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Abstract：Titanium and its alloys possess excellent comprehensive properties，and they are widely

used in many fields，China pays great attentions to the research oil new titanium alloys。This paper

mainly reviews the research OFt new Ti alloys in China，for example，high strength and high tough—

ness Ti alloys，burn resistant Ti alloys，high temperature Ti alloys，low cost Ti alloys and SO on，

New basic theories on Ti alloys developed in China in recent years are also reviewed．
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1 Introduction

Titanium and its alloys have been extensively used because of their low density，high specific strength，

corrosion resistance，weldability and SO on，Through more than 40 years arduous efforts，China forms an

integral titanium industry system．At present，there are more than 100 units in researching and manufac—

turing titanium alloys．Six main researching directions for titanium alloys have been formed，i．e．high tern—

perature titanium alloys，high strength titanium alloys，corrosion resistant titanium alloys，titanium alloys

used for shipbuilding，functional titanium alloys and medical titanium alloys．More than 70 titanium alloys

were developed，and many alloys have been put into practical uses，which make important economy effi—

cieney．The objective of this paper is to review the new Ti alloys developed in China in recent years．

2 Development of new titanium alloys

The new titanium alloys researched and developed in recent years mainly are high temperature titanium

alloys，high strength titanium alloys，titanium composites，burn resistant titanium alloys，high elastic tita—

nium alloys，low cost titanium alloys and corrosion resistant titanium alloys．

2．1 High temperature titanium alloys

Table 1 lists the high temperature Ti alloys that are being researched in China．600℃of high tempera—

ture Ti alloys are paid more attentions．

Based On the electric density law of Ti3X precipitates，Ti55 alloy for 550"C Eli，was designed．Some

typical parts made from Ti55 have successfully gone through trialc“．Ti60，which is designed on the basis

of Ti55，is a near a 600 4C high temperature Ti alloy[3]．It has been carried through industrial trial and ap—

plication research‘“．Ti600 is also a new nearⅡ600+C high temperature Ti alloy．Ti60 and Ti600 possess
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good properties at 600℃，especially，the creep property of Ti600 alloy are better than that of famous

IMl843。“，as shown in Table 2．Ti600 has wide working window，and it has good promising．As shown in

Table 1，there is rare earth element(RE)in the two kinds of high temperature Ti alloys High temperature

Ti alloys with RE are one of the contribution for the development of world Ti alloys made by China．

Table 1 600℃of high temperature Ti alloys developed in China

Designation Service temperature／℃ Compo,sitioD’’／％

Ti60 600 Ti一5，8AI一4．8Sn_2Zr一1Mcr0．85Nd-0．35Si

Ti600 600 Ti一6AI一2．8Sn-4Zr_0．5Mo-0．4Si 0．2Y

Note：1)Mas8 fraction

Table 2 Typical properties of high temperature titanium alloysE∞

。Fensile at RT Tensilc at 600℃
． ～Residual strain’ CorrespondlnR
Alloy UTS YS EL RA UTS YS EL RA ．，

‘ ”

／舳 microstrueture
／MPa ／MPa ／％ ／％ ／MPa ／MPa ／％ ／％

Ti600 1068 1050 ll 13 745 615 16 31 0．03 Equiaxed n+日⋯。

Ti60 li00 1030 【1 18 700 580 14 27 0．1

IMl834 1070 960 1 4 20 680 550 15 60 0．1

Equiaxed n+8‰，

Equiaxed a+8⋯。

里坐 竺 型 !! !! !!! !!! 尘 !! !：! !!竺!些
Note：1)after creep exposure at 600℃，150 MPa for 100 h

2．2 High strength titanium alloys

Table 3 shows the high strength titanium alloys researched in China in teeent years,船l，developed by

Timer in USA，is a metastable BTi alloy，which has a good cold workability．In the past five Years，some

researchers also paid great attentions to#21s[5。引．Ti B19 developed in China is a mctastable flTi a110v with

high strength and high toughness(K1 c≥70 MPa)f”．Its 3T ingot has been put into use．and semi—finished

product of中4 10 mm／中230 mm×2000 mm has been made，Ti 26 is a fastener metastable 0T】a110v with

high strength，and good cold workability∽TC211”is a new high strength，high toughness and damage
tolersnce Ti alloy．In the past three years，it has gone through from alloy design to industrial trial．

Ti—B 18⋯and Ti—B20㈨are new high strength and high toughness Ti alloys which are iust being
researched

