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The effect of silicon on the glass forming ability of the Cu 47 13421 11Nig bulk
metallic glass forming alloy during processing of composites
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Composites of the GgTizaZr{;1Nig bulk metallic glass, reinforced with up to 30 vol % SiC particles

are synthesized and characterized. Results based on x-ray diffraction, optical microscopy, scanning
Auger microscopy, and differential scanning calorimésC) are presented. During processing of

the composites, a TiC layer forms around the SiC particles and Si diffuses into thE £2r,Nig

matrix stabilizing the supercooled liquid against crystallization. The small Si addition between 0.5
and 1 at. % increases the attainable maximum thickness of glassy ingots from 4 mm for Cu—Ti—
Zr—Ni alloys to 7 mm for Cu-Ti—Zr—Ni-Si alloys. DSC analyses show that neither the
thermodynamics nor the kinetics of the alloy are affected significantly by the Si addition. This
suggests that Si enhances the glass forming ability by chemically passivating impurities such as
oxygen and carbon that cause heterogeneous nucleation in the mel©@9®American Institute of
Physics[S0021-89788)00512-X

I. INTRODUCTION lution of reinforcement into the melt can be responsible for
degradation of the glass forming ability of the matrix, e.g.,
In recent years many bulk metallic glass forming alloyspby moving the composition of the liquid out of the optimum
have been developed. These alloys include La—AR-Ni, glass forming rang&®
Zr-Al-Cu-Ni? Zr-Ti-Cu-Ni-Be} Zr-Ti-Cu-Ni} or In this study, we observe the opposite case. One can
Zr—Ti (Nb)-Al-Cu-Ni® Cooling rates of less than 100 K/s improve the glass forming ability of the matrix by interdif-
are sufficient to prevent nucleation and growth of crystalsfusion between the reinforcement and the metallic glass ma-
Bulk metallic glasse$BMGs) have high yield strength and a trix. It will be shown that the addition of Si to the Cu—Ti-
high elastic strain limit combined with corrosion resistance,zr—Ni alloy enlarges the supercooled liquid region and the
and relatively high fracture toughnes.However, the lack glass forming ability.
of tensile ductility limits the number of applications. One
way to address this problem is to reinforce the glass. Rell- EXPERIMENTAL METHODS
cently it was shown that bulk metallic glass matrix compos-  The Cu;TizsZr14Nig alloy (V101)* was used as a matrix
ites reinforced by particles and wires could be processefhaterial for composites. Ingots of the alloy were prepared by
successfully®!! Those reinforcements include ceramicsarc melting a mixture of the elements having a purity of 99.7
such as SiC, TiC, or WC. Ductility in compression and ten-at. % or better. Subsequently a mixture of the prealloyed
sion as well as fracture toughness was improved substa¥101 and SiC particles was induction melted on a water
tially by adding metallic particles and wires into the metallic cooled copper boat under a 800 mbar Ti-gettered argon at-
glass. Metals like W and Ta were us€dmprovements of mosphere. Volume fractions of SiC particles ranged from
the mechanical properties are obtained by hindering propal0% to 30% and the average size of the particles wasrb0
gation of shear bands and encouraging the formation of muln order to obtain an amorphous matrix, the composites were
tiple shear bands due to the existence of the second soliien cast into Cu molds. This resulted in rods with a diam-
crystalline phase. eter of 3 mm and a length of 30 mm. In addition, quintary
Bulk metallic glass formers are excellent matrix materi- Cl7Tiz4-xZr11NigSiy (x=0.5, 1, 3 alloys (V102) were syn-
als for composites because of their low melting and glasghesized. First, binary alloys were prepared by arc melting a
transition temperatures. The low glass transition temperatur@ixture of Cu and Si to form a solid solution of Si in Cu.
helps to reduce differential thermal stresses, which develophen the binary Cu—Si solid solution and the other three
between the reinforcement and matrix during freezing uporglements were arc melted together under argon atmosphere.
cooling. The low melting temperatures of metallic glass!ngots were remelted and cast into a copper mold resulting in
formers result in slow chemical interactions between the reglassy strips or rods of different sizes up to a dimension of 7
inforcing particles and the liquid during processing. How-mm.
ever, the dissolution or reaction of a certain amount of the ~ Cross sections of cast strips and rods were examined by
reinforcement phase with the metallic glass matrix still has toc-ray diffraction. The particle distribution in the composite

be taken into account. These interfacial reactions and diss@pPecimens was investigated by optical microscopy. In se-
lected samples the interfaces between particles and matrix

were examined by scanning Auger microscopy. The glass
transition and crystallization of all samples was studied with
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FIG. 2. X-ray diffraction patterns df) the amorphous CiTi,Zr;Nig, (b)
a composite containing 30 vol % SiC, afg) the pure SiC powder.

fraction of a thin TiC interlayer between the SiC particles
and the glassy matrisee belowis too small to be detected
by x-ray diffraction.

