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ABSTRACT XRD and OM were used to study the phase constitution and solidified structure of the
Ti–6Al–4V alloys prepared by laser multi–layer deposited pre–alloyed powder and blended elemental
powder. It was found that the deposited layer obtained by using the pre–alloyed powder consists
mainly of the epitaxial columnar grains, and the solidified structures change from the columnar grains
to the equiaxed grains with increasing laser power. Meanwhile, the solidified structures of the deposited
layer obtained by using the blended elemental powders change from large equiaxed grains to epitaxial
columnar grains with increasing laser power from 1600 W to 2700 W. Laser scanning velocity has
little effect on the morphology of the prior grains in the deposited layer obtained by using the blended
elemental powders. The influence of mixing enthalpy on the structures of Ti–6Al–4V alloy was discussed
also.
KEY WORDS laser multilayer deposited, blended elemental powder, Ti–6Al–4V, mixing en-

thalpy, solidified structure
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 $83�$!"%#, 4%#;3#9, ": '��

!"%; #6()%<-55,*<+!3#,.. 8

31*=!"�� #%)"(3#%<!-)9.>,

/"(,..> – 6(%, – <Æ)%#&9/6-&
0*% [1].

06 [2—6] ;./0-831* $/7., !"

�� # Ti–xV, Ti–xMo, Ti–xTa 6 Ti–8Al–xV(0≤
x ≤25) 3#!%<0<Æ.8<+1=, Ti–TiB 6 Ti–

6Al–4V–TiB +3,.; TiB  18!&,1=-.
Ti–Nb–Zr–Ta3#!%<, <Æ6)%>7!?9. :;

12 [7−8] -1* $/7., <20!"�� # Ti–

20Ni 6 Ti–80Ni 3#!=2<Æ.3>)%.

831*=!"�� #'3"?3�44#54
!'";%#;41*!3#9'3, @@'3;64!
53>83AA7%,'364B?@A. Fraser 2 [9]

 '831* $ Ti–10%Cr 6 Ti–10%Nb !!" 

#"B, <2053>83A7 #6C%<-5).%
,7D45%6'*!@A. &B87, 83A/C (2

1* $!3#9'3/D5'3) #E8F86C%<

-5, 8G%,7D45%6'*99; 83A/C (21

* $!3#9'3/H5'3) #I8E. <2 [10] &

(, 831*=!"�� # Ti–6Al–4V #, 7F:!

 #�:G<Æ1=J;KL3# $#E7<�, <M

87, @J!"%#;3#9'364!83AE?. *

H, 831*=!"�� #'3;, 83A!64<Æ
A@A #6C!%<-5), �C*%A7 #�!:

G<Æ1=64B?@A, <2<@AI==>9@AJ

?, 7F/6831*=!"�� #D3#!:G<Æ
1=@EB?NO.

>0- Ti–6Al–4V 3#/<27P, 48�KQ:

-R;KL3# $6831* $/7."S!"�

� #, 7?<2!" #KQ@;73#:G<Æ1=
!@AI=, &3�13#83A!><0�13#:G
EFA/2GAHA (columnar to equiaxed transition,

CET) BT-.!"%#=U>*B6, ?C!"%#;

3#9'37!"�� # Ti–6Al–4V :G<Æ1=!
@A.

1 IJKL
"BK Ti–6Al–4V L3# $!DEV 150 μm,

O L6/ (?6<;, R�)0.13%; 831* $+C Ti

 (DE 65.4 μm, O L6 0.069%)0C Al  (DE

83.5 μm, O L6 0.071%) 6C V  (DE 56.8 μm, O

L6 0.085%)D3#%<F6MG@H83 2 h 6%, @

H8KSW@HJ4 Ar ENR"S.

!"�� #"B4XFKYG>:G$�OPB
$"BA!!")&%,9B3C%, Q9B+ RS–850

T 5 kW CO2 !"I0LPM–408 DGJ";/KM
E0GTV PF2/2 T*K*� I0�G� LN6H
)MRSKA2<%. -C Ti /TI"S!"�� #

"B, 6( 50 mm×(8—12)mm×3 mm JK! Ti–6Al–

4V3#LM6C, %,'34NN Ar!H)MRSKA

;"S, "B@;/: !"UO 1250—2700 W, !""O

OE 3.0 mm, � �O 4.5 g/min, ZMP6 3 L/min,

!"FQ�O 2.5—7.5 mm/s.  #'3;;K%#>
*VB9B [11] 7!"%#>*"S"#VB, -F:G

H%#8R!>*<+. >*VB9B+"[)?IB>

\6"#B>J-<%, B>#;CSO/ 100 Hz, ">

KL!MPOE/ 2 mm.

