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ABSTRACT The high temperature titanium alloy with rare earth element Nd additio n was
prepared by rapidly solidi�ed powder metallurgy (RS{PM) processing. The microstructure of RS{PM
high temperature titanium alloy has been investigated systemically. Microstructure study showed
that the � 0 martensite phase in the RS powders initially decomposed at 700� and vastly at 900 �

during the hot isostatic pressing (HIP) process. The decomposition products were equiaxed or
lamellar � phase as well as grain boundary� phase. The microstructure of the specimen HIPed at
the temperature in (� + � ) phase �eld contained equiaxed� phase, lamellar� phase and� phase. The
size of equiaxed� phase increased while the aspect ratio of the lamellar� phase decreased when the
HIP temperature increased. The microstructure of the specimenHIPed at the temperature in � phase
�eld contained coarsed lamellar � phase, grain boundary� phase and� phase. The microstructure
became �ner with decreasing the powder particle size. The microstructure of the sample HIPed in
the (� + � ) phase �eld and then heat treated in the (� + � ) phase �eld was bi{modal microstructure
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containing equiaxed� phase and� transformed structure. The microstructure of the sample HIPed in
the � phase �eld and then heat treated in the (� + � ) phase �eld was ternary microstructure containing
equiaxed � phase, lamellar � phase and� transformed structure. The microstructure of the sample
HIPed in the ( � + � ) phase �eld or � phase �eld and then heat treated in the � phase �eld was basket{
weave structure. The proportion of rich{Nd phases increased with increasing the Nd content, resulting
in the reduction of original � grain size.
KEY WORDS rapid solidi�cation, powder metallurgy, high temperature titanium allo y, hot iso-

static pressing, microstructure
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Fig.1 SEM images of samples HIPed at 700 � (a), 800 � (b), 900 � (c) and 1000 � (d) at 100 MPa for 0.5 h
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Fig.2 TEM images of samples HIPed at di�erent temperatures 600 � (a, b), 700 � (c, d), 900 � (e, f) and

1000 � (g, h) at 100 MPa for 0.5 h

P � + � : , � : Y  r J T K � � T 2 G K x .

- T � 0
` S ~ : o � � + � � I � 	 � : x t � 	

� P � : ` V � 0
` S ~ : o � � " � ( N . p V HIP

� � C & , � 0
: C A � K o � " � � i # J V \ ~ w ?

� � " � 5 2 , K E [ " o � : , j = � 0
: C o � " �

� i � T , _ D � 0
: S T E � : , ) �  " � 6 ( N

� : ( � 2c, e K h), � 0
` S ~ : o � � A G + x &

L �

� 0 ! � 0
poor + � metastable ! � + � metastable ! � + � (1)



w 4  ? 7 � p : r E . j { 1 � q l � $ � b L � � 5 \ 5 z 0 \ � 467�

x � � 	 � P � 0
` S ~ � � V C p � # ) r J T ,

K E r J o � : ( � 2f K g). r J � : o K E - 
 � `

S ~ � � C & j � o � ] K Y � � 4 , � � o � � � � j

� : 4 . �  2 � � 0
` S ~ � � C Y  V & j � o � ]

( � 3a) K Y � ( � 3b), } T , � : � � V  + E � ] Z

Y � � l R ! � K I ( � 2d), � A � K o � " � � i #

k S  � 0
` S ~ � � C � b , _ D $ E � � � : . � �

� A G + x & L �

� 0 ! � + � 0
rich ! � + � metastable ! � + � (2)

T � , & � d N 	 � s C o � 0
` S ~ :  HIP A G

C Y E $ K , h $ K K ^ l t � G � Q o + � A � x � �

� , A O N - T � 0
` S ~ : o ^ 7 K x , _ Q K E r J o

� : .

