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Abstract : A kind of novel Ti2based composites was developed by int roducing different amounts of carbon element
to the Ti50 Cu23 Ni20 Sn7 bulk metallic glass forming alloys. The thermal stability and microst ructural evolution of the
composites were investigated. Room temperature compression test s reveal that the composite samples with 1 % and
3 %(mass f raction) carbon additions have higher f racture st rength and obvious plastic st rain of 2 195 MPa , 3. 1 %
and 1 913 MPa , 1. 3 % respectively , compared with those of the corresponding carbon2f ree Ti50 Ni20 Cu23 Sn7 alloys.
The deformation mechanisms of the composites with improved mechanical properties were also discussed.
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1　INTROD UCTION

Bulk metallic glasses (BM Gs) have at t racted
great at tention due to t heir unique properties , for
example , superior st rengt h and high hardness , ex2
cellent corrosion resistance and high wear resist2
ance. However , t he high st rength of BM Gs is of2
ten accompanied by remarkably lit tle global plastic2
ity due to t he highly localized shear band formed
during t he deformation process[1 4 ] . Some BM Gs
are very robust against heterogeneous nucleation at
t he surface or interface during the melting process ,
which leads to the develop ment of a kind of novel
materials , BM G matrix composites. Up to now ,
t he fabrication of BM G mat rix composites is still
considered to be t he most app ropriate way to in2
crease the plastic deformation of BM Gs. Generally
speaking , BM G mat rix compo sites can be rein2
forced by adding ref ractory ceramics such as SiC or
WC , ductile metals such as Nb or Ta and fibres
such as C and steel , which result in imp roved plas2
tic deformation and greatly expand t he potential
application of BM Gs[5 9 ] .

As t raditional st ruct ural and engineering ma2
terials , Ti2based alloys are extensively used in
many areas due to t heir low density and excellent
mechanical p roperties , especially aeronautic and
automobile applications. In recent years , Ti2based

BM Gs were successf ully synt hesized and exhibited
a high tensile st rengt h of up to 2 200 MPa[10 ] .
However , t he glass2forming ability for Ti2based
BM Gs is not as high as t hat for Zr2 or Pa2based
BM Gs and millimeters2sized Ti2based BM Gs are
seldom reported to be developed. One of t he lar2
gest glass2forming ability of Ti2based BM Gs is
Ti50 Cu23 Ni20 Sn7 , which is developed by Zhang and
Inoue in 1998[ 11 ] . Moreover , t he composition mod2
ification of Ti50 Cu23 Ni20 Sn7 alloys leads to develo2
ping a kind of new Ti2based composite wit h t he mi2
crost ruct ure of dendrite/ (glass + crystal) mat rix or
dendrite/ nano st ruct ure mat rix , which shows a
promising combination of high st rengt h , p ro2
nounced stain hardening and large plastic st rains
under compression[12 15 ] .

It was reported t hat the small size atom addi2
tions play an important role in t he GFA of t he alloy
system , and the addition tends to suppress t he
large2scale diff usion and crystallization in the su2
percooled liquid state. In t his paper , t he compos2
ites were designed by int roducing different a2
mount s of carbon element into t he Ti50 Cu23 Ni20 Sn7

alloy. The microst ruct ure , t hermal stability and
compressive deformation characteristics are investi2
gated. It is revealed that t he int roduction of carbon

① Foundation item : Project ( KJ CX22SW2L05) supported by t he Knowledge Innovation Program of Chinese Academy of Sciences ; project

(50101012) supported by t he National Natural Science Foundation of China

Received date : 2004 11 08 ; Accepted date : 2005 01 24

Correspondence : WAN G Yu2ren , Professor ; Tel : + 86210262614945 ; E2mail : wangyr @imech. ac. cn



element make it possible to develop high st rengt h
Ti2base composites wit h good plasticity.

2　EXPERIMENTAL

The BM G forming alloys wit h a nominal com2
position of Ti50 Cu23 Ni20 Sn7 were prepared by di2
rectly arc melting a mixt ure of p ure Ti , Cu , Ni and
Sn metals wit h a p urity of about 99. 9 % in a Ti2
get tered argon at mosp here to form but ton ingot s.
The but ton ingot s were t hen smashed into μm2
sized particles and uniformly mixed wit h 99 % p ure
carbon powders. The mass f raction of t he carbon
addition was 1 % and 3 % respectively. Subse2
quently the mixt ures were melted in a high vacuum
elect ric resistance f urnace to form carbon2bearing
ingot s. The carbon2bearing ingot s were again arc
melted and suction cast into a water2cooled copper
mold to form 7 mm long alloy rods with diameter of
1 , 2 and 3 mm respectively. For comparison , t hin
ribbons wit h t he same composition and a t hickness
of about 20μm were prepared by single copper
wheel melt spinning.

