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Effect of carbon addition on microstructure and
mechanical properties of Ti-based bulk metallic
glassforming alloys
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Abstract : A kind of novel Ti-based composites was developed by introducing different amounts of carbon element
to the TisoCuzsNizo Sny bulk metallic glassforming aloys. The thermal stability and microstructural evolution of the
composites were investigated. Room temperature compression tests reveal that the composite samples with 1 % and
3 %(mass fraction) carbon additions have higher fracture strength and obvious plastic strain of 2 195 MPa, 3. 1%
and 1913 MPa, 1.3 % respectively , compared with those of the corresponding carbor-free Tiso Niz Cuzs Snr aloys.
The deformation mechanisms of the composites with improved mechanical properties were a0 discussed.
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1 INTRODUCTION

Bulk metallic glasses (BM Gs) have attracted
great attention due to their unique properties, for
example, superior strength and high hardness, ex-
cellent corroson resistance and high wear resst-
ance. However , the high strength of BM Gsis of-
ten accompanied by remarkably little global plastic-
ity due to the highly localized shear band formed
during the deformation process’ . Some BM Gs
are very robust against heterogeneous nucleation at
the surface or interface during the melting process,
which leads to the development of a kind of novel
materials, BM G matrix composites. Up to now ,
the fabrication of BM G matrix compostes is still
consdered to be the most appropriate way to in-
crease the plastic deformation of BM Gs. Generally
speaking, BM G matrix composites can be rein-
forced by adding refractory ceramics such as SCor
WC, ductile metals such as Nb or Ta and fibres
such as C and steel , which result in improved plas
tic deformation and greatly expand the potential
application of BM Gs*™®'

As traditional structural and engineering mar
terials, Ti-based alloys are extensively used in
many areas due to their low densty and excellent
mechanical properties, especially aeronautic and
automobile applications. In recent years, Ti-based

BM Gs were success ully syntheszed and exhibited
a high tensle strength of up to 2 200 MPa'.
However , the glassforming ability for Ti-based
BM Gsis not as high as that for Zr- or Pa based
BM Gs and millimeters sized Ti-based BM Gs are
seldom reported to be developed. One of the lar-
gest glassforming ability of Ti-based BMGs is
Tiso Cuzs Ni2o Sn7 , which is developed by Zhang and
Inoue in 1998 . Moreover , the composition mod-
ification of Tiso Cuzs Ni2o Snz aloys leads to develo-
ping a kind of new Ti-based composte with the mi-
crostructure of dendrite/ (glass+crystal) matrix or
dendrite/ nanostructure matrix, which shows a
promisng combination of high strength, pro-
nounced stain hardening and large plastic strains
under compressiont™ ™!,

It was reported that the small sze atom addi-
tionsplay animportant rolein the GFA of the alloy
system, and the addition tends to suppress the
large-scale diffuson and crystallization in the su-
percooled liquid state. In this paper, the compos
ites were desgned by introducing different a
mounts of carbon element into the Tiso Cuzz Nizo Sns
alloy. The microstructure, thermal stability and
compressive deformation characteristics are i nvesti-
gated. It isrevealed that theintroduction of carbon
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element make it possble to develop high strength
Ti-base composites with good plasticity.

2 EXPERIMENTAL

The BM Gforming alloys with a nominal com-
position of Tiso Cuzs Nizo SNz were prepared by di-
rectly arc melting a mixture of pure Ti, Cu, Ni and
Sn metals with a purity of about 99.9% in a Ti-
gettered argon atmosphere to form button ingots.
The button ingots were then smashed into Y nmr
sized particles and uniformly mixed with 99 % pure
carbon powders. The mass fraction of the carbon
addition was 1% and 3% respectively. Subse
quently the mixtures were melted in a high vacuum
electric redstance furnace to form carbon-bearing
ingots. The carbon-bearing ingots were again arc
melted and suction cast into a water-cooled copper
mold to form 7 mm long alloy rods with diameter of
1, 2 and 3 mm respectively. For comparison, thin
ribbons with the same compostion and a thickness
of about 20U m were prepared by sngle copper
wheel melt ginning.

