doi.org/10.1016/j.compositesb.2023.110699

	1 实验材料及方法
	1.1 BNNSs/Cu-(Ti)复合块体制备
	1.2 表征方法

	2 结果与讨论
	2.1 BNNSs/Cu-(Ti)复合粉末微观表征
	2.2 BNNSs/Cu-(Ti)复合块体微观表征
	2.3 BNNSs/Cu-(Ti)复合材料力学性能测试
	2.4 BNNSs/Cu-(Ti)复合材料的摩擦磨损性能测试
	2.5 BNNSs/Cu-(Ti)复合材料的强化行为

	3 结 论
	参考文献