1'able 3 High strength titanium alloys rcscarched in China and their typical properties

Note：1)Mass fraction
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2·3 Titanium composites

Two kinds of titanium composites are being researched in China．One is TiC particle reinforced Ti

which can beconaposite，named as TP一650(Fig．1)，used

up to 650℃L1⋯．Anotber is SiC continuous fibre rein—

forced Ti composite(SiC／Ti)．TP 650 possesses good

comprehensive properties after research more tban 1 0

years(Table 4)，In the coming 5 years，more atten

tions will be still paid to this alloy，hoping it can be put

into practical applications．sic／7I、i is just beginning to

research．However，SiC fibre is so expensive that re

search on it does not make breakthrough．Interfacial re

actions of SCS 6 SiC fibre reinforced Super＆，[1”，

Ti2 AINbLl¨，IMl834[1阳，pure Ti[1“，Ti一6AI 4V。l“and
Fjg．1 sEM im89。of TP65‘’∞mp‘’81‘。

Ti40(Ti 25V一1 5Cr Si)⋯matrix composites were investigated．The interracial reaction of SiC／SuperⅡ2 is
more severe and up to six layers of reaction products exist．There are only three or four layers of reaction

products in the interfacial zone of composite SiC／Ti2 AINb and SIC／1M1834．The silicide＆formed at the in—

terrace of SiC／IMl834 is of benefit to the thermal stability of the composite at sonic temperature．Thermo．

dynamic study on the interfaeial reactions was also conducted and it was found that the formation of Ti、A1C

at interface or in matrix is caused by the reaction of‘Fi3A1+C—Ti=1AIC：”]．

Table 4 Typical properties of TP-650 alloy

：竺 !竺 ! !! ：!! !!! 竺 !! !! !：!
Note：i)Residual strain after Creep exposure at 650 C，100 MPa for 100 h

2．4 Burn resistant titanium alloys

Burn resistant’Fi alloys possess good burn resistance and mechanical properties．Tab!e 5 is the burn

resistant Ti alloys developed in China．Both Ti40 and TFlb alloys are new p burn resistant alloys developed

on the basis of Alloy C(7Fi 35V 1 5Cr)．These two alloys have good burn resistanee7 7“．and Ti40 possesses

good mechanical proper／ies口“”。，as shown in Table 6．Its bars，sheets，biscuits and rings havc been made

from Ti40．Til4 burn resislant alloy，designed and developed in China，is a a+Ti2Cu alloyE。“．It has good

burn resistance and mecbanical properties[20L(Table 6)．

Table S Burn resistant titanium alloys developed in China

Designation Composition(mass fraction)／％

Ti40

Ti40一I

TFlb

Til4

Ti 25V15Cr Si

Ti一25V—i 5Cr-3Al

T1_V—Cr

’l'i—A1-Cu Si
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2．5 High elastic titanium alloys

Table 7 lists the high elastic Ti alloys that aITe being researched in China．The value of elastic modulus

of conventional Ti a】[oys is between 90 GPa and 110 GPa，while that of high elastic T1 alloys 1s above 125

GPa．HEl30，a Ti AI—V—Mo—Fc—B system alloy，is a d+e high elastic Ti alloym2“．1ts wide sheets of 0．25

mill×400 nllTlXl650 mm were made．Ti811ZBⅧ，a Ti AI—Mo—Zr—B system alloy，is a near a high elastic
Ti alloy．7Fhese two alloys have good mechanical properties(Table 7)．

]Fable 6 Typical properties of Ti40 and Til4 burn resistant titanium alloys

Note：1)Residual strain after creep exposure at 540 C，250 MPa for 100 h．

'Fable 7 High elastic Ti alloys being researched in China and their typical properties

Designation UTS／MPa El／％ E／GPa Composition,／％

一iiF——弋面———i———1万——i再i而再西
Ti811ZB 1100 6 125 ，lPAl—Mo Zr-B

2．6 Low cost titanium alloys

The high cost of’l'i alloys limits thei r extensive applications．In order to expand Ti applications，low

cost Ti alloys most be developed，There are maioly two ways to reduce Ti COSt．One is to choose cheap al—

loying elements tO replace expensive ones．Another is to improve the processing technology．At present，

the first method is used in China．Ti8LCt2”and Til2LCr24：low cost alloys are being developed．Their allo+

ying system and typical properties are shown in Table 8．Cheap element Fe is used by adopting cheap Fe

