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ABSTRACT Nb–16Si refractory alloy was prepared by mechanical milling and hot–press sintering
from high–purity Nb and Si powders. The milling process was carried out in a planetary ball mill
for 24 h. The milled powders were consolidated by hot pressing in the argon atmosphere at 30 MPa
and 1500 � for 1 h. The powders ball–milled and material hot–pressed were characterized by XRD
and SEM. The size of milled particles was refined and the Si atoms were dissolved into the Nb lattice
to form interstitial solid solution. The results reveal that Nb–16Si refractory alloy consists of Nb
solid solution (Nbss), Nb5Si3, Nb3Si and another Nb solid solution (NbssI) with high Si content. The
average grain size is about 2 µm and the grains are nearly equiaxed. The predominant fracture mode
is transgranular fracture with river patterns in Nbss and relatively flat cleavage planes in silicides.
Nano–hardness values of Nb5Si3, Nb3Si and Nbss determined by nano–indentation are 13.9, 12.7 and
4 GPa, respectively. The fracture toughness of the alloy reaches 10.98 MPa·m1/2, indicating ductile
phase toughening plays a positive role in improving the fracture toughness. A model of trust chamber
was fabricated by sinter–forging and its microstructure is similar to the hot–pressed material.
KEY WORDS Nb–16Si refractory alloy, mechanical milling, hot–press, sinter–forging
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)34, Nb5Si3 + Nb3Si �0510622$13
7%. 1 Nb5Si3 + Nb3Si .220,�8%333
(Nbss), 444594�'4-�655$40 [5]. 4

440,� Nb 0�*�� Nb5Si3 +/6 Nb3Si 63
:&, 474,,�7!40+�!*�;&08, <5
Nb–Si &&69*:+�5�7%;6�7�!'($
( [6,7].

=�88(79::<;'9 Nb/Nb5Si3 &&$(
��%9: [3,8], :%;1=39:>4'9 �3;:
?>1� Nb/Nb5Si3 ;&$( [9], -.<=�@A:?
<@A?78BC9&&�08, :@8D9:=>(8
>�(EA?@AF. G9;BC&'9:4-'?'9
B Nb–Si *&) [10], 8@'9B:?+08HI�;&
$(�C#*. :*D<E;, <%=�)=C''9�
Nb–Si ÆJ&&$( [11−13], 742>?=K�:?, D
F?AB$7!�@08�>3E#*. <;AÆ Nb–
Si &&�'B��#*, C��8&&'B��#*CL
B�D8&& (G C–129, C–103 + Scb–291 &&@),
?G, :%@D@A – FHIEA (C–129 &&)(FM
(Scb–291 &&) @#'8&&FA; <% C–103 8&&
G$JEB! R–4D ���FC7; B C–103 8&&F
A+FC7>'EA#* [14,15]. .)* Nb–Si&()*
&)�)7!40+�N�, <%�D��@B!9:'
B Nb–Si &&DAG�E', KJG�#*$FG'B
��. C' – EA'&2HLO&+HH�EA!P�
I&, 8IJ�$(<%H, AG�ÆIB!, :3DKL
��+I�FG'B��, &J6JK%*MJKK(�
��L+MH@ [16,17].

0!$-�L Nb + Si HL*Q(, �@NON, =
�)='92 Nb–16Si '(&&, OM2$(�NO:
?+�@08. :@=:%C' – EA��'B2 Nb–
16Si '(&&FC7PQA.

1 *+,-
1PQ$(*R=LMMN 50 µm � Nb HL (L

�* 99.9%) + Si HL (L�* 99%), ORSS'O
Nb–16Si >'TP. ( QM–BP 'QINO�D>'N

O, NOP* 250 mL �ARQQP, ON*TN 10 +
6 mm(UOP* 1 Q 1) � GCr15 VRQN, N(P*
12 Q 1 (UOP), WL* 250 r/min. PSON�HL0
QNX2NOP,, TB2UOSTYU (RZQS), +
TV=�N, W2�L Ar, [V=�, U; 5 I, %NO
PVX*=�\U, -RZNO4Y,HL�MV*. V
&HL(D<ZWXNO 24 h, W]NC%.

Nb–16Si '(&&�)=C'(=�)=C'R,
>', :%�*WXP . XP;YPP =KYZ BN

ZXS (T9 BN HL0STYUV&^), RZ�!X$
(0P �M_Y. P�@NON� Nb–16Si ;&HL
X2WXP , Z2=�)=C'R,>')=C', :
% Ar [[[\, \1=', =C 30 MPa, !� 1500 ",
[=@) 30 min, [='[N\RQF.