All t he ribbons and rods were studied by dif2
ferential scanning calorimet ry ( DSC) at constant
heating rate of 20 K/ min in a flowing argon at mos2
p here using a Perkin2Elmer DSC7 calorimeter . The
st ruct ure of t he melt2sp un ribbons and as2cast alloy
rods were investigated by X2ray diff raction ( XRD)
using a Philip s PW 1050 diff ractometer wit h Cu Kα
radiation. Field emission scanning elect ron micros2
copy ( FESEM ) (J eol J SM26400L V microscope )
was used for t he analysis of the micro st ruct ure and
for characterization of f racture surfaces. SEM elec2
t ron microprobe analysis was used to determine the
p hase compo sition. The room temperature com2
pressive p roperties of t he d3 mm as2cast alloy rods
with the aspect ratio of 2 ∶1 were tested using an
Inst ron 5567 testing machine at a st rain rate of
1×10 - 4 / s.

3　RESULTS AND DISCUSSION

The X2ray diff raction was used to analyze the
p hase constit utes of t he melt2sp un ribbons as well
as the as2cast composite rods. The typical XRD
pat terns are shown in Fig. 1. It is shown t hat the
XRD pat terns of the melt2sp un ribbons display no
distinct crystalline diff raction peak , indicating the
formation of an amorp hous p hase. For alloy rods
with diameter equal to or larger t han 1 mm , the
diff raction peak of crystalline p hase can be found
f rom t he XRD pat terns , which also implies t he se2
vere conditions required to fabricate monolit hic Ti2
based BM G. For d1 mm rods , a small crystalline
diff raction peak t hat was identified to beβ2Ti was
found imposed on t he broad diff raction peak. The

intensity of t he crystalline diff raction peak increa2
ses with the increasing carbon additions. For alloy
rods wit h diameter larger t han 1 mm , which corre2
sponds to slower cooling rate , t he diff raction peaks
of Ti3 Sn and Ti2 Ni p hase were also found f rom t he
XRD pat terns. For the alloy rods wit h t he same di2
ameter , t he increasing carbon addition to t he
Ti50 Cu23 Ni20 Sn7 BM G forming alloys not only con2
t ributes to t he diff raction peaks of TiC , but also
leads to t he increasing intensity of the Ti3 Sn dif2
f raction peaks.

Fig. 1　XRD patterns of melt2spun Ti50 Cu23 Ni20 Sn7

ribbons and as2cast rods with different
amounts of carbon addition

(a) —Ribbon , x = 0 ; (b) —d = 1 mm , x = 0 ;
(c) —d = 1 mm , x = 1 %; (d) —d = 2 mm , x = 1 %;
(e) —d = 2 mm , x = 3 %; (f) —d = 3 mm , x = 3 %

( x is the mass fraction of carbon)

　　DSC analyses carried out for t he melt2sp un
ribbons and as2cast rods are shown in Fig. 2. For
melt2sp un ribbons , all t he samples exhibit two ob2
vious exot hermic peaks. Wit h increasing carbon
addition , t he glass t ransition temperat ure Tg of t he
alloy , as well as t he first and second crystallization
peak T x1 and T x2 move to a higher temperature.
While t he temperat ure range of t he supercooled
liquid region doesnπt seem to change a lot . Howev2
er , t he temperat ure interval between t he first and
second crystallization temperat ure decreases obvi2
ously by adding carbon element s. For the d 3 mm
rods , t he exot hermic peaks are very weak and t he
variation of t he glass t ransition temperature and
t he crystallization temperat ure with the carbon ad2
dition is similar to t hat of melt2sp un ribbon , but
t he absolute value is quite small , indicating t he
major part of t he samples being crystalline. For
d3 mm rods wit h 3 % carbon addition , no glass
t ransition and crystallization peak can be found. By
comparing the exot hermic heat flow released dur2
ing crystallization of t he as2cast rods wit h t hat of
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t he melt2sp un ribbons , t he volume f raction of glass
p hase in t he as2cast rods can be estimated as about
20 % for t he d 3 mm carbon2f ree alloy rods and
about 10 % for the d 3 mm cylinder containing 1 %
carbon addition.