Mo master-alloy，which widely used in steel，to replace expensive element V in Ti,6A1 4V for the develop—

menl Of’FiSl，C and Til2LC[25。“．Their mechanical properties are similar to that of Ti一6A1—4V．and the cOSt

of their small bars is reduced about 30％．These two new alloys are being put into industrial trial．In the

next five years，the research group led by the authors will pay greal attentions to reduce Ti COSt through

above—mentioned tWO ways．

Table 8 Low cost]fi alloys being researched in China and their typieal properties

2．7 Corrosion resistant titanium alloys

Table 9 lists the corrosion resistant tilanium alloys developed in China．’ri31 is a low strength and high

plasticityⅡtitanium alloy‘1“，and Ti75 is a middle strength and high toughness d Ti alloy。1“．Some typical
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parts made from Ti75 and Ti31 have been put into practical applications as structural parts 2”．Ti91 and

Ti70 are middle strength，high plasticity，good cold workability and weld ability口Ti alloy[27’2“．Ti55C is a

low strength．high plasticity．weld ability and good cold workability a Ti alloy。29]and its typical parts will

be put into practical uses in the next 5 years．Ti80‘q is a high strength and weld—ability a Ti alloy．Its ten—

site properties，fracture toughness，stress—corrosion resistance and tow cycle fatigue behavior are better

than that of Ti一6Al一4VEl，I[z“．

Table 9 Corr惦ion resistant titanium alloys developed in China and their typical propertie5

3 New basic research on Ti alloys

Basic theory is an important basis to develop new materials，Researchers and engineers engaged in tita

nium alloys in China pay great attentions to the development of titanium theory．’Che following gives some

basic research results．

3．1 Effects of rare earth elements(RE)

High temperature titanium alloys developed in China almost all have minor RE，as shown in Table 1．

RE has important role in high lenlperatme Ti alloys as followings：(1)To refine the microstructure，lead—

ing to strengthening and tougheningo”1；(2)To form the REyOx second phases，leading to Orowan

strengthening‘3”；℃3)To be inner-oxidation and to retard the precipitation of Ti3AI phase，resulting in im—

proved properties[”；(4)To increase B transus with addition of Y，resulting in wide working window⋯．

For example，Ti600 alloy with addition of 0．1Y／％(mass fraction)exhiFit refined B transformed a

platelet structures，which result in the increase of yield stress，The higher tensile ductility of Ti600 is the

result of smaller t3 grain size．Y2 O≈particles purify a matrix by absorbing O and Sn atom，restrain the pre—

cipitation and growth ofⅡz phase during thermal exposure．These lead to the improvement of thermal sta—

bility of the alloys with Y．The improved creep performance of Ti600 alloy has relation to the shorter dislo—

cation slip,length．Small
amount of Y oxides and slow growth of a2 phase have extra contributions to keep—

ing the alloy lower creep deformation．Phases of containing Nd are formed in Ti60 alloy with addition of 1．

0％(mass fraction)Nd，resulting in alloying element Sn and O partitioning to it and retarding d￡phase pre—

cipitation．The phases with Nd increase oxidation resistance and fine grains in the oxidation layer lead to

difficult formation of cracks．In the mean time，dislocations around it retard crack growth，resulting in im—

provement of thermal stability．

Different RE has different content in different high temperature titanium alloys．For example，Nd con—

tent is greater than 0．8％(mass fraction)in Ti55 and Ti60 alloys，while Y content is not greater than 0．

25％(mass fraction)in Ti600 alloy．Phase with Y cannot be detected with optical microscopy in Ti600 al—

loy，and it can 0nly find with transmission electron microscopy。Its size is less than 0．8／am．Phase with Nd

is very easily found with optical microscopy in Ti60 alloy，and its size is greater than 8 um．The bigger size
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of phase with RE has not good effect on fatigue behaviorl321

Fig．2 Burning rstc of several Ti alloys(TB3

Ti一3 5Al一10M旷8V 1Fe)

