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ABSTRACT Swelling behavior is an important feature of Ti–Al alloy porous material prepared by
reactive synthesis of element powder as raw material, and closely related with its pore structure properties.
The influences of reactive synthesis process and restrained sintering on swelling behavior of Ti–Al alloy
porous material were investigated thoroughly and detailedly under the given condition of other preparing
parameters. The results show Kirkendall pores formed due to the discrepancies of Ti/Al solubility and
diffusion rates lead to the wide–range expansion of compact volume. In the first stage of Al diffusion,
Ti–Al compact appears volume expansion behavior of more than 60% and near 40% of open porosity; in
the second stage of Al diffusion, Ti–Al compact occurs volume expansion of 1%–3% with open porosity
of 47%. In earlier stage sintering procedure, swelling behavior of Ti–Al alloy porous material through
restrained sintering shows strict linear law; in final sintering procedure, it shows a little shrinkage behavior
of volume.

KEY WORDS metallic materials, Ti–Al intermetallic compound, porous material, reactive synthesis,
swelling behavior
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LIJ&./A�H Ti%Al '+./, Æ'>

H –300 M, E'&B 99%,-& V =?�@<E.

/?#, C,H 50 rpm,& 25t KL@-&MNL1
AOA?#./09, A./LA2 Mo NF,4D
OB7P3B7, DO'&B 1×10−2Pa,

-&BGQP7# XRD $;BQCH/(#
0693$$;I",-&DNC4R λ, ENC4
R ω %4EC4R α SÆ=(:6C4EH, R6

FSFNGA4B7G2HD, H'%4E@$C4
+BC7EB7TA4$HD, H'%4E$*II
J$4(I,-& Archimedes UTKHUA4$?

3',-&VLKHUA4$JL?D,
;</(#0: 2MNEB16=(OI$C;

D, �� Ti–35%Al(K+B() # 8?��2/(
#0693$C4EH,LI=(H: L1L'H
200 MPa,B7-&SBGO/(#0+) (V 1), W

W,RH 5 P/min,H+X, 2JX��$YÆW'
QMW 1 h GQP, LIQ 5 ÆPZ$[>I8HH
+I, 1QRL\S,

=GB7: 2=GB7693, Ti–Al A42D
N@YB7*T%JZU$)"]./$=G, M$
0.5–1 mm $C4+, D2EN@N^$B7*$$
F1,<VO0 Ti–Al A42/(#06932DN
%EN@JY=G'$_[S%, ?DP\WA4$
C4EH,

=GB7 Ti–Al # 8?��$16=(7`
RB7$=(;],H+IQ 5 ÆPZ$[>I, 1

QRL\S,
2 QR��S
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^_���

2/(#0693 Ti–Al # 8?��$C4
a^, (V 2 J>,

<V 2 >J, KLC4,R$O], Ti–Al # 

8?��2`Æ/(#0693$C4EH>*B
H_ÆBG: I. 2 600 P*D$MbC4BG, Ja
4EC4RXW 10% bc, 4`C4W'H 540 P;

II. 2 600– 660 P$1,C4BG, E4EC4R2
660 PXW 63.3%; III. 2 660–800 P$MbC4c,

12 800 PXWJLI 64.7%; IV. 2 800 P*@$

[MabBG, Ja4EC4RH 54.8%,_ÆBG

$DNC4R%ENC4R%4EC4R$I"=
K;],

Hd@A Ti–Al B7A2/(#0693E4

� 1 cddeN Ti–Al O�YPfQe
Fig.1 Unconfined sintering process of Ti–Al com-

pacts

� 2 ZfO[R\
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Fig.2 Expansion curves of Ti–Al porous alloy

during its reactive synthesis from Ti/Al ele-

mental powder compact

EfW'I"$>+=K, S>: _2YÆI"BG,

Ti–Al B7A$4EC4fhW'>iI"; `>*

-&[>C4,R k +2kÆA44EfW'$I

"EH,B8, ;@Æ_ÆBG$ Ti–Al # 8?�

�4EC4RfB7W'$I"9&, >*g%-&
^'A9

α = ki · T + bi (1)

T*kÆ,O3 T HB7W' (K); ki(i=I, II, III, IV)

