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WA SRR S S, FREREY
1500 °C, T A #AEEE R IR — AT 1400 C,
BRI B W-Ni-Fe & &40 F B AR peg k&, T
[ AH e 4545 A S O AR B S5 AHAE B, oS4 4y
FiEHE, FEESR SRS MAS), 154
HEGETIFEREAL, Hit, WEIF RIS E
SV R DA SIS R AR A e gl o A2 —FIIK
W& HIGER1083 C), HEHEMEYBA RIFr
FRZEE, PRIk, R 2 S P AR S i R AR VR A e
SEIA BB E . AR W VEFR R H RS & T
ANEHE BN 90W-Ni-Fe-Cu &4, T EHIKZHF
FUH 70 2R IS IS H IS R e g R PR RE e, JF:
IE] B S [ 4 & B 6t 90W-Ni-Fe-Cu & 4 2H 4 RE

W
.41
1 =36

1.1 MRS &

SEIG R R R SR I SR A R . BRI
BRI A B SRR DR, SR aek AR AR
1o HAeBBARERHZE 4 i F L 90%W-
7%Ni-3%Fe( i & 7 %, T F). 90%W-5.6%Ni-
2.4%Fe-2%Cu « 90%W-4.2%Ni-1.8%Fe-4%Cu Al
90%W-2.8%Ni-1.2%Fe-6%Cu #ATALMFRE, AR5
B ECIT R A LE HB B =R B ES 5 h, 37K
RSSO S A B IETRRH Ky R A SRR A
JE AR 20MN PR EE, B E RS
BHEE BB Quintus 23 7477 1) QIH-1 R
SEF BN, IR EZE 1350 °C . 150 MPa HAR
fRIE 3h, SRJEBENAEN.

1.2 ARRMESHZMEMR

SR A R I AT B s . 8B A B IR
T, AR JE BE T BT R OK B8 HE K VR R R CF
(AR224CN, BLEeM, KN 107 g, SR 2640

=1 JhE R AR R

Table 1 Characteristic of raw powders

JKFBE R 1 g/em®) R 9OW-Ni-Fe-Cu & 4 %5 B 347
M. RABLIENE W-W BT, DR
S rp B K B AR AE B2 I 5 B R
(Cow)s W-W HEHFZ R AR R
2Ny

v ey
Nyy + 2Ny

Cyw =
A Nyy N, 730378 SEM G A 4k 326 ) 5
ALK FE B W-W SR EORT W-M (B AIRG 254 ) 7
A4 ZR Nyw 20 ZRE] 200 4>, BLRNII &
®E.

K H 3 ok 9 3 5 B 7 B 8 (Nova Nano
SEM230, FEI, USA A& <) 2 f 2 2R W 1
TEAREAT 73 M1 . K 772 S50 HL (Instron 3369,
Instron, USA)XJ iU [ 2 5 A PR gE R4 T IC,
BIEZN 1 mm/min. K3 K5 BT REN B
(JXA—8530F, Japan )l Hi il ¥ fg i 1% (Oxford,
United Kingdom)*} 434 & FE AL 22 B Rt &R
AT M. K Tecnai G2 F20 S-TWIN TMP
Iy R S35 S B R 4 8 45 AR AR R AR 25 R AT 43
Mro

2 GRS

21 EWMABLREBS T

K 1(a)~(d)FTR 2 BTN 0%Cus 2% Cus
4%Cu 1 6%Cu 1] 90W-Ni-Fe-Cu & 4= {1 #5 SEM
%o B 1A, 4 Fh G SR 2 80% T FLIR,
L0 T SR R RE T (S S R
ELAE) 70 5N 99.13%. 98.61%. 98.83%411 98.61%,
XULHA 4 FEEEES I 9OW-Ni-Fe-Cu & & ik 3%
REUE BDIRAS . BEAE A AR, A kSN
K AR L ER T B4R . RIS, 5 dob R ST A i
WK, 90W-4.2Ni-1.8Fe-4Cu 1 90W-2.8Ni-

Elemental powder Purity/% Mean particle size/um Particle shape Fabrication method
W 99.98 3.03 Irregular Oxide reduction
Ni 99.60 5.6 Spherical Carbony process
Fe 99.00 5.4 Spherical Carbony process
Cu 99.90 3-5 Spherical PVD
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Fig. 1 SEM images of HIPed tungsten alloy with different copper contents: (a) 0%Cu; (b) 2%Cu; (c) 4%Cu; (d) 6%Cu