All the ribbons and rods were studied by dif-
ferential scanning calorimetry (DSC) at constant
heating rate of 20 K/ minin aflowing argon atmos
phere usng a Perkin- Elmer DSC7 calorimeter. The
structure of the melt-gpun ribbons and as-cast alloy
rods were investigated by X-ray diffraction (XRD)
using a Philips PW 1050 diff ractometer with Cu K«
radiation. Field emisson scanning electron micros
copy (FESEM) (Jeol JSM-6400LV microscope)
was used for the analyss of the microstructure and
for characterization of fracture surfaces. SEM elec-
tron microprobe analys s was used to determine the
phase composition. The room temperature conr
pressive properties of the d3 mm ascast alloy rods
with the aspect ratio of 2 1 were tested usng an
Instron 5567 testing machine at a strain rate of
1x10"*/s.

3 RESW TS AND DISCUSSION

The X-ray diffraction was used to analyze the
phase constitutes of the melt-spun ribbons as well
as the ascast composite rods. The typica XRD
patterns are shown in Fig. 1. It is shown that the
XRD patterns of the melt-spun ribbons disgplay no
distinct crystalline diffraction peak , indicating the
formation of an amorphous phase. For alloy rods
with diameter equal to or larger than 1 mm, the
diffraction peak of crystalline phase can be found
from the XRD patterns, which al so implies the se-
vere conditions required to fabricate monolithic Ti-
based BM G. For d1 mm rods, a small crystaline
diff raction peak that was identified to bep-Ti was
found imposed on the broad diffraction peak. The

intendgty of the crystalline diffraction peak increa
ses with the increasng carbon additions. For alloy
rods with diameter larger than 1 mm, which corre-
sponds to dower cooling rate, the diffraction peaks
of TizSn and Ti2Ni phase were a0 found from the
XRD patterns. For the alloy rods with the same di-
ameter , the increasng carbon addition to the
Tiso Cuzs Ni2o Snz BM Gforming alloys not only con-
tributes to the diffraction peaks of TiC, but also
leads to the increasng intendty of the TizSn dif-
fraction peaks.

o — TisSn
8 o — TiC
» — Ti,Ni
0 — B-Ti
[ 3

20/(°)

Fig.1 XRD patternsof melt-un Tiso Cuzs Ni2o S
ribbons and as cast rods with dfferent

amounts of carbon addtion
(8 —Ribbon, x=0; (b)) —d=1mm, x=0;
(00 —d=1mm, x=1%; (d —d=2mm, x=1%:;
(e —d=2mm, x=3%; (f) —d=3mm, x=3%
(x is the massfraction of carbon)

DSC analyses carried out for the melt-spun
ribbons and ascast rods are shown in Fig. 2. For
melt-spun ribbons, all the samples exhibit two ob-
vious exothermic peaks. With increasng carbon
addition, the glass transition temperature Ty of the
alloy , aswell asthefirst and second crystallization
peak T and T. move to a higher temperature.
While the temperature range of the supercooled
liquid region doesn't seem to change a lot. Howev-
er , the temperature interval between the first and
second crystallization temperature decreases obvi-
oudy by adding carbon elements. For the d 3 mm
rods, the exothermic peaks are very weak and the
variation of the glass transtion temperature and
the crystallization temperature with the carbon ad-
dition is smilar to that of melt-spun ribbon, but
the absolute value is quite small , indicating the
major part of the samples being crystalline. For
d3 mm rods with 3% carbon addition, no glass
transtion and crystallization peak can befound. By
comparing the exothermic heat flow released dur-
ing crystallization of the ascast rods with that of
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the melt-pun ribbons, the volumefraction of glass
phasein the as-cast rods can be estimated as about
20 % for the d 3 mm carborfree aloy rods and
about 10 % for the d 3 mm cylinder containing 1 %
carbon addition.

(a) Ribbon
Tn T,
x=0 f |
™~
x=1% | |
x=2% t_,__-—-—- l s
;
550 660 6:50 760 7§0 850 850
Temperature/K
(b) 4=3 mm cylinders
W
x=2%
»=3%
550 6(.;0 630 7& 7SIO 8&) 850
Temperature/K

Fig.2 DSC curves of Tiso Cuzs Ni2o Snz melt-spun

ribbons(a) and as-cast d3 mm composite rods(b)
(x represents the mass fraction of carbon in samples)