The glass transition and the crystallization behavior of
the amorphous matrix of the composites were investigated in
DSC scans using various heating rates. Figure 3 shows DSC
scans of the pure amorphous V101 and a series of SiC/V101
composites with increasing SiC volume fraction from 10 to
30 vol %. All measurements were performed with a heating
rate of 0.33 K/s. They exhibit the endothermic heat effect
due to the glass transition and the three characteristic steps of
heat release, indicating the successive stepwise transforma-
tions from the metastable supercooled liquid state into the
v o o oion o . e s e Y205 oty Sl compounds. The glass ransiion temperallye,
tshe voll?me fraction of SiC particles is IO%A) andi) it is 20%. The average IS here_ defined as the qnset of the endOthe,rmlc _DSC event.
size of particles is about 5am. The primary crystallization temperaturg,,, is defined as
the onset temperature of the first exothermic event. Based on
the DSC scans, it is observed that the addition of SiC par-
ticles into the V101 produces a significant extension of the

a Perkin-Elmer differential scanning calorimet@SC) 7. supercooled liquid regionAT,) defined by the difference
Different heating rates between 0.0167 and 3.33 K/s were

used. In addition, the melting behavior of the crystallized
alloys was investigated in a Perkin—Elmer DTA 7.
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Ill. RESULTS -1

Figure 1 shows the optical micrographs of the uniformly
distributed SiC particles in the metallic matrix. The volume
fractions of SiC particles are 10% and 20% in Fig@) and
1(b), respectively. The matrix appears uniform and free of
heterogeneity. In Fig. 2 the x-ray diffraction patterns of the
amorphous matrix, the composite, and the SiC particles are
compared. The pattern of the specimen containing 30 vol %, . ) . ) )
SiC in a V101 matrix shows diffraction peaks of SiC par- 650 700 750 800
ticles superimposed on the broad diffuse scattering maxima temperature (K)
from the amorphous phase. The positions of the peaks in
Figs. 4b) and Zc) match exactly. However the intensity of FIG. 3. DSC thermogrartheating rate of 0.33 Kjsof V101 and SiC rein-

. ced V101 with a volume fraction of 10%, 20%, and 30%, respectively.
the peaks are not the same due to the changing texture of t%e width of the supercooled liquid regioAT, , between onset of the glass

pgrticles during'proc.es.sing. No other phases are deteCtQQnsition,Tg, and the onset of primary crystallizatioh, , increases with
within the sensitivity limits of x-ray diffraction. The volume rising SiC particle content. The average particle size is50

2 |+ 20% sic
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heat flow (W/g)
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FIG. 4. Scanning Auger microscopy line scans across the V101/SiC inter-

face. A TiC layer with a thickness of about 500 nm formed at the interfacer| 6. DSC scans of the composite with a volume fraction of 20% particle
during processing when the V101 was in the liquid state. in comparison with the GyTissZr NiSiy, alloy of (0.33 K/S.

the melt. These observations suggest that a Si addition to
betweenT, and T,;. With increasing SiC particle addition V101 is the reason for the enhanced thermal stability of the