1.2Fe-6Cu &V f kLT 70k 16.60 pm Al
17.15 pm. BEAh, X FE00 0%Cu 1 2%Cu KIE5 &
&, HAHRB MRS, FElg 90W-TNi-3Fe &4
(LB 1(a)), HEEMS AL, HAFERI RN
R, RN B IEG E 4 [ AH e 245 R AE o

BT FRBA, AT CAHENNA I o 2 51 ke
SRR I A 2 R ) R R BRI, &
£ Ni-Fe-Cu = JoiliAHZHZ RO K 21, %t 4 Fif
A SRR AT IS, BPaal s 1~4 4
AIXTRL 4 FESE SRRy B 1 BRT
90W-7Ni-3Fe & 4= B 45 AH [ W A 42 I BE & T
1443 C . fEASELG 1350 CHIBESEIRE T, 90W-7Ni-
3Fe A& AR, KEAMUITZAR A kL
A5, FRFRAE M RN A OLE 1(a)).
A2 BIRT 90W-5.6Ni-2.4Fe-2Cu & 4 %h 45 FH 1
FHLR IR B 4b T 1350 “CHI 1440 °C 2 IA], A WLAEASE
5% 1350 “C () #AEEF R T , 9OW-5.6Ni-2.4Fe-2Cu
G A ToIE LI e A AR Ge 4 o A EE T 90W-7Ni-

3Fe &4, 90W-5.6Ni-2.4Fe-2Cu &4 245 it i R
SRR RO 1)), BT, W0 2%Cu )5
BAK G EMAHLREEE 1350 CLLR, (BRIE A
(A A 1083 C)MIINN G EU7E S50 I e o 1 72
HpE e DB, RS U ST S B — S B
o N TG SEGRAE T N [akess
), IR A TG SRy A S A, DR
A LME RS R EHE, X2 T H S, ik
AR BOR A SR BEE TR y 1. SR, FEREEE
RS, T EOKERER, LEREAS
WA FE S BRAE N W-W Sk AT 0 1 Aom
L 51

FH P 2 R 3 T4 AT T, 90W-4.2Ni-1.8Fe-4Cu
H1 90W-2.8Ni-1.2Fe-6Cu 7 4= %h 45 AH B BAH £ 5
PET 1350 °C, BIFE 1350 CHAEEH R N 52l
TWARRRSE, ARG AT N A, B
Wi A AR A HRSE BB AZ R (LB 1(c)F(d))-
XULATE ASE R R e 5 FE b, LA TE SR
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Fig 2 Liquidus surface projection of Ni-Fe-Cu!"*!: 1—90W-7Ni-3Fe; 2—90W-5.6Ni-2.4Fe-2Cu; 3—90W-4.2Ni-1.8Fe-4Cu;

4—90W-2.8Ni-1.2Fe-6Cu

JIFIBANE J1 L RAE R 98 NS R 2 TR 1 ]
B, i HCREOR AEEHE: RN, 7E Ostwald ripening
HLE T CABRARAS oL A 3R T B B BE ARSI JT, 2
WL AR 32 AR R BRI AR, FFad i v -
FE A B KK . 90W-2.8Ni-1.2Fe-6Cu 3L 5 AH
RURT 1250 °C,  FyAH s 5 H 0 RD IR Be 4
e, A FER AR . 2RI 4%Cu
A 6%Cu 85 A 4, P4 afokhi RT3 51 16.60
pum A1 17.15 pm; HJFEFEAS 58 EAAEE, FEy
FHAAH R S RGN, H0E A SR BT R AL
PBHAS 745 Ri KR, 3R 2 WTLUEH, 90W-Ni-Fe
Hop-(Ni-Fe) Fi a5 M 83 & EN 254%; B &
90W-Ni-Fe-Cu & &8 &= b 2% N2 6%,

y-(Ni-Fe-Cu) % 45 A1 1 i & & B 21.3% 3% Jin 31
57.8%, P4 EH 12.6%FKE] 4.0%. XHELIE T
TR I0AR 70 2 X 3 7E p-(Ni-Fe-Cu) Zh 25 A1 th 15 il —Hr !
I o