Nb–16Si FC7�C' – EA(5:�=�)=C
'R,>', P :%�*WX, \`]G] 1 ^\. C
' – EAP )_`(]P+aP (^b:'), *_*c
P, ]P) 2 ]`P:', $OPU*DA�VVU, ]
PVa<aP^U=KYZ BN ZXS. )*DA8^<
,)>�Id'(, XP4YO 2 Ee', -DA�>W
�,VU*X, P�@NO� Nb–16Si ;&HLbP 
8^OcX2. 7!X, :% 20 MPa �=Cf1='N,
Z2=�)=C'R,>'C' – EA. Y- 25 "/min
�]!LHB)! 1100 ", [- 15 "/min �LH]!
! 1500 ", [! 15 min N, ^B 40 MPa �=C>'
f1=', dg 45 min, C' – EA'[N\RQF.

<%hJ_b)=C'� Nb–16Si &&<C

'EADAD>4>'O`:?`e<08f_. %
Archimedes `T:fO13+�TYia+�; ( HV–
120 &?& Vickers N�YDf; Vickers N�, ba
* 49 N, Bb@) 30 s, > 10 &N��R=c; <%
aZ=b��f;2$(c5�aZN�; 7!d[40
( Instron5569 &$(j81P�D%\gJ\T4]
: (SENB) f;, _4MN* 2 mm×4 mm×20 mm, h
^* 16 mm, J\_�* 0.1 mm, J\b�* 2 mm, B
bLH* 0.05 mm/min, +d'e> 6 ]_4�R=c.
( Rigaku D/max–r B X chkce (XRD) D>')
5OM; <%d` S–4700 &ea8b (SEM) �ifc
8fl (BSEI) +ÆI8fl (SEI) -<8ge (EDS),
`e+OM_4�NO:?<d\.

. 1 �������	�chgm
Fig.1 Schedule drawing for die of trust chamber model

(F—the pressure in the sinter–forging)
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2 *+/0123
2.1 4567 Nb–16Si 89:;<= XRD >?

] 2*ki Nb+ SiJpHLBe<�@NO 24 h
N Nb–16Si V&HLBe. 4Æ, ki� Nb + Si Jp
HLB\ADh, R=LMMN( 50 µm ij; �@NO
24 h N, LMWO>*, R=LMMN?* 5 µm. �@
NO Nb–16Si V&HL� XRD gG] 3 ^\. )]4
-fB, �@NO 24 h N, Si 5WOjNgk, Nb kc
fjN_*, B7 Nb 5hM>*+hghl. 5_, Nb
kcf1)i�lk, Nb �hg�Wl=, qj( Nb �
hg,m22 Si Qf, . Si �Qf`N (0.146 nm) ?
* Nb �Qf`N (0.208 nm), B'�333*)r3
33.
2.2 @ABC Nb–16Si DE:FGHI

] 4* Nb–16Si'(&&� XRDg.b XRD'e
OM4l, $() Nbss, Nb5Si3 + Nb3Si 3 5:'. ] 5

. 2 Nb � Si ����� 24 h � Nb–16Si i����	�

Fig.2 Morphologies of Nb (a) and Si (b) powder particles

as received, and Nb–16Si powders milled for 24 h (c)

*C'$(:?� BSEI, $(m�)m(j(bj-
<kO�njo 4 DA:n��5:', NO:?0
)=C''9� Nb–16Si–2Fe && [12,13] 5s, :*
@V\, D Nb–16Si &&�njo5kO'k. EDS
OM'eoj, 4 DA:n��5'O (QfOW, %)
Oc* 98.84Nb–1.16Si, 76.39Nb–23.61Si, 62.86Nb–
37.14Si + 92.18Nb–7.82Si, )5p;m(j+bj 3 D
:'5Oc* Nbss, Nb3Si + Nb5Si3, .kO'k�n

. 3 
��� Nb–16Si ��� XRD q

Fig.3 XRD patterns of the Nb–16Si powders milled for

1 h and 24 h

. 4 	� Nb–16Si ��� XRD q

Fig.4 XRD pattern of Nb–16Si alloy prepared by hot–

pressing at 30 MPa and 1500p for 30 min in argon

. 5 Nb–16Si ���qrsrnt (BSEI)

Fig.5 Backscattered electron image of the Nb–16Si alloy
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jo5*k Si O��j3D Nb�333 NbssI. hMF
s@V\, R=hMMN 2 µmij,sOhMMNto(
1 µm -X. Nb5Si3 + Nb3Si &()*&):)=C'
4Y,QuU7M'�.
2.3 @ABC Nb–16Si DE:JKLM

Nb–16Si �kl+�* 7.48 g/cm3, <%`T:f
4C'N$(�13+�0kl+�5P, 4!$a+�
* 99% -D. �@NO�<*$(74�a+�, NO4
Y,, HL�M20lB+d[, JM8B�hghl, .
2�+��ut, *Ng�)=C'4YJl2m=�u
�C. �@NON, HLLM4!m=Y��>*, 9B
LM)�nfXU�:@vm2nf^@.