土

曩

Fig．4 SEM Interfacial images between the burning

products and the matrix

(a)一Ti 6—4{(b)一Ti40

Vatomsdiffusionoutside

Fig．3 Bum resistant model of Ti40 burn resistant titanium alloy

3．2 Burn resistant mechanism

The most important characteristic of burn resistant titanium alloy is its burn resistance．The burning

behavior and its affecting factors of titanium alloys were deeply and systematically researched by DCSB(di—

reet current simulation burning)method㈣that was inventedt33]by the present authors in NIN。Samples of
SOmm×5mm×2mmweremachined．These sampleswereignited bytheDCSBmethod．inwhichthetita—

nium was ignited for a certain time under a certain direct current(5A direct current was used tO ignite tita

nium in 50 s)．After burning，their weight gains were calculated．The burning products were examined by

scanning electron microscopy(SEM)．Ti40 alloy has good burn resistance compared with conventional Ti

alloys，as shown in Fig．2．Burn resistant model(Fig．3)was proposed．Tenacious oxidation layer was

formed at the interface between burning product S and the matrices during burning compared with Ti一6—4，as

shown in Fig．4．Burn resistant mechanisms of fast dispersive heat and suspend oxygen diffusion were put

forward⋯’34’Ⅲ．which gave a good explanation 011 the burn resistant behavior of Ti40 alloy．

Besides DCSB method，there are high—speed friction and laser ignition ones．BIAM USeS high speed

friction method to examine the burning behavior of titanium alloys，however，there are not public reports

from BIAM．Laser ignition method is not used iU China．This method iS used in USA to examine the burn

resistance of Alloy C(Ti一35V 15Cr)burn resistant alloy．DCSB is a cheap method．It is not need tO build

new instrument．It jUSI uses the one for chemical composition analysisM，High speed friction and laser ig
nition method are need to build new equipment．’Fhey are expensive．

莲§-Ⅻ口一Ej∞

口osB

lln∞叶∞oa_oo
三
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3．3 ’rri—modal microstructure

It is obvious that the mechanical properties of Titanium alloys vary with the vadaton of the relative volume

fraction of equiaxed a and transformed B．It was found that only when the heating temperature was close enough tO

beta transus，the relative volume fraction of equiaxed alpha and transformed beta varied significantly，and could be

effectively controlled by controlling the heat temperature．This is the theoretical and experimental fundamentals of

near beta forgingr36’”．That is。the new high-temperature deformation strengthening and toughening process con’

sists of heating at】O一15℃below beta transus，rapid water quenching after forging。high—temperature toughening

and low-temperature strengtheniog treatment．Titanium alloys forged by this new process do not produce equiaxed

microstructure(Fig．5(a))，lamellar(Fig．5(b))or bi—modal one，but do produce a new tri-modal mierostructure

(Fig．5(c))，which consists of 10％--20％equiaxed alpha，basket—weave formed by striature alpha and transformed

beta matrix，as shown in Fig．5(c)．

In tri—modal microstructures．some equiaxed alpha ensures coherent deformation．which retards the formation

and propagation of voids．presenting a higher ductility．The interwoven lamcltar alpha，which formed by water

quenching after forging and high temperature toughening treatment，not only retards slip deformation，but also

changes the direction of the crack propagation and slows it down．For this reason，tri—modal microstruetures have a

good combination of strength，ductility and toughness，as shown in Table 10．

Fig．5 Optical tnierostructure developed by eonventional forging(a)，beta forging(b)and near beta

forging(c)

Table 10 Typieal properties of Ti-6．5AI-3．5Mo-1．5Zr-O．3Si alloy by near beta fo唧ng compared with conventional forging

and beta forgin93”

Note：1)after exposure at 520"C for i00 h

3．4 Semi—solid oxidation

Til4 alloy is a d+Ti2Cu alloy，as shown in Table 5．Fig．6 shows the weight gain curves of Til4 alloy

after semi solid oxidation at various temperatures for different times．The weight gain increases obviously

as the increase of time oxidation at 1000℃，which is 10℃above the Ti2Cu melting point．A linear relation

between the weight gain and time is found when time is over 30 S at 1000℃．With oxidation at 1100"C，

which is lIO“C above the mehing point，the weight gain increases rapidly from 10 s tO 60 S，while the

weight gain decreases clearly from 60 S to 90 e．and then increases slightly with time．With oxidation at
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1150℃．which is 160℃above the melting point，the weight