F=2 AFRAEESEPREMN EDS g R
Table 2 EDS analysis results of matrix phases in different

model alloys

Mass fraction/%

Model alloy
w Ni Fe Cu
90W-7Ni-3Fe 254 529 216 -
90W-5.6Ni-2.4Fe-2Cu  12.6 475 18.7 213
90W-4.2Ni-1.8Fe-4Cu 6.9 40.8 174 379
90W-2.8Ni-1.2Fe-6Cu 4.0 26.2 120 578

NT TIRIEEREG 9OW-Ni-Fe-Cu &4 /4l
LUEERIFI TR 4341, R TEMOLE 3)F1 EPMA(L
B )X HRAE M. B 3 iR X o ks, 52
XSO p FHEEAH o X AT X B FRTE Hr OL
Kl 3(b)s (c)), 45K, TR XIS TR A0 T
77 BCC 454, izt X g y FhahAHN N 057
FCC 45k, BI#EEHFE K 90W-Ni-Fe-Cu A4 BCC
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SER S Sk 5 80— FCC S5 K91 » BhEsAHZE R« [
i, JEEE 3BT LEH, BEkE y #i4
FHE AT AT AL . & @M EYSEiE, HR
U AT 45 AN 90W-Ni-Fe-Cu & 4410 7 10 1 44
RESRHL I Wil 4 FToR, p-(Ni-Fe-Cu) & 45 AH TP 4
B WS TREIFARKETTREER, BERITGEI MY
5], WEEH TH S8, SRR RIFIIS AR, 1]
TERII R Ay BhEEHH. BE 2, W0 4%Cu
Al 6%Cu J&, SEZHLT 90W-Ni-Fe-Cu &4 55 &
IR e, BCC 45 ahki s FCC 45141
AR S oA H a5 & R AP, B SR 4

&3 90W-4.2Ni-1.8Fe-4Cu &4 TEM 14 LA K3k X B FAT5T

FTCER AT 1 T AmAT -

22 NFEMEEREOS T

K 5 BT NAS[FR & (0%Cus 2%Cus 4%Cu.
6%Cu) 1 HEE R [ 90W-Ni-Fe-Cu & & i oi i
KR, K S aTRUEH, B &=,
POPLom R S Rk B 2B TR T
#, (EHEE R IR EE RIS . W S@)FR,
i & B 0%Cu BINE] 2%Cu I, 894 &K Rk
AARFEAAS, Fidr i i 921 MPa B hn3)] 934 MPa.
XEERHT 90W-5.6Ni-2.4Fe-2Cu & & rEkestit

W BCC ZA: [001]

Fig. 3 TEM micrographs of 90W-4.2Ni-1.8Fe-4Cu alloys HIPed(a) and SAD patterns of matrix(b) and W grain(c)

4  90W-4.2Ni-1.8Fe-4Cu &4 HIRMUIAL VR EPMA JCE 114
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Fig. 4 Microstructure(a) and EPMA elemental scanning maps((b1)—(b4)) of 90W-4.2Ni-1.8Fe-4Cu alloy as HIPed



1722 hEA O RYR

2021 47 A

1000
(@) 8
£ 950 . 17
= }J/{ 165
= )
5900t - 5 2
@ g
7 148
5 850t
= 13
s}
12
800

0 1 2 3 4 5 6
Copper content, w/%

(b)
401 36.86 37.00

Hardness, HRC

0 1 2 3 4 5 6
Copper content, w/%

Bl 5 AR EAER R & e AR
Fig. 5 Mechanical properties of tungsten alloys as HIPed

PR A D B VRAE, TG RR IR FKE T e
TR, BN W-W SRS 15 5 45 A A
W-W FHIRD, Brhr A P s . il T P&
GHAR R AETBARRE, b KRR A, &
W RSTAHIE, i HRC BEFEAE (70701 9 36.9+ 37.0)%:
ALRFEAAS . B B INF] 4% O, #
EF RS A S PR R T IA F] 953 MPa, KL
2] 7.63%. AHELHTE 8N 0%Cu Al 2%Cu (1455
&, Hyrhoom BRI R B4 I 1(c)nT A
i, S EINE 4%(F RS BN, BIRESR
RS R S BRAL, (EFh S5 B NS R (8] 3
HF, W-W GRS, W-W SRR H
0.67(90W-7Ni-3Fe) % ik | 0.56(90W-4.2Ni-1.8Fe-
4Cu), KN 2.52%2 5] 7.65%.