into V101, the glass transition temperature increases slighthalloy.
The onset temperature of primary crystallizatioh ) rises To prove this, we prepared alloys in which we substi-
even more, resulting in an increase/oT, from 46 K inthe  tuted 0.5, 1, and 2 at. % of the Ti in V101 by Si. These
pure V101 to 66 K for the V101 that was reinforced with 30 concentrations can be estimated from the TiC layer thick-
vol % SiC. This means that, surprisingly, the thermal stabil-ness, the particle size, and volume fraction. They are the
ity of the bulk metallic glass matrix was enhanced duringapproximate matrix Si concentration in the composites con-
Composite processing_ taining 10, 20, and 30 vol % SlC, respectively. The DSC
In order to investigate the reaction that must have takescans of these Gylliz4,Zr1;NigSi alloys(V102) are shown
place during reactive wetting of the SiC particles by the madn Fig. 5 in addition to the pure V101. The Si addition sub-
trix, the composites were investigated by scanning Augefptantially increases the supercooled liquid region. As can be
microscopy. Figure 4 shows the results of an Auger line scafgeen in Fig. 6, the DSC scan for a sample with 1% Si is in
across the interface between matrix and particle. The Augegood agreement with the DSC scan of a composite with 20
signals for Si, C, and Ti are depicted. At the interface a Ticvol % SiC. The matrix of the composite with a SiC content
layer with a thickness of 500 nm has grown. It forms a shellof 10 vol % contains 0.5 at. % $not shown.
around the SiC particles. This means during processing Ti  The enlarged supercooled liquid region after Si addition
must have diffused from the matrix into the TiC layer, suggests that the V102 alloys have a better glass forming
whereas Si must have diffused from the SiC particle throughability than the V101 alloys, which we can mold cast up to a
out the TiC layer into the melt. In first approximation the Si thickness of 4 mm. Figure 7 compares the DSC scans of cast

content of the matrix equals the reduction of the Ti content irsamples of V101 with samples of V102 containing 0.5 and 1
at. % Si, respectively. The V101 alloy does not show a glass
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FIG. 7. DSC thermograms of V101 and two V102 alloys with different Si

FIG. 5. DSC thermogrartheating rate of 0.33 Kjsof V101 and of the Si  content, having dimension of 5 mm V101 was completely crystalline,
bearing alloyqV102). whereas the V102 alloys were amorphous prior to the DSC measurements.

Downloaded 12 Jan 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



7996 J. Appl. Phys., Vol. 83, No. 12, 15 June 1998 Choi-Yim, Busch, and Johnson

T T T T T T — — T T
V101+10% SiC: E=3.75 eV
¥
-5 -
li 10 1
= Cu,,Ti,Zr Ni ]
3
= 1 10° «— V101: E=3.75 eV
£ |+sic10% NS 3
F— 4
s S
N = ] P
< |4 sic 20% l | V101430% SiC: E=3.87 eV
1073 3
+ SiC 30% | V101+20% SIC: E=3.69 eV
o
! I 1 I I 1 10-3 — 7T
950 1000 1050 1100 1150 1200 1250 1300 1.3 1.4
temperature (K) 1000/Tp(1/K)

FIG. 8. DTA melting endotherms of the composites with different SiC 5 g Kissinger plots obtained after heating the composites with different
contents. The liquidus temperatures of the matrix increase slightly with thg,eating rates. The activation energy for nucleation does not decrease if SiC
Si content. particles are added. Heterogeneous nucleation at the interface between the

TiC layer and the melt does not occur.

transition and crystallization peaks. It is completely crystal-considers the high melting point of TiC of 3140 K we can
line. The V102 alloys, in contrast, are completely amorphousissume that the growth of the TiC layer proceeds much
as additional x-ray diffraction investigations confirm. The slower than the diffusion of Si in the liquid matrix. This
alloy that contains 1 at. % Si could be cast up to a thicknesgneans that the Si becomes virtually evenly distributed in the
of 7 mm, which is an improvement by a factor of 1.7 com- matrix. The result is a homogeneous matrix with a Si com-
pared to V101. This reveals that the critical cooling rate forposition that depends on the interface area between particles
the Si-bearing alloy to form a glass is about a factor of 3and matrix as well as on the thickness of the reacted Ti—C
smaller than for the alloy without Si, because the criticallayer. The matrix is thermally more stable with respect to
thickness of the sample is approximately proportional to thesrystallization when heated above the glass transition than
square root of the critical cooling rate. If we increase thethe CuTiz,Zri;Nig alloy without silicon.

amount of Si to 2 at. % the glass forming ability degrades  The same thermal stability can be obtained by just alloy-
again, even though the supercooled liquid region becomei®g the appropriate amount of Si with the initial alloy. In
larger (Fig. 5). This is probably due to the fact that the for- fact, if we assume that we replace each Ti atom in the matrix
mation of high melting point silicides could not be avoided that participated in the TiC formation by a Si atom, we cal-
during processing. These silicides are likely to serve as hetulate as well as find experimentally that the processing of
erogeneous nucleation sites. 10 vol % 50um SiC particles results in a matrix concentra-