(<�KQ:-RF:!!" #6C]!"FQ

/^7QTU, _RK 400, 600, 800, 1000 6 1200

WNP7TR"S<HMV", 8K Kroll 6X (5 mL

HF+15 mL HNO3+100 ml H2O) 76CV"8R"S

YOM, ;K OLYMPUS PMG–3 #8=2W (OM) 7

 #6C!:G<Æ"SZS.

;K X’Pert MPD ProT X P`aP\ (XRD) 7

L3# $0G@HM!831* $. #6C!b8

<%"S<M.

2 IJQRSTU
2.1 VWXYZ[\]^_ Ti–6Al–4V `a�b

Q 1 9)0<�!"UO:-R;KL3# $!

"�� # Ti–6Al–4V 3#!:G<Æ. *-X), 4

v=7.5 mm/s #, <�!"UO:-RF:3#:G<Æ
-/Rc4T!EFA; Sc!"UO!T*, EFA!
Y*ZEdG, Y*+!"UO/ 1250 W #! 500—

800 μm dSU 2700 W #! 800—1000 μm; 499!

!"UO:-R (1250 6 1600 W), EFAV()9[
!Rc4T1), \W�� #�, T*X;][ (Q 1a

6 b); !"UO9* (2700 W) :-R, EFA!TY?
7=^;, U #6CYZ54#�_L!2GA=, 2

GAADJKV 200 μm (Q 1c).

2.2 dWefYZ[\]^_ Ti–6Al–4V `a�b
Q 2 9)0<�!"UO:-R;K831* $

!"�� # Ti–6Al–4V 3#!:G<Æ. *-X),

Sc!"UO!T*, 3#:G<Æ7`+[G2GAH
A/Rc4T!EFA; 4!"UO/ 1600 W #,  #

!3#:G<Æg?+[G2GA<%, 2GAADJK
<+aV/ 500—1000 μm, U,F<II, �#D?h
N!�, 6CYZV()#\!Rc4T1) (Q 2a); !

"UOdGi 1850 W #,  #�;RZW+[GU,F
<II!2GAD<%, : #�;3ZIH9/Rc4
T!EFA, UEFAADJK=jGF;RZ!2GA
ADJK, EFAY*XU 1000—1500 μm(Q 2b); !
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Fig.1 Microstructures of laser multi–layer deposited Ti–

6Al–4V from pre–alloyed powder at laser powers

1250 W (a), 1600 W (b) and 2700 W (c) (scanning

rate 7.5 mm/s)

"UOXU 2700 W #, d6CYZ54#�_L!2G
A=R,  #�!:G<Æ-+Rc4T1)9[!EF
A<%, EFADY 1000—1500 μm, T*X;][, \

W�� #� (Q 2c).

Q 3 9)0<�!FQ�O:-R;K831* 

$!"�� # Ti–6Al–4V 3#!:G<Æ. *-X),

7E6C!;RZ-+[G<II2GAD<%, :;3
Z+Rc4T!EFA<%, 3#:G<Æ1=�<8Z,

p�ScFQ�O!dG, 2GAAD6EFAADJ
K-E7^;, [7!"FQ�O73#:G<Æ!@A
9;.

2.3 XRD qr
/0]7. $6 #6C!b8A9, 7L3# 

$0831* $. #6C"S0 XRD <M, &B\

Q 4 79. *H, L3# $6 #6C-/ α–Ti(Al,

V) G]& (aPi8?C Ti aPi! 2θ sZG), 83

1* $+ α–Ti, Al 6 V <%, @H83'3;=^&
43#9.

o 2 cX
���Yhh�	���Æ�
�
��� Ti–

6Al–4V ������
Fig.2 Microstructures of laser multi–layer deposited Ti–

6Al–4V from blended elemental powder at laser pow-

ers 1600 W (a), 1850 W (b) and 2700 W (c) (scanning

rate 7.5 mm/s)

3 TUtu
4!"�� #'3;, e!"%#IZUYZ, >

*,*7`j9, ::G�O7`dG, ;K06 [12] ;
!EFA/2GAHA (columnar to equiaxed transi-

tion, CET) BT><*v, 4>0!!"�� #:-

R, %#;GZ<=Uk3EFA4T:-, Æ4%#Y

Z54 CET HA!*%; 4!"UO990>*,*9

G!:-R, M#� ##__A8^#�YZ,%!2

GA&4B%, if, 7`!EFAD(]c #/^_
jRc4T; S!"UO!T*, !"%#AYAa, >*

,*7`j9, YZ!2GA�E7dl, 4M#�!B
%'3;2GADbk&4g`, chEFARc4T!
_j), 8:EFA4TT*A40TY?^;. <MQ 1

6 2 *v, ;KL3# $!"�� # Ti–6Al–4V 3

#!:G<ÆJ?CLB&B#8; :;K831*=!