Fig. 2　DSC curves of Ti50 Cu23 Ni20 Sn7 melt2sp un
ribbons (a) and as2cast d3 mm composite rods (b)

( x represent s the mass f raction of carbon in samples)

　　Fig. 3 shows t he SEM images of t he micro2
st ruct ure of t he d3 mm as2cast Ti50 Cu23 Ni20 Sn7 rods
on cross2sections with different carbon additions.
The micro st ruct ure of carbon2f ree alloy rod shown
in Fig. 3 (a) exhibit s a microst ruct ure wit h bright
irregular shaped p hase and very fine particles. The
bright irregular shaped p hase arrays in line and
separates t he whole mat rix into different“part s”
(gray2colored areas in t he image) wit h t he size of
about 3μm widt h and 10μm length. The very fine
particles are only densely dist ributed in some of the
“part s”, while in ot her“part s”, no particles are
found. EDX analysis reveals t hat t he bright p hase
has a composition of Ti60. 91 Ni12. 08 Cu13. 61 Sn13. 41 , i . e.
t he Sn content is nearly two times of t he average
value. Combined wit h t he result of XRD , the
bright p hase can be identified to be Ti3 Sn , solid
soluted Cu and Ni element s. The mat rix has a

composition of Ti49. 69 Ni21. 47 Cu23. 04 Sn5. 81 , which is
similar to t he original composition. It is obvious
t hat a part of the mat rix has t ransformed f rom a2
morp hous state toβ2Ti ( Ni , Cu) solid solute. As
for t he very fine particles , t he size is too small to
be analyzed by EDX. However , t heir volume f rac2
tion is big enough for XRD detection , which
proves it to be Ti2 Ni p hase. The precipitation of
Ti2 Ni and Ti3 Sn particles has changed t he mat rix
composition. Fig. 3 ( b) shows t he microst ruct ure
of t he rod wit h 1 % carbon addition. The TiC par2
ticles , wit h t he size of about 2μm , formed via re2
action Ti + C →TiC are found , which is indicated
by t he white arrow. Compared wit h the micro2
st ruct ure of carbon2f ree Ti50 Cu23 Ni20 Sn7 rods , t he
microst ruct ure of t he rod wit h 1 % carbon addition
shows t hat the second p hase particles dist ribute
more uniformly in the mat rix. The in2sit u formed
TiC particles p revent t he Ti3 Sn f rom arraying ag2
gregatively in line. In cont rast Ti3 Sn dist ribute
randomly in t he mat rix. The mat rix is also kept
out of being separated into large“part s”and re2
tains it s continuity. For t he microst ructure of t he
rod wit h 3 % carbon addition shown in Fig. 3 (c) ,
more and larger TiC particles with t he size of about
5μm can be found to be dist ributed on t he mat rix ,
toget her wit h bright Ti3 Sn intermetallic compound
and nano2sized Ti2 Ni particles. Fig. 3 ( d) shows
t he interface between TiC and t he mat rix at higher
magnification. A layer wit h 50 nm t hickness is
found at t he interface , which is p roved by EDXS
analysis to be Ti3 Sn. It seems t hat t he p resence of
TiC can act as t he nucleation site for t he Ti3 Sn
p hase. The precipitation of large amount of crys2
talline p hase causes t he formation of crack on t he
mat rix , which is indicated by t he arrows shown in
Fig. 3 ( c) . The crack may be formed during t he
cooling process due to t he different p hysical p rop2
erties between t he mat rix and t he precipitates. The
presence of crack also indicates t he deterioration of
t he mechanical p roperties of t he alloys.
　　A series of compression test s have been car2
ried out for t he d3 mm as2cast Ti2base alloy rods at
room temperat ure. Fig. 4 shows t he typical
st ress—st rain curves. For t he carbon2f ree alloy
rods , t he ultimate compression st ress reaches
1 936 MPa wit h nearly zero plastic st rain for t he
sample. For t he rods wit h 1 % carbon addition ,
yielding occurs at about 1 160 MPa , followed by
“work hardening”stage. The ultimate compression
st ress is 2 195 MPa and t he plastic st rain reaches a2
bout 3. 1 %. With 3 % carbon addition , t here is a
similar yielding and“work hardening”behavior
like t hat of rods wit h 1 % carbon addition. Howev2
er , t he ultimate compression st ress is less , wit h
t he value of about 1 913 MPa. And the plastic
st rain of about 1. 3 % is obtained before failure.
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Fig. 3　SEM images of microst ruct ures on cross2section of d3mm as2cast Ti50 Cu23 Ni20 Sn7 rods
(a) —Carbon2f ree ; (b) —1 % carbon ; (c) , (d) —3 % carbon

