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ABSTRACT W–based composites were fabricated by spark plasma sintering (SPS) using W powders
and carbon nanotubes (CNTs) as raw materials. The effect of the CNTs on the microstructure and
room temperature mechanical properties of W was investigated. The results show that the W2C was
formed through the reaction of CNTs and W during the SPS process. The formation of the W2C
activated the sintering of W and enhanced the densification of W. On the other hand, the in situ
formation of W2C decreased the driving force of sintering and consequently inhibited the grain growth
of W at high temperature. The grain size, relative density, bending strength and the Vicker’s hardness
of W composites were 4 µm, 99%, 1353.9 MPa and 488.4 HV respectively when the content of CNTs
was 0.5%.
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$AB$ (CNTs) �&�(2 (: 800 GPa)��

#�C1 (: 1.25 TPa)���-!=���=>0�=

>����� ��@�����)?.����, �'

> !#; Cu, Al 0 Mg ��001?$#�4A<(
8 [15−18] @�AB@$�CA$# [19,20]. =5 CNTs

�&�*8>?2����9 [21] 0>B*�42 [22],

�7, �2@!/��)2;8�3298"< 864
9@BC8;�BB@AB3��. 0.-0, !/��
)2;, CNTs �C# W %5D4 WC @, &'� $

#���5>!�. 7=, =5!8"-%�/:1, E

A-DB-%6E�, 5�-34/0�6E�, CD-

34�/0, &'< -F3?@%E [23]. /-!� W

�����, FG@BBF� W 90 CNTs /6#, 5

#G��""-% (SPS) H7/6-�34�$#, 0

.- CNTs I17 W �5B?@%E�������
HI.

1 #$ABCDE
8J9# W 9:D4E/ 2 µm, G2/ 99.9%;

CNTs 4E 20—30 nm, /2/ 5—15 µm, G2/ 95%.

=5 CNTs ��-!=0, -!�/�, %�;K<

F [24], L77 CNTs �-!79FHG. =MH CNTs

5N>OI1J?B@ 1 h, 9JGHG;, K CNTs �

91B� 0, 0.2%, 0.5%, 1%, 1.5%, 2% 0 5% �A�L

% CNTs 0 W 9, G# WC +:K1, H"#4.1�
WC :+ (+#�/ 5 M 1), @�G Ar B (99.9999%)

/NLBM, ! 300 r/min 2.;+: 5—30 h. /-0

.�); W 8 CNTs �8"O2, %+: 5 h ;� W–

5%CNTs 9�BP! 1000, 1300 0 1500 Q;I�PN
2 h, �;5# D/MAX–RB Q X CRSC' (XRD) 7

PNHG;�9�7928BT. 5# Dr.Sinter1050 Q

G��""-%�D, ! 1700 Q, 50 MPa U�;79

SPS I�-% 1 min < �34�$#. �-%E4I
�2 6 Pa, F).> 100 Q/min.

5# Archimedes I>OR.VG��=J2. VG

9�P�S:�F:�HQ;5#R�P"�4 3 mm×
2 mm×18 mm �T!HQVG. ;#I�WJOR

.$#�KW(2, LM/ 10 mm, UK�XE.2/

0.5 mm/min. !AL5B<2RMRN$#�5B<
2, JS/ 1.96 N, NU/T/ 15 s. 5#V& Tracor

Northern �O' (EDS) � LEO–1450 QPN�"5B
O (SEM) 7NV�-!�WP795BBT.

2 #$KL%&M
2.1 'N(OPQ)*+R,-

Q 1 /+: 5, 10, 15 0 30 h ; W–1.5%CNTs 9

��DQQ. &Q 1 2@RX, +: 5 h ;, W S4YU

7�+D@0V!�DQ, �:D4E:/ 1 µm, ZR

�2W)18644E8;� W S4 (Q 1a). SS+

Æ 1 [TUT	XY W–1.5%CNTs �V
�U

Fig.1 SEM micrographs of W–1.5%CNTs powders after ball milling for 5 h (a), 10 h (b), 15 h (c) and 30 h (d)
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:/T<"V 10 h, W 9SW>74^F� (Q 1b).

�', ;+:V 15 h /, =5:+�[\YX�]_0
]�$#, DB W S4WT^Z-05�<F (_^9

[_`), ��4E05<0 (Q 1c). ;+:/Ta/V
30 h /, ^9[_`3FE`, W �:DS4BC2F

�V 0.2 µm(Q 1d).