;aBBG I, II, III, IV$C4,R, %/K; bi(i=I, II,

III, IV) Hb( (%),R6^'UVl> ki % bi $
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>J, 9_ÆBG^'UV$m>&(>XY 1,
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Table 1 Determination of parameters in expansion

linear equation

swelling stage ki, %/K bi, % R2

I 0.19 –106.16 0.9656

II 1.17 –706.42 0.8977

III 0.010 56.57 0.9319

IV –0.017 76.90 0.9972

C4EH, E3W 650 PXB7A$C4+kXWV
BGkC4+$Y 80%,L^@, 2 648 P Al 2 Ti

3$23,RkXW 0.075 μm/s[9],2 650 PMW

2 hours $9GX!, 2&J@ Al 2 Ti 3$23_
q>XW 540 μm,lVlh*4 Ti7 Alm!9'Z
H\o$`;23/(,D29%/(693, Ti/Al

'+$ra'%23,R$S%)n Kirkendall ?

3$in [10−13], ?D*4A44E$Lb'C4,
csWL^A�$./Æ', >*m> Al dÆA2
9%BGmtne,lV, 29%BG Ti 7 Al m
!9'ZL$`;23/(8 Ti–Al B7A4EC

4$o:Al; 2BG III, A4:57fHMb$C

4,9:_, 9%BG$`;23@17BG II $

O], 8 Al dÆmtneG Ti–Al 3!;<%jF
n`;231)n4EC4$69,D2/(Gc,

Ti–Al A4$8?78g<@kh90, A4:57

`R$B7=K,E:I%$iu0H9%BGB7
$o:vk', lVO0B7A[M$[>ab,R
H 0.017%/K $4EI"EH,

2;</(#0693, 2;]B7+)C;D
Ti–Al# 8?��$j?3'*)JL?D+=(
$I"(V 3 J>,

2V 3 3, fhB7W'$pjW&, 8?4j

?3'$I"EH7TÆ4EC4$I"EHg<
;o,KL?3ql,R$O], >*BH_Æo:
Xc: ?390mc, W'2 600 P*D, j?3'

fW'ZMbnqT, 12 600 PXW ∼15% $j

?3'; ?7890c, W'H 600–660 P, j?3

'fW'k,qT, 660 PXW ∼37% $j?3';

j?3Mbqlc, W'H 660–900 P, 2 900 PX

W ∼46% $j?3'; j?3p>c, W'2 900 P

*@, 9%BGj?3'g<@MN2 47%–48% $

qrorw,D8?4$JL?DNfW'$W&
DpqqL,KL?DqL,R$O]Ln>*2
800 PBHTGxÆBG, E3T%BG$qL,R
;;Z&, JaB7A$JL?Dp>2 25 μm b
c,
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Fig.3 Pore structure properties of Ti–Al porous al-

loy during its reactive synthesis procedure
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Fig.4 Expansion curves of Ti–Al porous alloy during

confined sintering procedure
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42 1100 P*D$C4I"a^<EH^UV, J

W y=0.057x−34.11, m>&( R2=0.9636 XY 1, :

_=GB7 Ti–Al # 8?��$TcC4EH:
57Zus$H^I"=K,<rO α = ki · T + bi

>u, VXC4,R k H 0.057%/K, tH`RB7

BG II C4,R$ 4.9%,9o:8=GB7693
$=GC;JO0,2WW693, 2=GC;DB
7A$4EC42v>$W'O%UB<E,D8f

hW'$@W:57>iC4$EH,<BB7*
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4,R\&,7`RB7;o, 2B7Gc=GB7
Ti–Al # 8?��:574EyHab$EH,

2=GB73, Ti–Al # 8?��$j?3'

*)JL?D+=($I"(V 5 J>,

V 5 :_, KLI",R$O], >*A8?4

j?3')JL?DfW'$I"EHBHSÆX
c: 2 800 P*D, A4$j?3'%JL?D>f
W'W&D1,ql, 12 800 PBCXW 35.2%%

8.1 μm; 2 800–1000 P, A4$j?3'%JL?D
fW'$qlZMb, 2 1000 PBCXW 37.8% %

9.2 μm; 2 1000 P*@, A4$j?3'%JL?D
BC2 ∼38% % ∼9.5 μm vYpqMNOI,

2.3 T�UVWX� Ti–Al UYZ[\]^��
vw

-&SBGB7+)16 Ti–Al # 8?��

693, 2O]BG# $$;I"(V 6 J>,?

