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Bl AEE SR ARKEE R SEM A
Fig.1 SEM images of different alloy powders after mechanical
ball milling: (a) WZCIR, (b) WZC3R, (¢c) WHCIR, and
(d) WHC3R
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Fig.2 XRD patterns of the milled WZC1R and WZC3R powders (a);
locally magnified XRD patterns of WZCIR (b) and
WZC3R (c)
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Fig.3 XRD patterns of the milled WHC1R and WHC3R powders (a);
locally magnified image of XRD patterns of WHCIR (b)
and WHC3R (c)
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GEA UL AR R 3 ) XRD EEE, AT DLHEBR B i R
R TE AR E] W A1) Re £ ked 5 E Re
(1) Re(W)[EVAAH, T IEZATREAN Re 5 W HHHIUX .
2.2 FIfRPEEE R EFLALE

6 N 4 P& S RELEA IR T b A 8 77 -
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gt . AWK 6a HRILLE H, WZCIR £E 500 Cillif
I 2R E0 H R g g PR T 2, UTS {E 40 496 MPa. 600 C
i, WZCIR R I 1.4% 1) 2EAH 2, UTS {5 612 MPa,
tbali W 2745 300 MPa, i 81 3 DBTT #£ 500~600 C
208, el WOBR(KZ) 100 C (4 W ) DBTT fE
600~700 C)H P, 700 CH}, WZCIR i EL{H N 7.3%,
FFPRFF 619 MPa =R B2, H UTS fHdm 7% 1
Al LA 18- 2932351 Wz C3R ARFELE 500 C I
UTS $2 5 & 728 MPa, 7£ 600 CHf ] UTS N 653 MPa,
wiEl 6b fias, b SPS il & 4l W 1l W-0.5ZrC 73l
B 344 MPa Al 65 MPal® ¥, WZC3R fE 600 CHl
700 CHHIREMHIZFKE WZCIR I B E M7, El
B3N 8.8%A1 12.7%, ULHIERE Re MR, A
FZMESSWIEEME. WHCIR 1E 400 °C & A etk iy
#, UTS % 527 MPa, Wk 6c fin. 24ikE =

F 1 SPSHIEHMMFHMARFNFMEEE (FHE REEXEHP SPSed-W E&SHBILLE

Tablel Comparison of microstructure and mechanical properties (average value) between SPSed samples and other SPSed-W alloys

in literatures
Materials Sintering Rele.ative Qrain DBTT/ Vickers hardness, UTS (MPa)/El(%)
temperature/°’C  density/% size/pm C HV/X9.8 MPa 1300 ‘C 400 ‘C 500 C 600 C 700 C

WZCIR 1800 99.4 1.20  500-600 487 - - 496/- 612/1.4  619/7.3

WZC3R 1800 99.3 1.37  500-600 480 - - 728/- 653/8.8  537/12.7

WHCIR 1800 98.1 1.78  400-500 418 - 527/- 510/9.5 415/6.9  372/6.6

WHC3R 1800 98.4 231 300-400 396 535/- 549/13.9 506/22.9  464/11.7  418/7.7

Pure W% 1800 97.4 439  600-700 453 - - - 309/- 348/9.8

wzrC?! 1800 97.5 42 500-600 507 - - 572/- 588/17.6  535/24.8
wzC-1R!'® 1800 99 2.6  500-600 489 - - 495/- 445/30  470/26
W-0.5TaCP™ 1800 99.16 3.58  500-550 - - - 225/- 371/40  379/36.3
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K4  SPS &N FE & &R aH SEM A
Fig.4 SEM images of different SPSed alloys: (a) WZCIR, (b) WZC3R, (c¢) WHCIR, and (d) WHC3R
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Fig.5 Energy-dispersive X-ray spectroscopy (EDS) and element mappings of the surface of WHC3R alloy (a-f); EDS element line

scanning of W and Re elements on the etched surface (g)
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Fig.6 Tensile properties of different alloys prepared by SPS at different temperatures: (a) WZCIR, (b) WZC3R, (¢c) WHCIR, and

(d) WHC3R
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1600 “CHl1 1800 ‘CHF, P34k R4 Al = 2.94 i
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FHUKK, PRI 3.98 um, 41 8) Fiir.
T R WA R R X 4 FhG G oRL R
~FHISEIR, S EBSD X SPS il 4 AN [FR 3B K 5
Ga R FEIEAT T RAE, 5 R 9 ME 10 Fis. WA
9 1] LA H, 3B KR JE <1800 ‘CHF, WZCIR Al WZC3R
LR WK, IR KR SR 1800 CHY,
WZCIR Al WZC3R 3k 3 kKK, P 3 ok R~
92 pm. ME 10 7TLUE H, WHCIR {FEE 1600 C
1B K JE dRL R A KK, P38 R RSH B AR 1.78 um
WKZE 2.94 um, WK 10a, 10b fiz~. 1 1800 CiE
KJE, WHCIR AP gk K% 3.7 pm. X T

1.0 um

Kl 7 SPS #l4# WZCIR il WZC3R R FEAE 1400, 1500, 1600, 1800 CiB-K 1h J5H4&HH LR
Fig.7 OM images of SPSed WZCIR (a) and WZC3R (f) samples annealed at 1400 ‘C/1 h (b, g), 1500 ‘C/1 h (c, h), 1600 ‘C/1 h (d, 1),

and 1800 ‘C/1 h (e, j)