Q 2 / W–1.5%CNTs 9�!a\+:/T;�
XRD O. &Q 2 2@RX, W–1.5%CNTs 9�+:

5 h ;, W 9�1R�b!S4.� CNTs, SS+:
/T�<", W �3`05_�, Y-0SS+:/T�
<", 9��4ESW5�. 87\/, CNTs �`E],

WC `X_. Y37^=5!��+:/:1, 9���

-!��"1���a1�, � W 8 CNTs ^Zb

b���8", D4- WC. /-c`!+:/:1D4
WC 8, c#+:/T/ 5 h �W–CNTs 9�79;d

8J.

2.2 W–CNTs Q)R.Z[/\0]1
Q 3 /9/ 5 h +:;� W–5%CNTs 9�BP!

1000, 1300 0 1500 Q;I�PN 2 h ;� XRD O. 9

1000QI��HG 2 h ;, W 8 CNTs 8"2Z4 WC

0)1 W2C. SS�HG)2�F�, W2C �SC`1

 >"c_05, Y-0�HG)2�F�d7- W2C

8�D4.

0. [25] -0, W 8 C ! 850 Q/a4^Z8",

! 1000 Q@M/ W 8 C 2^Zd\���8", Z4

<'%� WC 0 W2C:

W+ C = WC (1)

2W+C = W2C (2)

eb Gibbs ^=�R`fL:

ΔG = ΔG298 K+

∫ T

298 K

ΔCpdT −T

∫ T

298 K

ΔCp/TdT

(3)

L1, ΔG / Gibbs ^=�, ΔG298 K /29! 298 K

/� Gibbs ^=�, Cp /29��U�;, T /)2. H

8"�����b [26] e#fL, 9R`, L (1) 0 (2)

�^=�-fL/

ΔGWC = −31516− 32.155T − 1.758× 10−3T 2−

11.154× 105T−1 + 0.170× 10−6T 3 + 3.975ln T (4)

ΔGW2C = −26486+ 112.284T − 0.536× 10−3T 2−
8.532× 105T−1 − 19.484T ln T (5)

�1, ;-%)2/ 1000, 1300, 1500 0 1700 Q/

Æ 2 [TUT	XY W–1.5%CNTs �V
 XRD a

Fig.2 XRD patterns of W–1.5%CNTs powders after ball

milling for different times

Æ 3 W–5%CNTs �Vcg�ehi
 XRD a

Fig.3 XRD pattern of the W–5%CNTs powders after an-

nealing at different temperatures

_ 1 WC � W2C �g�Y
 Gibbs 'f�
Table 1 Gibbs free energy of WC and W2C at high temper-

ature

(kJ/mol)

Gibbs free energy 1000 g 1300 g 1500 g 1700 g

ΔGWC −39.65 −40.46 −41.08 −41.56

ΔGW2C −62.41 −77.31 −89.35 −99.14

� Gibbs ^=��- 1 9b. &- 1 2@RX, WC 0

W2C �^=�! 1000 Q@M/D*5 0. �7, !�)
;, CNTs 0 W 9246^Z8"Z4$���2. 8
WC 8�, SS)2�F�, W2C � Gibbs ^=�;5
 >/5>, 87\/, )2`�, CNTs �d@.>`
e. ���R`-0, )2`�, W 8 CNTs �8"`c
(5Z4 W2C, Y8Q 3 9 %24a. �)� SPS %

274^b0-Y4�. Q 4 / W–0.5%CNTs 0 W–

2%CNTs 9 1700 Q, SPS 1 min ;� XRD O. 2@R

X, ! 1700 Q��)-%/:1, CNTs 8 W gd8"

Z4- W2C.
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Q 5 / SPS < ��34�$#�-!DQce.

&Q 5a 2@RX, W–0.2%CNTs VG1b!/V�f
h, f�fh37Bi! W �3g��3$H. SS
CNTs I1�<", W �-!fh05C), $#�a
J2 !05�!� (Q 5b—d). 7=, &Q 5a j2@

RX, ; CNTs �"#1/ 0.2% /, W �:D34BC

! 10 µm de, SS CNTs I1�<", W 34!�)
;�/09/ !-4.�6/. ; CNTs �"#1/

Æ 4 SPS �
i W–0.5%CNTs � W–2%CNTs 
 XRD a

Fig.4 XRD pattern of the W–0.5%CNTs and W–2%CNTs

after SPS

1% /, �:D34BC! 3 µm de, 8 W 9�S4

BC8; (Q 5c). BTg/, !�)-%/:1, W 8
CNTs �k88"37h W 6"8 C 6"WT�d@
b/?/. ! CNTs �ij3"$#;, W 6"K>C
#! CNTs 1, <OZF5, 7'8kl�� CNTs ^Z

$�8", D4$��@ [14]. '/l�-%/T��)

1 C f�h#, 7&;5!-%/:1Z4?.� W2C

8 [11,12]. 9@, ! SPS /:1, W 8 CNTs ^Z6
:8"Z4 W2C(Q 5d), Y8Q 4 �%28ib. 7=,

W2C�6:8"Z4EA-DB-%6E�, � W3

4/0�6E�005�, &'aD- W �34/0.