V 6 >*w7, Ti–Al nA2 640 PMW 4 h $69

3, Ti%Al '+m!Fn`;23/(, n0 TiAl3
w%; [16],29%693, %AI Al 2 Ti 3$2
3,R* Ti2 Al3$&, {%AI Al2 Ti3$`
r'xxLB Ti 2 Al 3$`r' [15], <VO0*
Al N Ti 323Ho$\2369,nA3$ Al L

+ne, 4&Ja< Ti % TiAl3 x;y0, (V 6b

J>,29%BG Ti/Al '+m!$/(69>k
ÆH [14]

6Ti + 6Al → 4Ti + 2TiAl3

2<��3, Al pKÆ`;23/(nemv,

fG Ti pK% TiAl3 x;2WW693xxFn`
;23/(,D2 TiAl3 ;3, Al $23,Rxx
&B Ti '+ [9,16], lV TiAl3 $ Al '+xxN Ti

31,23, 90w@x\2369, 1<Vn0 γ–

TiAl, TiAl2 % α2–Ti3Al S;, (V 6c J>, 97?
y [9] $7y%n,Ja Ti pK% TiAl3 x;ne

mv, 9%BG$/(69>kÆH [14]

4Ti + 2TiAl3 → TiAl + 2TiAl2 + Ti3Al

� 5 ddeNR\
 Ti–Al O�]g^hYngs

rzzs�glYso
Fig.5 Variation of open porosities and maximum

pore sizes of Ti–Al porous alloy during its com-

bined sintering procedure

� 6 ZfO[ Ti–Al O�]g^hY{|so

Fig.6 XRD patterns of Ti–Al compacts (a) before

and (b, c and d) during the sintering proce-

dure

TiAl3 ;mtneG, i$3$ TiAl2 7 α2–

Ti3Al ;xxFn`;23/( [7], 1n0 γ–TiAl

;,fW'$W&, Ti–Al # <|0B>i"BG,
Y# m`0B$F1, Ja TiAl2 % α2–Ti3Al x

;mtne, 4&<p%$ γ–TiAl ;y0, (V 6d

J>,V69$/(A9OH [14]:

TiAl + 2TiAl2 + Ti3Al → 6TiAl
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(1) W'2 Al $~Q*D, Ti/Al pK`;23
693 Al '+N Ti pK1,23, O0 Al pKm
tne, Ja4&< Ti % TiAl3 x;y0;

(2) W'2 Al $~Q*@, TiAl3 ;3 Al '+
N Ti pK{EB3!;1,23, O0 TiAl3 ;m

tne, n0 γ–TiAl%TiAl2 % α2–Ti3Al S;, 2<
%j$0B>i"693<# 0BF1Dn0p
%$ γ–TiAl ;,

[z, Ti/Al A42/(#0693$C4EH,

7EO]BG$$;CI69)E'+2376)
F;9,7# Ti/Al A42/(#0693$C4
=K>u, 2 Al $w%BG\23693, Ti/Al B

7AFnd&X 60% *@$Lb'4EC4EH,

]XA43$j?3'XY 40%, ;( Ti/Al A3
Al $neD TiAl3 ;Ozn0$69; D2 Al $

w@BG\23693, Ti/Al B7A$4EC4+
H 1%–3%,]XA43$j?3'XW 47%bc, ;

( TiAl3 ;OzneDJa[|; γ–TiAl n0$6

9,

3 Q S
1.Ti–35%Al # 2/(#0693$C4EH

>*BHC4,R_[O]$_ÆBG,YÆBG$

4EC4R α 7/(#0W' T m!>usz}
α=ki · T+bi $H^=K,Ti/Al A4$JLC4R
Fn2 600–660 P, <B Al $23,R1,qT, A

4{B1,C4BG, [>C4,RXW 1.17%/K,

2 800 P*@, A4$B7@1*:I%$iuHo
:vk', :57[>,RH 0.017%/K $4Eab

EH,

2.Ti–Al# $B7C47'Yt}=G$[{
P\,2=GB7C;D, 8&2A4DN%EN@
$=G')EO>i', )n Ti–Al # 2 1000 P