gain increases rapidly from 10 S tO 30 s，while the weight gain

then drops gradually．

For the oxidation temperatures of more than 10℃above

the melting point，the curves first reach a maximum and then

gradually decrease while remaining above the melting point．

The decrease in weight gain is due to the vaporization of oxi—

dized products of CuO．The melting point of CuO is 1065℃．

With the oxidation at 1100℃and 1 200℃。which is over

1065C，CuO vaporizes，resulting in no CuO in the oxidfilion

layers，as shown in Fig．3．This leads to a decrease in weight

gain(Fig．2)，which is similar to that of burn resistant Ti40

alloy oxidation over 700℃where oxidized products of v20s

T1me，s

Fig．6 Weight gain curves of Til 4 alloy after

semi-solid oxidation at different temper—

atures

vaporize㈨．With semi—solid oxidation of Til4 alloy，the melting positions of Ti2Cu on the grain boundary
and within grains is the fast diffusion path for oxygen diffusion into the matrix，especially the selective dif—

fusion of oxygen diffusion into tbe matrix along the inching grain boundaries．

3．S Semi-solid deformation

Fig．7(a)shows the true stress VS true strain curves of Til4 alloy after deformation"at 1050+C with dif

里
盲
兰
∞

兰

Ture stram
Ture strain

Fig．7 True stress—true strain curves of Til4 alloy

(a)一fixed tempefatule i050c；(b)～fixed strain rate 5／s

ferent strain rates．The true stress strain behavior is similar tO that of conventional solid deformation，in

which an increase in strain rate results in an iocrease of flow stress and the flow stress becomes smoothly

when it reaches the maximunl．Fig．7(b)gives the true stress VS true strain curves of Til4 alloy deforma—

tion at different temperatures with a strain rate of 5／s，which is also similar to the convenfional one：the

higher the temperature the 10wer the deformation resistance．With the semi—solid deformation of Til4 al—

loy，the existence of low Ti2Cu melting point phases causes lhe co—existence of liquid and solid on the grain

boundary and within grains，lending to very low deformation resistant stress．The semi-solid deformation of

Til4 alloy cannot achieve this result，which means they still contain coarse grains(d and Ti2 Cu)after semi—

solid deformation and the grain boundary is wide．The growth of Ti2 Cu phase on the grain boundary is lhe

main reason for the increase in grain boundary width．The wide grain boundaries connect with each other tO

仲∞帅∞∞印如帅如加均0

目皇；∞=#2jJ．

∞帅加印钟柏如∞旧0

 万方数据万方数据



JOURNAL OF GUANGDONG NON—FERROUS METALS 2 0 0 5

form network structures．The new fine grains are not a result of dynamic recrystallization，but of a fast

cooling of the alloy after semi-solid deformation．The grain boundary and grain flow vertically to the forced

direction’during semi—solid deformation．The growth of the liquid Ti?Cu phase on the grain boundary and

within grains form wide grain boundaries and network structures，which is the main result of the semi—solid

deformation．

4 SUmmary

After more than 40 years arduous efforts，titanium alloys developed in China achieved great develop—

ment．Many achievements have been gotten from the research on new titanium alloys and basic theories，

for example high temperature Ti alloys，burn resistant Ti alloys，Jow cost Ti alloys，high strength＆high

toughness Ti alloys，semi—solid deformation，semi‘solid oxidation，burn resistant mechanism and so 013．

However，the cost of titanium alloys is still high，we should pay great attentions to reduce their cost and

enlarge their applications by developing new technology and new equipment．

Acknowledgements

The authors thank the finical support from China High Science and Technology Development Plans(2001AA332010．

2002AA336040 and 20002AA305107)，973 Plans(G2000067206—4)，National Natural Science Found Project(50434030 and

10472110)，National Pr。ject(41312020306)，National Ten—Five PlansfMKPT一01—101(zD)and MKPT一0t--084(ZD))，Si—

no-France Cooperation Projeet(PRA MXOO 05)．Natural Science Found of shanxl(2002E117)．

Referencea

r1]Li D，I，1u Y Y．TitanlUlll Science and Technology。1987．2：49—53．

[23 Hu Q x，Liu z Q．Wei S Y．ACTA Metall Siniea，1999，35(suppl)：15—21，

Is]J，M．Ma，C．Q．Chen，in：Froc．of Xi’an International Titanium Conference(XITC’98)，eds：Zhou L，Eylon D．

International Academic Publishers+Beijing：1999．104 112．

[4]Zhou I，，Cui W F．1n：Proc．of Xi’an International Titanium Conference，eds：Zhou I．，Eylon D．International