Q 6 /�34�$#! 1700 Q, SPS 1 min ;�W

PDQQ. &Q 6a 2@RX, W–0.2%CNTs1b!01
DgBi�fh, W 34Y�h3iBi, 34m$hi

jj, !h!=�$#/, jk37lS W 34�3$H

79dj, -_/@l3Wj/3�WjmL. ; CNTs

�"#1<"! 0.5% /, $#WP�-!fh05C),

$#�aJ2 !5>!�, WjmL=l3Wj("3
kGWj0l3Wj�:�QWjmL21, f@kGW

jb//3 (Q 6b). �', ; CNTs I1/ 1% 0 2%

/, �34�$#�WjmL21/@l3Wj/3 (Q

6c 0 d). Y-0�34�$#�(28 CNTs �I1b

!S05�n�.

Æ 5 �	
�	�
���U
Fig.5 Surface images of W–0.2%CNTs (a), W–0.5%CNTs (b), W–1%CNTs (c) and W–2%CNTs (d)
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2.4 klR\0*+
- 2 lX-G W 09 CNTs nm;��34�$

#! 1700 Q, 50 MPa, SPS 1 min ;���o�. &Q

4 2@BT X, ! SPS /:1, CNTs 28 W ^Z8

"D4 W2C, o!- 2 1, $#�aJ2Kc CNTs g

d8"Z4 W2C mR`�34�$#�87J2. &-

2 2@RX, 4�$#�aJ2SS CNTs I1�<"'
<". ; CNTs �"#1J/ 0.5% /, 2< ndaJ
��34�$#. Y^=5 CNTs �n#?�- W �3

p, d7- W �-%aJ�. 7=, SS CNTs I1�

<", KW(2Y_MF�;;5�kl. ; CNTs I1

/ 0.5% /, $#�KW(2f!n0o 1353.90 MPa,

�G W KW(2 (707.00 MPa) !�: 91.5%. '7

55B<2mm, =5�); CNTs 8 W 8"Z4-

�<2� W2C, &'qp-�34�$#/��<2. ;

CNTs �"#1! 0.2%—2% WT/, $#�5B<2

Y05�MFkl, ; CNTs �"#1/ 2% /, $#

�5B<2f!n�o 1266.5 HV. 4m!, !�);,

CNTs �)1"#&3. - W 34WT�%��, !

�- W �����. o4m!, ; CNTs �"#1J

/ 1% /, 01%�8 W2C �Z4, � $#�(25

>5�, <275>!�, r�-$#�����. �7,

&�:"#�p2mR, n1 CNTs �h#^/6 W2C

(��34�$#�ns. ; CNTs �"#1/ 0.5%

/, W �KW(205B<2BP/ 1353.90 MPa 0

488.4 HV.

Æ 6 �	
�	�
pq SEM m
Fig.6 SEM fractographs of W–0.2%CNTs (a), W–0.5%CNTs (b), W–1%CNTs (c) and W–2%CNTs (d)

_ 2 q W t CNTs rqi W 
���s�����
�
�
Table 2 The relative density, grain size and the mechanical properties of pure W and W composites

Sample Relative density, % Grain size, µm Bending strength, MPa Microhardness, HV

Pure W 96.4 7 707.00 434.0

W–0.2%CNTs 96.8 10 1239.49 392.8

W–0.5%CNTs 99.7 4 1353.90 488.4

W–1%CNTs 99.9 3 1045.17 608.3

W–2%CNTs 99.9 4 1032.44 1266.5
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3 KM
(1) W–CNTs 9����+:8J-0, ��+:

30 h ;, W S4WT�<F_`3FE`, �:DS4B

C:/ 0.2 µm. Z;+:/TJ/ 15 h /, W 8 CNTs

^Zbb���8"Z4 WC.

(2) ; CNTs �"#1�5 2% /, ! SPS /:1,

CNTs 8 W ^Z8"Z4 W2C. 4m!, CNTs �"#

?�- W �-%, d7- W �aJ�. o4m!, W 8
CNTs ^Z6:8"Z4- W2C, EA-DB-%6E

�, &'aD- W �34/0.

(3) SPS ��)l/-%0)1 CNTs �"#^!
�34�$#16:D4 W2C 8�ns. ; CNTs �

"#1/ 0.5% /2< 34BC/ 4 µm, 87J20

5 99%, KW(20 Vickers <2BP/ 1353.90 MPa

0 488.4 HV � W2C (��34�$#.
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