� N ^ � & � d N 	 � s � A HIP E K Q o 4 � ^

7 { y , x � � , ,  W Q � s o 4 � ^ 7 � M 	 � . �

4a � � HIP E K Q � s o 4 � ^ 7 , 4 � ^ 7 } / C , �

� : K � : ^ E , f � : u ' o � B } C , - B A 8%,

� C � : � 2 G K x , f r J T o � : K @ � T o �

: , r J � : ` K 
 f � / - ! � , � @ � T � : � 

$ Z $ K � $ m ~ � . + P �  HIP E K Q � s o 4 �

^ 7 � � " ^ 7 , � N � l y ^ o � 0
` S ~ : � � o 9

V , � HIP E K Q � s C r J � : o K E 	 � • � 4 2

G , t G � - T � 0
` S ~ : � � Q o @ � T � : , � A

$ Z $ K Q � A } ` o m N $ K , @ � T � : � 
 q 8 ~

r J T � K E o r J � : ; T t G P �  & � d N 	 � s

 HIP E K A G C , ~ , } ` o _ $ x , � A � x � � �

� K E o r J � : . �  � s � HIP $ K Q - � � � o

� 3 � 0
_ R } � � B � \ J X  n TEM =
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Fig.5 XRD spectra of high temperature titanium alloy

powder HIPed at di�erent temperatures
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Fig.7 Morphologies of Nd{rich phase and silicide (a) and � 2 phase (b) emerged in the rapidly solidi�ed powder

metallurgy high temperature titanium alloy HIPed at 700 � and the associated EDS results of Nd{rich

phase (c) and silicide (d) (Insert in Fig.7b is the di�ractio n spectrum of � 2 phase)
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Fig.8 OM images of No.1 alloy samples HIPed at 930 � (a), 1000 � (b), 1070 � (c) and 1140 � (d) at 150 MPa

for 3 h



� 470 � � Z � T � � w 49 �

� : K � : S $ o � : ^ E , - � 4 R P � 0
` S ~ : �

� X m o � � � : ` K n 4 s 9 , @ 2 � } C , � � : S

$ m l o � � � : # n 4 % 
 , f @ 2 � } ` . + P } �

 1000 � HIP E K - y C , p V HIP � � C & , � � �

: K w S $ E � : , e � � A S $ o � � � :  HIP E

K Q o ;  A G C , @ ` $ X , } T , � @ 2 � } C ; � �

:  HIP E K Q o ;  A G C $ E � S $ ^ 7 , � : p

� / o � � � : K � : ^ E , + 2 � � � � : } / , f

@ 2 � } ` .

� 8c P 1 G N 	 � s  � d : � (1070 � )HIP E

K F m l o � S ^ 7 , M k � X ` o � 9 � : K ` � J

� � � � / o � p � : ^ E . n " � � � B A : $ y �

50 � , � � � � F p ^ l N 3 h, f � J � � D o 	 !

I [ ) e � e � @ ` , � � 120 � m, f ) � J � � D w


 � 1|2 ) � � � b ^ . � 8d � 1 G N 	 � s  +

& � � o � d : � (1140 � ) HIP E K o 4 � ^ 7 , �

1070 � HIP E K Q o 4 � ^ 7 : g , � J � � D :

	  1070 � o  e � n 4 @ ` , � D o 	 ! I [ & � �

120 � m, f � D I [ $ m + n ! � .