Fig. 3 shows the SEM images of the micro-
structure of the d3 mm as-cast Tiso CuzzNizo Snz rods
on cross sections with different carbon additions.
The microstructure of carbornrfree alloy rod shown
in Fig. 3(a) exhibits a microstructure with bright
irregular shaped phase and very fine particles. The
bright irregular shaped phase arrays in line and
separates the whole matrix into different® parts”
(gray-colored areas in the image) with the sze of
about 3u m width and 10y m length. The very fine
particles areonly densely distributed in some of the

“ parts” , while in other® parts” , no particles are
found. EDX analyss reveals that the bright phase
has a composition of Tieo.e1 Ni12.08 CUis.61 Siz.a1 , i. €.
the Sn content is nearly two times of the average
value. Combined with the result of XRD, the
bright phase can be identified to be TizSn, solid
wluted Cu and Ni elements. The matrix has a

oompos'tion Of Tias.69 Ni21.47 CUzz.04 SNs. 81 s which is
smilar to the original compostion. It is obvious
that a part of the matrix has trandormed from a
morphous state to3-Ti (Ni, Cu) solid solute. As
for the very fine particles, the sze is too small to
be analyzed by EDX. However , their volume frac
tion is big enough for XRD detection, which
provesit to be Ti2Ni phase. The precipitation of
Ti2Ni and Tisz Sn particles has changed the matrix
composition. Fig. 3(b) shows the microstructure
of the rod with 1 % carbon addition. The TiC par-
ticles, with the dze of about 2u m, formed via re-
action Ti + C - TiC are found, which is indicated
by the white arrow. Compared with the micro-
structure of carbon-free Tiso Cuzs Niz Sn- rods, the
microstructure of the rod with 1 % carbon addition
shows that the second phase particles distribute
more uniformly in the matrix. The in-stu formed
TiC particles prevent the TizSn from arraying ag-
gregatively in line. In contrast TisSn distribute
randomly in the matrix. The matrix is a0 kept
out of being separated into large” parts” and re
tainsits continuity. For the microstructure of the
rod with 3 % carbon addition shown in Fig. 3(c) ,
more and larger TiC particles with the sze of about
54 m can be found to be distributed on the matrix ,
together with bright TisSn intermetallic compound
and nano-sized Ti2Ni particles. Fig. 3 (d) shows
the interface between TiC and the matrix at higher
magnification. A layer with 50 nm thickness is
found at the interface, which is proved by EDXS
analysisto be TisSn. It seems that the presence of
TiC can act as the nucleation ste for the TisSn
phase. The precipitation of large amount of crys
talline phase causes the formation of crack on the
matrix , which isindicated by the arrows shown in
Fig.3(c). The crack may be formed during the
cooling process due to the different physica prop-
erties between the matrix and the precipitates. The
presence of crack also indicates the deterioration of
the mechanical properties of the alloys.

A series of compression tests have been car-
ried out for the d3 mm as-cast Ti-base alloy rods at
room temperature. Fig.4 shows the typica
stress—strain curves. For the carbonfree alloy
rods, the ultimate compresson stress reaches
1936 M Pa with nearly zero plastic strain for the
sample. For the rods with 1% carbon addition,
yielding occurs at about 1160 MPa, followed by

work hardening” stage. The ultimate compression
stressis 2195 M Pa and the plastic strain reaches a
bout 3.1%. With 3 % carbon addition, thereis a
samilar yielding and* work hardening” behavior
like that of rods with 1 % carbon addition. Howev-
er, the ultimate compresson stress is less, with
the value of about 1913 MPa. And the plastic
strain of about 1.3 % isobtained beforefailure.
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Fig.3 SEM images of microstructures on cross section of d3mm as-cast Tiso Cuzs Niz Snz rods
(@) —Carbonrfree; (b) — % carbon; (c) , (d) —3 % carbon
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Fig.4 Room temperature compressive
stress—strain curves of d3 mm as-cast
Tiso Cuzs Ni2o Snz rods

For the d3 mm ascast rods with various car-
bon additions, the fracture occurs roughly along
the maximum stress plane during compression, but
none of the fracture plane is along about 45° with
the loading direction. The SEM images of thefrac
ture feature observation of d3 mm samples are
shown in Fig.5, which exhibit more complex frac-
tured surfaces compared to monolithic BM Gs. For
carborrfree Tiso CuzNiz Shr rod, the fractured sur-
face is composed of severa fractured planes, as