"�� # Ti–6Al–4V #, 99!"UO (1600 W) :

-R7F:!3#:G<Æg?�[G!2GA (Q 2a),

J CET BTLB&B<�, <M*%�i/831* 
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o 3 cX
�����Yhh�	���Æ�
�
��
� Ti–6Al–4V ����

Fig.3 Microstructures of laser multi–layer deposited Ti–

6Al–4V from blended elemental powder with laser

scanning rates of 2.5 mm/s (a), 5 mm/s (b) and

7.5 mm/s (c) (laser power 1850 W)

o 4 	���Æ��
��Æ�m�	�
��Æ��	�
��Æ���� Ti–6Al–4V ��� XRD a

Fig.4 XRD patterns of blended elemental powder (a), pre–

alloyed powder (b) and the Ti–6Al–4V alloy de-

posited by pre–alloyed powder (c) and blended el-

emental powder (d)

$4!"%#;543#9'364!5lG78.

;K Miedema 4%5><BT, &3 Toop %nB

T [13,14] 7 Ti–6Al–4V 3#!83A"S><, &B8

7, Ti–6Al–4V 3#!83A/ –11.35 kJ/mol, 23#

9'3/D5'3, <73#:G'3!@A(&(4-

R 2 /R:

(1) (83A!64M/#@w&5mbc, 8�K

Q:-R!"�� # Ti–6Al–4V #, ;K831* 

$J;KL3# $8?, +FdS0#@oS!5m,

i8%#d->*!d*-.w&>*,*!j9, i:

pkF&4 CET HA. ;K\$B>"B [11] 78

�KQ:-R;K831* $6L3# $!"��

 # Ti–6Al–4V 3#j 5 �#%#8R;n>*"S
0"#B6, &B\Q 5 79. *-X), !"UO/

1850 W, FQ�O/ 7.5 mm/s #, %#>*XUGH

M, 831* $F:!%#d->*?L3# $#V

* 50 K. +F:G�O2FFQ�O, q<)831* 

$6L3# $!"�� # Ti–6Al–4V 3##%#8

Rk!>*,*<l/ 2.91×105 6 3.58×105 K/m, [

73#9'364!83A8:%#d->*d*0>*
,*j9. ><)<�!"UO6FQ�O/ 7.5 mm/s

#!%#8R>*,*, ;K CET BT<M, &B&

(, 4!"UO/ 1600—1850 W #, 831* $ 

#7F:!3#:G<ÆWeZ/EFA; !"UO/

2700 W #,  #�YZA64_L!2GA�. -3

&B[7>*,*!j9=<�i864>0 #6C
;[G2GA!7i.

(2)(83AM/eZ5mbc, 4 #R#�#, e

Z!83AAi8G/o5R^]5P/^!rA, ":

p fFmA4T/^!rA, �#, +F<�AD>7
!gx4T, nfi8+2fFA!4Toyh, e:s

Z3V()[G2GAD,H, 25P!Æ"yh0EF

o 5 �	���Æ��
��Æ�
�
���g, hp�
h.qiq��t

Fig.5 Variations of the temperature at molten pool sur-

face center during laser multi–layer depositing from

blended elemental powder and pre–alloy powder

(laser power 1850 W, scanning rate 7.5 mm/s)
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A!Rc4T, i80[G2GAD!,%, if:G<
Æ;!2GAD,i<II0JK<-5.

!"FQ�O#\#, T*!"UO*8%#AYA

a, %#;!7PpSjj, >*P<+7`k�?rF
H, eZ5m!Æ"MK^k, if, S!"UO!T*,

3#:G<Æ7`J CET BTLB&BlF#8. ?9

Q 2a, b 6 c *v, FQ�O/ 7.5 mm/s :-R, !"

UO/ 1850 W #, +FT,!lmMK,  #^%�#

!!"%#9m9s, %#>*99, if3#:G<Æ
J 1600 W #!#8; Sc #�;!dS, !"%#7
`AYAa, %#>*7`d*XUGH, ifF:!3

#:G<Æ7`HA/Rc4T!EFA, J*UO:-

R!"B&B-. CET BTLB&B#8. !"UO6

� �O#\#, \B<bcr5'3!@A, Isn?
67. $<F7:%6#8, ifrA!"FQ�O7

3#!:G<Æ@A<G.

4 Qu
;KL3# $/7., !"�� # Ti–6Al–4V

3#!:G<Æ+Rc4T!EFA<%, S!"UO!

T*, 3#:G<ÆE+EFAH9/2GA!lo; 4

!"UO99#, ;K831* $!"�� # Ti–

6Al–4V 3#!:G<Æ+[G2GA<%, Sc!"U
O!T*, [G2GAHA/Rc4T!EFA. Ti–

6Al–4V !3#9'3/D5'3, 83A!Æ"MKi
8G/o5R^]5P/^!rA, ":yh0EFA!
Rc4T, i809UO:-R[G2GAD!,%; S

c!"UO!T*, 5P!Æ"MK7`^k, if3#

:G<Æ7`HA/Rc4T!EFA.
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