Academie Publishers，Belling：1999．376—382．

Es]Zhu Z S，Wang Q R．ACTA Metall Sinica。2002，38(supple)：414 416．

[6]H．Ao，&X．Hui．W．J．Ye，AcTAMetall，Siniea．Z002；38(supple)：22—25，

[7]Chang H，Chen J．In：Proc．of the 9th world Conference Oil Titanium，eds：Gorynin I V，Ushkov S S．Central

Research Institute of Structural Materials(CRISM)”PROMETEY”．Saint—Petrersburg：2000．557—562．

[8]Yang H Y，Zhang W．ACTA Metalt Sinica，2002．38(supple)：105—107，

[9]Qu H L，Zhao Y Q，Zhu Z S．Chinese Patent：Application．2003—03．

E10]Zhao Y Q，Chen J．Yang H Y，qu H L．Chinese Patent：2101191．5．

[11]P，Ge，Y．Q．Zhao．L Zhou，J．Chen，Chinese Patent，applicationNo 02101】92．3．

E12]Zbou L，Deng J，Luo G z．In：Proc．of the 9th World Conference on Titanium，eds：Gorynin I V，Ushkov S S．

Central Research Institute of Structural Materials(CRISM)”PROMETEY”．Saint—Petrersburg．2000．10．18．

[13]Yang Y Q，Zhu Y，Zhang J Y，ActsMetall Sinica，2002。38(suppl)：466—469．

[14]Zhang G X．，Kang Q，Li G P．Aeta Metali Sinica，2002，38(suppl)：474--476．

[15]Zhao Y Q，Zhou L．Vassel A．Rare Metal Materials and Engineering，2003，32(3)：161—163．

[16]Zhao Y Q，Zhou I。，Zhu K Y．J Mater Sci Teehnol，2001，(6>；677—678．

E173 Zhao Y Q，Qu H L，Zhu K Y，Mater Sci Eng A，2000，A282：153—157．

[18]Zhao Y Q，Zhou L，Deng J．Mater Sci Eng A，1999，A267：167—170．

[19]Zbu K Y，Zhao Y Q，Zhao x M．J Mater Sci，2000，35：5609 5612．

[20]Zhao Y Q，Zhu K Y，Zhao x M．Rare Metal Materials and Engineering，1998，(6)：360 363．

 万方数据万方数据



V01．15 No．2，3 ZHAO Yong—qing，egal：Current research situation of titanium alloys in China 91

[21]Wang x Z，Xiao J S，Zhang Z．Acta Metall Sinica，1999；39(suppl)：167—169

[283 Zhao Y Q．Zhu K Y．wu H．Chinese Patent：Application，2004一04．

[23]Zhu K Y，Zhao Y Q，LI Y L，Liu C L Chinese patent：02101190．7．

[24]Zhao Y Q，Zhu K Y，Li Y L．I。iu c L Chinese patent：02101】89．3．

Ezs]Zhao Y Q，Li Y L，Wu H．Proc of 10th World Conference on Titanium，Germany，2003(in press)。

[25]Li Y L，Zhao Y Q，Wu H．Proc ot 10th World Conference oH Titanium，Germany，2003(in press)．

[27]Sun J K，Meng x J，Chen C H．Aeta Metall．Sinica，2002，88(suppl)：33—36．

[28]Hu YJ，Chen J，Li cL A(ITAMetall Sinica，2002，38(suppl)：584—585．

[2明Li Z(：，Zhao Y Q．Chinese Patent：ZI，98i01399．8

rao]Zhou I，，Luo G z．Mater Scl Eng A，／908，A234：294—298

[31]Zhao Y Q，Zhou I。，Rare Metal Materials and Engineering，2001(suppl)：232--236．

[32]Lei J F，I，l D，Wang z D．Rare Metals，1997，2I(suppl)：146 i48．

D3]Zhao Y Q，Zhou L，Zhu K Y．Chinese patent：ZL97101281．7．

[34]Zhao Y Q．Doctoral Thesis，Shenyang：Northwest University，1998．

[35]Zhao Y Q，Zhou I。，Deng J．J Alloys＆t Compounds，1999，(284)：190—193．

[36]Zhou YG，Zeng WD，Yu H Q．Mater Sci Eng A，1996，A221：58—62．

E37]Zhou Y G，Zeng W D，Yu H Q．Aeta Metallurgical Sinica(English Letters)，1998，1i(5)：376—382

[38]Zhao Y Q，Qu H L，Zhu K Y，wu H Mater Sci Eng A，2001，A316：211—216．

 万方数据万方数据