,’

© 1994-2008 China Academic Journal Electronic Publishing House. All rights reserved.

shownin Fig.5(a). Although there are glass phase
and crystalline phase, there is no obvious evidence
of interaction between the shear bands and the
crystalline and no plastic deformation appears in
the materials. The Ti2Ni particles are reported to
be a brittle phase and can significantly reduce the
ductility of the ascast samples. Vein pattern are
found along the shear-off direction of the fracture.
The liquid-like droplets are observed in some re-
gions of thefracture surface, indicating the high e
lastic deformation behavior of the glass phase of
the material. The very fast concentration of the e
lastic energy in the shear bands leads to tempera
ture rise to about several tens Kelvin in a very
short time and causes the amorphous matrix to be
remelted. For ascast alloy rods with 1% carbon
addition, the fractured surface is shown in Fig.5
(b) . Vein pattern cannot be clearly found on the
fractured plane due to the little volume fraction of
glass phase. However , some liquid-like region can
be observed, as shown by an arrow in Fig.5(b).
In the area near the liquid-like region, many protu-
berances can be found on the fractured surface.
The existence of the protuberances is believed to
contribute to the large plasticity of the materia ,
which isformed by the squeezing between the glass
phase and the ductileP- Ti phase during the deform-
ation process. From the microstructure observa
tion shown in Fig.3(b) , it can be found that the
matrix containing a great amount of Tiz Sn metallic

http://www.cnki.net
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Fig.5 SEM images showing fracture surfaces of

d3 mm ascast Ti-base alloy rods
(a) —Carbon free; (b) —1 % carbon; (c) —3 % carbon

compound is successve and forms a network struc-
ture. So for this sample, it shows more plastic de-
formation than the monolithic Tiso Cuzs Nizo Snr cyl-
inders. The more plastic deformation is due to the
uniformly distributed crystalline phases at the ma
trix. The crystalline phase can interact with the
deformation of the ductile B phase, which also
leads to the work hardening behavior under load-
ing. When the carbon addition increases to 3%,
the fracture surface of the sample exhibits a rugged
and dimplelike structure, which is smilar to the
fractography of the nanocrystalline + glass/ den-
drite crystalline composites and the nanocrystal-
line/ dendritic crystalline composites. This may be
attributed to the existence of the micrometer-sized
Tis Sn particles and very fine Ti2Ni precipitatesin
the matrix™ . In this alloy, no detectable glass
phaseis found. Its microstructure is composed of
B-Ti (Ni, Cu) phase, TizSn and Ti2Ni metallic
compound and TiC particles. TheB-Ti (Ni, Cu)

’

© 1994-2008 China Academic Journal Electronic Publishing House. All rights reserved.

lute olid is the soft phase and contributes to the
plastic deformation of the materials. TizSnis said
to have only a small effect on the deformation
process, while the Ti2Ni is a brittle phase and is
believed to deteriorate the plasticity!™. And the
particles are too densely distributed at the matrix,
the distance between the particles will become very
small , which makes it difficult for the plastic de-
formation to move through the materials, and
thus, decreases the plasticity'™" .

4 CONCL USIONS

The Tiso Cuzs Nizo Snz BM Gforming alloys with
different amounts of carbon addition were devel-
oped by copper mold casting. The solidified micro-
structural homogeneity strongly depends on the
carbon additions. For carbon-free alloy rods, the
imhomogeneoudly distrubuted TizSn intermetallic
compound separates the matrix into large* parts’.
While the addition of carbon promotes the forma-
tion of TisSn and avoids the separation of matrix.
However , the increasing carbon addition induces
the formation of cracks on the matrix due to the
precipitation of large amount of crystalline phase.
The great microstructure evolution of the Ti-base
alloy with small addition of carbon element also re-
veals that the GFA of the Ti-base alloy strongly
depends on the alloy compostion.

Due to the microstructure variation of the
samples with different carbon contents, the me
chanical properties of the composites differ greatly
from each other. Composite rods with 1% carbon
addition show the largest plasticity of 3.1 % and
ultimate compression stress of 2195 M Pa under u-
niaxial compresson test, while the rods without
carbon addition show no global plasticity. When
the carbon addition increases to 3%, the plastic
strain of the samples decreases to 1. 3% with the
ultimate compression stress of about 1 913 M Pa.
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