*D:57C4,RH 0.057%/K $MbD>i$
C4EH, ]XA4DN@$JLC4+tHEN$
5.5%,

3. 2 Al $w%BG\23693, Ti/Al B7

AFnd 60% *@$Lb'4EC4EH, ]XA

43$j?3'XY 40%; D2 Al $w@BG\2

3693, Ti/Al B7A$4EC4+H 1%–3%, ]

XA43$j?3'XW 47% bc,
| } � �

1 H.Kamide, H.Kashima, Hot corrosion behaviour of TiAl

with salt in artificial sea–water, Corrosion Engineering,

46(2), 83–89(1997)

2 Z.Tang, F.Wang, W.Wu, Hot–corrosion behavior of TiAl–

base intermetallics in molten salts, Oxidation of Metals,

51(3), 235–250(1999)

3 W.J.Wang, J.P.Lin, Y.L.Wang, Y.Zhang, G.L.Chen,

Isothermal corrosion TiAl–Nb alloy in liquid zinc, Ma-

terials Science and Engineering A, 452–453(15), 194–

201(2007)

4 D.Hu, X.Wu, M.H.Loretto, Advances in optimisation of

mechanical properties in cast TiAl alloys, Intermetallics,

13(9), 914–919(2005)

5 Y.W.Kim, Advances in the fundamental understanding for

designing engineering gamma TiAl alloys, Transactions of

the Chinese Institute of Engineers, Series A, 22(1), 13–

25(1999)

6 Z.Zhong, D.Zou, S.Li, Advance in Ti3Al and TiAl in-

termetallic materials, Acta Metallurgica Sinica, Series A,

8(4–6), 531–541(1995)

7 LIU Yong, HUANG Baiyun, HE Yuehui, YANG Bing,

Manufacturing TiAl based alloy through elemental pow-

der metallurgy process, Materials Science and Engineering

of Powder Metallurgy, 4(03), 189–194(1999)

(� ~, ~|�, 304, ~ }, 

�
�
~��� TiAl

/	
, �
�

�0-���, 4(03), 189–194(1999))

8 Yuehui He, Yao Jiang, Nanping Xu, Jin Zou, Baiyun

Huang, Chain T.Liu, Peter K.Liaw. Fabrication of Ti–Al

Micro/Nanometer–Sized Porous Alloys through the Kirk-

endall Effect. Advanced Materials, 19, 2102–2106(2007)

9 Y.Jiang, Y.H.He, N.P.Xu, J.Zou, B.Y.Huang, C.T.Liu, Ef-

fects of the Al content on pore structures of porous Ti–Al

alloys, Intermetallics, 16, 327–332(2008)

10 J.B.Yang, W.S.Hwang, Preparation of TiAl–based inter-

metallics from elemental powders through a two–step pres-

sureless sintering process, Journal of Materials Engineer-

ing and Performance, 7(3), 385–392(1998)

11 T.K.Lee, J.H.Kim, S.K.Hwang, Direct consolidation of

gamma–TiAl–Mn–Mo from elemental powder mixtures

and control of porosity through a basic study of pow-

der reactions, Metallurgical and Materials Transactions A,

28A(12), 2723–2729(1997)

12 J.B.Yang, K.W.Teoh, W.S.Hwang, Solid–state hot press-

ing of elemental aluminum and titanium powders to form

TiAl (γ + α2) intermetallic microstructure, Journal of Ma-

terials Engineering and Performance, 5(5), 583–588(1996)

13 T.K.Lee, E.I.Mosunov, S.K.Hwang, Consolidation of a

gamma TiAl–Mn–Mo alloy by elemental powder metal-

lurgy, Materials Science & Engineering A, 239–240, 540–

545(1997)

14 G.X.Wang, M.Dahms, TiAl–based alloys prepared by el-

emental powder metallurgy, Powder Metallurgy Interna-

tional, 24(4), 219–225(1992)

15 C.McCullough, J.J.Valencia, C.G.Levi, R.Mehrabian,

Phase equilibria and solidification in Ti–Al alloys, Acta

Metallurgica, 37(5), 1321–1336(1989)

16 F.J.J.van Loo, G.D.Rieck, Diffusion in the Titanium–

Aluminium system em dash 1,2, Acta Metallurgica, 21(1),

61–84(1973)