(2) + � Nd C K 	 4 � ^ 7 o � < � � l 4

� ^ 7 7 : + 3 , 1 G & � d N 	 � s o HIP E K � �

f H  } & � � o � d : � , o + x X m � J � � D I

[ 
 � 120 � m o 4 � ^ 7 . � 9 � 2 G K 3 G N 	

� s � A - � o HIP - y E K Q o 4 � ^ 7 . � A � �

8 � M 	 � � ( + t , 3 G E � N 	  : � o HIP E K

- y 1 o 4 � ^ 7 \ � : � , h HIP E K � � � t � o

(� + � ) I : � ? & � o � d : � $ T A G C , 4 � ^ 7

� E N � r J � : + @ � T � : + � : + + � : ? @

� T � : + � : + + � : o S T . - � 4 R & 5  I �

l : t � l h 2 ( N o + � : ~ ` � ` p V Nd C K % n

F 5 n 4 % n o � N , T t � l p V Nd C K � 0.17% %

n l 1.23%, N 	 o � J � � D I [ � 120 � m s C l

� 9 2 F J 3 F M � � r � , � HIP � � D J P h � n OM =

Fig.9 OM images of No.2 (a|d) and No.3 (e|h) alloy samples HIPed at 9 30 � (a, e), 1000 � (b, f), 1070 � (c,

g) and 1140 � (d, h) at 150 MPa for 3 h
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Fig.10 OM images of No.1 (a), No.2 (b) and No.3 (c) alloy samples prep ared by forging HIPed at 1140 � , respec-

tively, and No.2 alloy HIPed at 1070 � (d) at 150 MPa for 3 h
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Fig.11 OM images of high temperature titanium alloy without Nd HIPe d at 1070 � and 150 MPa for 3 h

(a) ingot metallurgy sample (b) powder metallurgy sample
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Fig.12 OM images of No.1 alloy samples HIPed at 1070 � and 150 MPa for 3 h with powder size distribution

270|325 � m (a), 109|120 � m (b), � 53 � m (c) and 53|270 � m (d)
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Fig.13 OM images of No.1 alloy HIPed at 1000 � (a) and 1070 � (b) and 150 MPa for 3 h then heat

treated at 1000 � for 2 h, air cooling
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Fig.14 OM images of No.1 alloy (a), No.2 alloy (b) and No.3 alloy (c) H IPed at 1140 � and 150 MPa for 3 h then

heated treatment at 1060 � for 1 h, air cooling

N 	 o ^ 7 K N x , � 2 4 P  - � - 3 � v 1 � z o �

� N K + & N .

x 6 ^ � & n , & � d N 	 � A HIP E K Q , + ?

 � + � I : � � M $ R > , � 4 � ^ 7 / E d : I [ -

} Nd C K o ! $ � ! $ . f P ,  : � o HIP E K -

y � v 1 , B + 1140 � , 150 MPa, 3 h, + ?  � d :

� (1060 � , 1 h, A.C., f : $ y x 6 20 � ) � M $ R

> , & " + x X m } / o � 8 ^ 7 ( � 14). V � 14 C +

x $ l , 1 G N 	 o � J � � D I [ 	 !  130 � m ( �

14a), � 2 G N 	 o � J � � D I [ 1 z l 90 � m ( �

14b), f P 3 G N 	 o 	 ! � J � � D I [ � � 80 � m

( � 14c), z t � � O C . } T , � J � � D I [ p V Nd

C K o % n F 5 K w s C o � N .

3 ~ �

(1) HIP E K � �  700 � F , & � d N 	 � s o

� 0
` S ~ : # J � K � � , 900 � F ` K � � , � � = &

� r J � : Z � � � : + � : .

(2) � + � I : � HIP E K Q o 4 � ^ 7 M k � r J

� : �� � � : K � : ^ E , p V � � C & , r J � : \

� @ ` , � � � : o @ 2 � 4 O z t . � d : � HIP E

K Q m l o � S ^ 7 , M k � X ` o � 9 � : K ` � J �

� � � / o � p � : ^ E .

(3) p V Nd C K o % n , \ ~ C h 2 ( N o + � :

` K % n , � F � J � � D I [ z t .

(4) � s D � � C , HIP E K Q o 4 � ^ 7 � / C .