.
f

- : i

%8 SPS %% ) WHCIR A1 WHC3R iRXFEFE 1400, 1500, 1600 F1 1800 ‘CiB-k 1 h J5 K4 AL
Fig.8 OM images of SPSed WHCIR (a) and WHC3R (f) samples annealed at 1400 ‘C/1 h (b, g), 1500 °C/1 h (c, h), 1600 ‘C/1 h (d, 1),

and 1800 C/1 h (e, j)
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%2 SPSH|& WZCIR. WZC3R, WHCIR #l WHC3R A& ZEAFIBERAEHFH RN TRERER BB
Table 2 Average size and room temperature Vickers micro-hardness of SPSed WZC1R, WZC3R, WHC1R and WHC3R alloys after

annealing at different temperatures

Materials Recrystallizatjon Grain size (um)/HV(X9.8 MPa)

temperature/'C 1000 C 1300 C 1400 C 1500 C 1600 C 1700 C 1800 C
WZCIR ~1800 1.21/472 1.22/473 1.25/467 1.52/460  1.72/475  1.85/454  1.94/434
WZC3R ~1800 1.37/477 1.37/480 1.38/479 1.46/480  1.53/495  1.65/472  2.0/393
WHCIR ~1600 1.78/411 -/420 1.79/418 1.82/417  2.94/386 3.53/- 3.70/387
WHC3R ~1800 2.32/389 -/389 2.33/399 2.35/400  2.54/384 2.83/- 3.98/371

K9 SPS il WZCIR 55 WZC3R i F 7E 1500, 1600 F1 1800 ‘CiB <k 1 h 5 ) EBSD 44
Fig.9 EBSD characterizations of SPSed WZCIR (a) and WZC3R (e) samples annealed at 1500 C/1 h (b, f), 1600 ‘C/1 h (¢, g) and
1800 ‘C/1 h (d, h)

10 SPS #4f) WHCIR 5 WHC3R i FE/E 1600, 1700 A1 1800 CiE-K 1 h J5f) EBSD 454
Fig.10 EBSD characterizations of SPSed WHCIR (a) and WHC3R (e) samples annealed at 1600 ‘C/1 h (b, f), 1700 ‘C/1 h (c, g), and
1800 ‘C/1 h (d, h)
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520 - -m-WZCIR b
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| 487 HV WZCIR (Before annealing)
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480 = i
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360 —A-WHCIR
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1 n 1

Vickers Micro-hardness, HV/x9.8 MPa

1000 1200 1400 1600 1800
Annealing Temperature/C

P11 WL RO 0 2 PR R P R IR (1 hD) [ AE

(REZRAIR SPS il 2 B iR KCHT T Wb R BB AED
Fig.11  Variations of W grain size (a) and Vickers micro-
hardness (b) with the annealing temperature (the

horizontal dotted lines indicate the W grain size and the

hardness of the SPSed samples before annealing)

BKJE, b A, YR I R B AR N BRI 2
3783 MPa, # B WHCIR REEM B HIREAN
1600 C . H T 98U AR 5 55 — A 0N 1 250 1
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WKL B BEA I ZeC, I AAESETHES B R R
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Ja A VLS B R KOK, BL e 4 IR A e
P 2 3636 MPa, %] WHC3R {1 F 45 5 iR
N 1800 C, ik B SRR AL AN B A 4 Ak 1R B R4
DL E R MR m R AR E . A, R
M, MK 1la HEREEWIE F] WHCIR & ifiB K
BB R R 2 5 WHC3R WlFE K, U B A8 Ik &=
Re JC 3 ff S RE A 20040 1) 25 5 R 4K
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Mechanical Properties and Thermal Stability of W-Zr C/HfC-ReAlloys Fabricated by
Spark Plasma Sintering

Wang Hui'?, Ding Chenshi'?, Xie Zhuoming', Liu Rui', Fang Qianfeng', Wang Xianping', Liu Changsong', Wu Xuebang'
. Institute of Solid State Physics, Hefei Institutes o ysical Science, Chinese Academy of Sciences, Hefei , China
1. Insti f Solid S Physics, Hefei Insti f Physical Sci Chi Acad f Sci Hefei 230031, Chi
(2. University of Science and Technology of China, Hefei 230026, China)

Abstract: Four kinds of tungsten-based materials, W-0.5wt%ZrC-(1, 3)wt%Re (WZCIR, WZC3R) and W-0.5wt%HfC-(1, 3)wt%Re
(WHCIR, WHC3R) were prepared by mechanical ball milling and spark plasma sintering (SPS). The microstructures, mechanical
properties and thermal stability were investigated. The WZC3R alloy exhibits a high ultimate tensile strength (UTS) of 728 MPa at 500 °C
and an UTS of 653 MPa at 600 °C, which are about 2.1 times higher than that of SPSed pure W. The uniformly distributed nano-sized ZrC
and HfC particles can pin the grain boundaries and dislocations, thereby increasing the strength and inhibiting grain coarsening. The
WHC3R exhibits a total elongation of 13.9% at 400 °C, and its DBTT is in the range of 300-400 °C, which is about 200 and 300 °C lower
than that of SPSed W-ZrC and pure W, respectively. The addition of the solid solution element Re improves the toughness of W materials
by increasing the number of available slip planes and reducing the critical stress needed to start plastic deformation. In addition, the four
alloys show excellent high-temperature stability with no significant change in grain size and Vickers microhardness even after heat
treatments at temperatures reach up to 1600 °C. The Re element solidly dissolved in W leads to lattice distortion; it can inhibit the
diffusion of W atoms at high temperatures, hinder the migration of grain boundary, and slow down the kinetic process of W grain
coarsening, thus enhancing the high-temperature stability of the W materials.
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