M BB E] 6% (& HORT, BE
SHIFTHL I 953 MPa FE{KE] 943 MPa, K%
B 7.65%FF(8E] 6.10%; [FNy, HAREE{EH 32.9 i3

—HBECE] 29.4. HHEEEINE] 6%, BE54E
(1715 MR R B, 3X 2 ZEJ2 BT AT 7 O T i Ak
7 1) y FEEEAR TR B AR 5 0 DL A AR AP AE,
B IET2E4208 0.141 nm, K TR, 2k HNE T
A2, DRI, 5] AEC 2R 5 A 11 it s R AR T o T 5L
SRIM, 45 B INE] 6%, » B4 s & &
INE] 4.0%(0 3K 2), 54555 i [ = A8 1) 5
AR W, B AL 2 2 B 71 A8 55 . 2)
90W-2.8Ni-1.2Fe-6Cu & & (14 & B, il
IR SR, R R B 2 %, BOK
(1175 7K e 7 o (B K YA NS ok 2 TRI B, e
PR AR y REAAH AN e 6 fits, A
b2 5K, 15 X8 A7 AR 45 AR B B i B
B, B aRoRL IR A AT B OB 2 TR B 25 A 4 AT
A, R, 4R S R 4%, PV 90W-Ni-
Fe-Cu & &M 1R K. 90W-4.2Ni-1.8Fe-
4Cu G IR BIRAER 1 ERE, PR 953
MPa, KN 7.65%.

6 AT 90W-2.8Ni-1.2Fe-6Cu &4x1¥) SEM 4
Fig. 6 SEM image of HIPed 90W-2.8Ni-1.2Fe-6Cu alloy

Kl 7 s A [E4 & B 90W-Ni-Fe-Cu &4
AT T30 . 455 4 1 2R 7 2 Hh 0 R T 2
W-W G B AR L R W-M R4 41
PR AL, Hh RIS MR W-w St
HE 7(a)FI(b) T FES 0] UG i, 90W-7Ni-3Fe
Hl 90W-5.6Ni-2.4Fe-2Cu & & MWy 3 2
W-W ST 2R D B (R4S R BT L, TP A 2]
FhASAHAE PR . IR H T E [ AR e gl 4 2 4
K5 RSG5 AR AT AN ), 45 iR e 5 7™ B 2 P
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Fig. 7 Tensile fracture morphologies of 90W-Ni-Fe-Cu alloy: (a) 0%Cu; (b) 2%Cu; (c) 4%Cu; (d) 6%Cu

1, RO RN A G IR E NS W-W AR,
SHYELEM I FERKE. T 90W-4.2Ni-
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3 45t

1) #INAAXT 90W-Ni-Fe & 41 # 55 5 el
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SERIF. MHEEE 0% IR 6%, y FighiiH
HES S B 25.4%207 FEAKE] 4.0%, 770 3 1IN
T T B LE R G AH P VA AT H

3) 7£ 1350 ‘C. 150 MPa. 3 h %1 ~, BEE4H
TR, AEEFH R 90W-Ni-Fe-Cu 541
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Effects of Cu on structure and properties of
HIPed 90W-Ni-Fe-Cu tungsten heavy alloys

WANG Jian-ning, CAI Qing-shan, ZHU Wen-tan, LIU Wen-sheng, MA Yun-zhu

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

Abstract: The 90W-Ni-Fe-Cu alloy was fabricated by hot isostatic pressing. The effects of Cu content on the
microstructure and mechanical properties of 90W-7Ni-3Fe alloy were systematically investigated by SEM, TEM,
EDS, EPMA and universal mechanical testing machine. The results indicate that, with Cu content increasing, the
sintering temperature of 90W-7Ni-3Fe alloy decreases and the microstructure changes from solid phase sintering to
liquid phase sintering. The tensile strength and elongation of 90W-Ni-Fe-Cu alloy firstly increase and then decrease
with the increase of Cu. When the Cu content reaches up to 4% (mass fraction), the spherical tungsten grain and
matrix phase are uniformly distributed, therefore the optimistic tensile strength and elongation (953 MPa and
7.65%, respectively) can be obtained. Its fracture mode is mainly composed of W cleavages and matrix ductile
tearing. However, when the Cu content further increases to 6% (mass fraction), its mechanical properties decrease,
which attributes to two reasons. Firstly, the solubility of W in y phase decreases due to the increase of Cu, therefore,
the solution strengthen of W to y matrix phase is weakened. Secondly, the liquid phase is extruded by hydrostatic
pressure during sintering process, which resulting the inhomogeneous microstructure.
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