(5) � + � I : � HIP E K )  � + � I : � � M



� 474 � � Z � T � � w 49 �

$ R > Q o 4 � ^ 7 M k P � r J � : K � S $ ^ 7 ^

E o b x ^ 7 ; � d : � HIP E K )  � + � I : � �

M $ R > Q o 4 � ^ 7 P � r J L A � : �� � T � :

K � S $ ^ 7 ^ E o 0 x ^ 7 ; � + � I : � Z * � d :

� HIP E K )  � d : � � M $ R > Q o 4 � ^ 7 ! �

} / o � 8 ^ 7 .

h � � �

[1] Li G P. PhD Dissertation , Institute of Metal Research,

Chinese Academy of Sciences, Shenyang, 1995

( @ ( � . B < ) V � � \ ] � t * M V � ]  , ? f , 1995)

[2] Chen Z Y. PhD Dissertation , Institute of Metal Research,

Chinese Academy of Sciences, Shenyang, 2008

( C ; � . B < ) V � � \ ] � t * M V � ]  , ? f , 2008)

[3] Xu F. PhD Dissertation , Institute of Metal Research, Chi-

nese Academy of Sciences, Shenyang, 2007

( Q � . B < ) V � � \ ] � t * M V � ]  , ? f , 2007)

[4] Zhao L. Master Thesis , Institute of Metal Research, Chi-

nese Academy of Sciences, Shenyang, 2008

( ( L . B < ) V � � \ ] � t e M V � ]  , ? f , 2008)

[5] Xu F, Li G P, Yang R. Acta Metall Sin , 2006; 42: 770

( Q � , @ ( � , d - . � \ V � , 2006; 42: 770)

[6] Germain L, Gey N, Humbert M, Hazotte A, Bocher P,

Jahazi M. Mater Charact , 2005; 54: 216

[7] Wanjara P, Jahazi M, Monajati H, Yue S. Mater Sci Eng ,

2006; A416: 300

[8] Madsen A, Ghonem H. Mater Sci Eng , 1994; A177: 63

[9] Weinem D, Kumpert J, Peters M, Kaysser W A. Mater

Sci Eng, 1996; A206: 55

[10] Hagiwara M, Emura S. Mater Sci Eng , 2003; A352: 85

[11] Madsen A, Ghonem H. J Mater Eng Perform , 1995; 4:

301

[12] Cui W F, Liu C M, Zhou L, Luo G Z. Mater Sci Eng ,

2002; A323: 192

[13] Lee D H, Nam S W, Choe S J. Scr Mater , 1999; 40: 265

[14] Kumar A, Singh N, Singh V. Mater Charact , 2003; 51:

225

[15] Wanjara P, Jahazi M, Monajati H, Yue S. Mater Sci Eng ,

2006; A416: 300

[16] Srinadh K V S, Singh N, Singh V. Bull Mater Sci , 2007;

30: 595

[17] Smith C H. Mater Sci Eng , 1987; 89: 103

[18] Froes F H, Eylon D, Rowe R G, Yolton C F. Bull Mater

Sci, 1989; 12: 293

[19] Konitzer D G, Stanley J T, Loretto M H, Fraser H L. Acta

Mater , 1986; 34: 1269

[20] Broderick T F, Jackson A G, Jones H, Froes F H. Metall

Mater Trans , 1985; 16A : 1951

[21] Lu Y Z, Giessen B C, Whang S H. Mater Res Soc Symp

Proc , 1986; 58: 377

[22] Whang S H, Lu Y Z, Kim Y W. J Mater Sci Lett , 1985;

4: 883

[23] Jones H, Joshi A, Rowe R G, Froes F H. Int J Powder

Metall , 1987; 23: 13

[24] Suryanarayana C, Froes F H, Rowe R G. Int Mater Rev ,

1991; 36(3): 85

[25] Habel U, Mctiernan B J. Intermetallics , 2004; 12: 63

[26] Lograsso B K, Koss D A. Metall Trans , 1988; 19A: 1767

[27] Delo D P, Piehler H R. Acta Mater , 1999; 47: 2841

[28] Delo D P, Dutton R E, Semiatin S L, Piehler H R. Acta

Mater , 1999; 47: 3159

( X E , 8 : / @ )