The addition of silicon to the alloy increases the glasstion of 0.5 at. % Si. Consequently, an increase of volume
transition temperature of the alloy slightly. The reduced glaséraction to 20% with same particle size results in 1 at. % Si
transition temperaturel,y, is a value to estimate the glass in the matrix.
forming ability of alloys and represents the ratio of glass At this point the question arises how such a small
transition temperature and liquidus temperature. In order t@amount of Si can improve the glass forming ability consid-
determine whether the reduced glass transition temperatugfably. As mentioned above, the reduced glass transition
changes with Si content, the melting behavior of the differentemperature of the alloy is virtually independent of the Si
alloys was investigated. As Fig. 8 reveals, the liquidus temconcentration. Both the glass transition temperature and the
perature increases slightly with Si content, which compenliquidus temperature increase slightly. In addition the spe-
sates the effect of an increasing glass transition temperatureific heat capacity difference at the glass transition as well as
The reduced glass transition temperatures for all the alloythe entropy of fusion do not change. All these factors indi-
are 0.58 within the experimental error when heated with ecate that the thermodynamics of the alloy do not change by
rate of 0.33 K/s. adding the silicon.

The calorimetric studies were used to calculate the acti-
vation energies of crystallization for the investigated SiC re-
inforced V101 composites. By measuring the peak positions

During composite processing of SiC in a in Fig. 3 at different heating rates, it is possible to determine
Cuy7TigaZri4Nig bulk metallic glass matrix, we observed the the activation energies for the different reaction steps by the
formation of TiC at the interface between liquid matrix and Kissinger method? i.e., from the slopes of the curves of
solid SiC particlegFig. 4). The growth of this layer is most In[(aT/&t)/Tg] against 1T, whereT,, is the peak tempera-
likely diffusion controlled. It is governed by the diffusion of ture anddT/dt the heating rate. These results are presented
Ti from the matrix throughout the layer to the interface be-in Fig. 9 for V101 and SiC reinforced V101 composites. The
tween the TiC and the SiC. Si diffuses in the opposite direcplot reveals that there is no significant change in activation
tion through the TiC layer and finally into the matrix. If one barrier when adding the SiC particles and introducing Si into

IV. DISCUSSION
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P o ' lization kinetics(activation energy and the intrinsic kinetics
1 e 20,100 N B, D227 (structural relaxation timein the supercooled liquid of the
10" 1 © znia D116 L alloy.
] o z N, D=7.9
O cu,,Ti,zr,Ni, 3
g 10° 1 é:;gzg:;zz:g . V.CONCLUSIONS
% 10" ] _ _ Bulk_amorphous CyTizaeZr1Nig composites containing
< E SiC particles up to 30 vol % were formed by copper mold
o 107 L casting. The interface reaction between particles and matrix
g E resulted in the dissolution of Si into the matrix that enhanced
2 10° 4 3 the glass forming ability of the matrix even though the ther-
- i modynamic and kinetic properties of the matrix did not
107 4 3 change considerably. This leads us to the conclusion that the
10° Si most likely acts on the impurities in the melt predomi-
nantly present in the form of oxygen.
TT _It was _shown for the Zp cTisCuy7 Nijg Al 1o alloy that _
9 an increasing amount of oxygen destroys the glass forming

FIG. 10. Fragility plot of the i heati . function of tability, which suggests that the presence of heterogeneous
temperature for the glass transiton normalized to the onset temperatire JIUCIEation sites within the melt plays an important role dur-
the glass transition measured with a rate of 0.0167 K{3.(The kinetics of ~ INQ crystallizatior?, This effect should not be confused with
the glass transition do not change significantly with Si content. The inseheterogeneous nucleation at a particle/matrix interface. Since
(same units on thE'axis) shows tr_\e range of structural relaxation times that 5 certain amount of impurities cannot be avoided in the melt,
are observed for different materials. it is desirable to neutralize the nucleation sites.
In the Ni—Pd—P alloy system it was shown by Volkert

and Spaepéfi that the addition of 1 at. % Si improves the
the glass matrix. This finding has two consequences. Firsthermal stability of the supercooled liquid of this particular
the interfaces between the TiC layer and the matrix do noalloy. In this case the improvement by adding Si was attrib-
act as heterogeneous nucleation sites, which would decreasted to the destabilization of,©5 clusters that were consid-
the nucleation barrier. Second, the Si does not substantiall§red to act as nucleation sites. In our Ti based alloy the Si
change the growth kinetics and crystallization products. Adnight act in a similar way. Si might help to destabilize FiO
shown in Fig. 3 the crystallization events are only shifted toclusters present in the melt.
higher temperatures.
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