Fig. 4　Room temperat ure compressive
st ress—st rain curves of d3 mm as2cast

Ti50 Cu23 Ni20 Sn7 rods

　　For t he d3 mm as2cast rods wit h various car2
bon additions , t he f racture occurs roughly along
t he maximum st ress plane during compression , but
none of t he f racture plane is along about 45°wit h
t he loading direction. The SEM images of t he f rac2
t ure feature observation of d3 mm samples are
shown in Fig. 5 , which exhibit more complex f rac2
t ured surfaces compared to monolit hic BM Gs. For
carbon2f ree Ti50 Cu23 Ni20 Sn7 rod , t he f ract ured sur2
face is composed of several f ract ured planes , as

shown in Fig. 5 (a) . Alt hough t here are glass p hase
and crystalline p hase , t here is no obvious evidence
of interaction between t he shear bands and t he
crystalline and no plastic deformation appears in
t he materials. The Ti2 Ni particles are reported to
be a brit tle p hase and can significantly reduce t he
ductility of t he as2cast samples. Vein pat tern are
found along the shear2off direction of t he f racture.
The liquid2like droplet s are observed in some re2
gions of t he f racture surface , indicating the high e2
lastic deformation behavior of t he glass p hase of
t he material . The very fast concent ration of the e2
lastic energy in the shear bands leads to tempera2
t ure rise to about several tens Kelvin in a very
short time and causes the amorp hous mat rix to be
remelted. For as2cast alloy rods wit h 1 % carbon
addition , t he f ract ured surface is shown in Fig. 5
(b) . Vein pat tern cannot be clearly found on t he
f ract ured plane due to t he lit tle volume f raction of
glass p hase. However , some liquid2like region can
be observed , as shown by an arrow in Fig. 5 ( b) .
In t he area near t he liquid2like region , many protu2
berances can be found on t he f ract ured surface.
The existence of t he p rotuberances is believed to
cont ribute to t he large plasticity of t he material ,
which is formed by t he squeezing between the glass
p hase and the ductileβ2Ti p hase during the deform2
ation process. From t he microst ruct ure observa2
tion shown in Fig. 3 (b) , it can be found that t he
mat rix containing a great amount of Ti3 Sn metallic
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Fig. 5　SEM images showing f ract ure surfaces of
d3 mm as2cast Ti2base alloy rods

(a) —Carbon f ree ; (b) —1 % carbon ; (c) —3 % carbon

compound is successive and forms a network st ruc2
t ure. So for t his sample , it shows more plastic de2
formation t han t he monolit hic Ti50 Cu23 Ni20 Sn7 cyl2
inders. The more plastic deformation is due to the
uniformly dist ributed crystalline p hases at t he ma2
t rix. The crystalline p hase can interact wit h the
deformation of t he ductile β p hase , which also
leads to the work hardening behavior under load2
ing. When t he carbon addition increases to 3 % ,
t he f ract ure surface of the sample exhibit s a rugged
and dimple2like st ruct ure , which is similar to the
f ractograp hy of t he nanocrystalline + glass/ den2
drite crystalline composites and the nanocrystal2
line/ dendritic crystalline composites. This may be
at t ributed to t he existence of t he micrometer2sized
Ti3 Sn particles and very fine Ti2 Ni precipitates in
t he mat rix[16 ] . In t his alloy , no detectable glass
p hase is found. It s microst ruct ure is composed of
β2Ti ( Ni , Cu ) p hase , Ti3 Sn and Ti2 Ni metallic
compound and TiC particles. Theβ2Ti ( Ni , Cu)

solute solid is t he sof t p hase and cont ributes to t he
plastic deformation of the materials. Ti3 Sn is said
to have only a small effect on t he deformation
process , while t he Ti2 Ni is a brit tle p hase and is
believed to deteriorate t he plasticity[14 ] . And t he
particles are too densely dist ributed at the mat rix ,
t he distance between t he particles will become very
small , which makes it difficult for the plastic de2
formation to move t hrough t he materials , and
t hus , decreases the plasticity[17 ] .

4　CONCL USIONS

The Ti50 Cu23 Ni20 Sn7 BM G forming alloys wit h
different amount s of carbon addition were devel2
oped by copper mold casting. The solidified micro2
st ruct ural homogeneity st rongly depends on t he
carbon additions. For carbon2f ree alloy rods , t he
imhomogeneously dist rubuted Ti3 Sn intermetallic
compound separates t he mat rix into large“part s”.
While t he addition of carbon promotes t he forma2
tion of Ti3 Sn and avoids t he separation of mat rix.
However , t he increasing carbon addition induces
t he formation of cracks on the mat rix due to t he
precipitation of large amount of crystalline p hase.
The great microst ruct ure evolution of t he Ti2base
alloy wit h small addition of carbon element also re2
veals t hat t he GFA of the Ti2base alloy st rongly
depends on the alloy composition.

Due to t he microst ruct ure variation of t he
samples wit h different carbon content s , t he me2
chanical p roperties of t he composites differ greatly
f rom each other . Composite rods wit h 1 % carbon
addition show t he largest plasticity of 3. 1 % and
ultimate compression st ress of 2 195 MPa under u2
niaxial compression test , while the rods wit hout
carbon addition show no global plasticity. When
t he carbon addition increases to 3 % , t he plastic
st rain of t he samples decreases to 1. 3 % wit h t he
ultimate compression st ress of about 1 913 MPa.
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