Nb–16Si &&� Vickers N�* 8.26 GPa. <%
aZ=b��f4� Nb5Si3 + Nb3Si 5�aZN�O
c� 13.9 + 12.7 GPa, jN�* Nbss �aZN�
(4 GPa). Nb–16Si '(&&��N�m�: Nb5Si3 +
Nb3Si �nw.

<% SENB 9:Yi)=C' Nb–16Si &&�7
!d[40* 10.98 MPa·m1/2, jN�* Mendiratta
@ [3] <%GG>88(7< 1500 " +100 h =�)
Xk'9� Nb–16Si �7!d[40 (Oc* 5.4 +
7.35 MPa·m1/2). Nb–16Si &&�d\BeG] 6 ^
\. 4Æ$(d[9I*uhd[, Nbss vCoo\�d
[U, .)*)*R�uhd[U. $(d[40J��
Q<m�:4594+>h94. $(�[xn�E;4
-p,wqj4594�', ] 7 * Nb–16Si &&,[
xn�E;. (=bv, Nbss 5[de,, .)*)�M
Hy0w[. ([xn�4Y,, [xTpu410�&
()*&)5, p!;0� Nbss 5@, [x6;05x
p, :@[x�MOx+lW, 8O6�6�zy+Of,
b.J�$(�d[40.

] 7 N\, )=C' Nb–16Si && �>?=K�
:?, :)=OXU:'�>h&&. (qbE;X, >

. 6 	� Nb–16Si �����	�
Fig.6 Fractograph of hot–pressed Nb–16Si alloy (RP and

TF represent river pattern in Nbss and transgranular

crack flat in silicides, respectively)

*�:?4-zZhXgX�7Cr,, "'+q[[
x�M', ;s[xb3]hMn�!j3]hM, t[
x(>?hM,BuE'{>?hM�=OXU=8�
662m=hMB'�[xn�, �6w�v>h94
6e.
2.4 Nb–16Si DE:BC – NOP;

C' – EA'B� Nb–16Si &&FC7PQAG]
8a ^\, DA'BUO,,. *`eNO:?, %hJ_
bDAVVUV>w� 4 mm �_4G] 8b ^\. bF

. 7 	� Nb–16Si ���x�{�qr
Fig.7 Crack propagation, as shown by a long arrow, in

hot–pressed Nb–16Si alloy induced by indentation

test (IN and CS represent intact Nbss and crushed

silicides in indentation, CB and CD represent crack

bridging and crack deflecting, respectively)

. 8 
	 – ��	�� Nb–16Si ������	r��s|
}s

Fig.8 Photos of sinter–forged trust chamber (a) and its sec-

tion, A, B and C corresponding to the sampling po-

sitions used in microstructure observation (b)
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C7VVUD`e� BSEI G] 9 ^\, ] 9a, b + c
OcB7] 8b ,_4� A, B + C su. C' – EA
�$(NO:?0)=C'$(5s, D;t�NO:?
mNt<=. ()=C'4Y,, Giod�=7C$%,
hM�?=|!3;Y��u'. .C' – EA@, (k
i�C'tyu�^B=C, hM?=|!�"'m)=
k, ya2C' – EA$(�hMMNv=*)=C'$
(. DA� A + C X�hMMN?* B X, v:)*C
' – EA�NAty:%f1='1CEA, A + C X
Oc)DX^b�=C$%, "'hM�?=.

bFC7DA�,s+Xs (] 8b ,� B + C s
O) J_d[40_A, <%\gJ\T4]: (SENB)
Yi�d[40Oc* 9.20 + 10.12 MPa·m1/2, FC7
DAXs�d[40:)=C' Nb–16Si &&�d[4
05zA=, .,s�d[405Bgk, b:?]D`
e48)*:?A>*ya>h946eg~. FC7D

. 9 
	 – �� Nb–16Si ���qrsrnt (BSEI)

Fig.9 Backscattered electron images of the samples taken

at positions A (a), B (b) and C (c) in Fig.8b

A�Ds(,s+Xs� Vickers N�czcA=, R=
c* 7.7 GPa, 0)=C'� Nb–16Si &&5P�^w
), 480&()*&)5�9=�-.

3 /3
(1) <%�@NO + )=C''92a+� 99%

-D� Nb–16Si '(&&.
(2) )=C'� Nb–16Si &&) Nbss, Nb3Si,

Nb5Si3 <kOk Si O�� NbssI :', R=hMMN
* 2 µm, v@V\=KO{.

(3) $(� Vickers N�* 8.26 GPa, m�)N�
&()*&) Nb3Si + Nb5Si3 nw. 7!d[40*
10.98 MPa·m1/2, jN�*GG>88(79:'9�
Nb–16Si�7!d[40,:>h94+4594�'e.

(4) <%C' – EA'B2 Nb–16Si &&FC7P
QA, NO:?0)=C'$(5s, d[40+ Vickers
N��^w), 0&()*&)5MN9=�-.
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