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High-pressure suppression of crystallization in the metallic supercooled liquid
Zr 41Ti14Cu4, NigBey, = Influence of viscosity
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The supercooled liquid Z§Ti14Cuy, NijgBeys 5is studied using a high-pressuieP) and high-temperature
x-ray diffraction technique with synchrotron radiation, which allows us for the first time $itu monitor the
crystallization kinetics of metallic supercooled liquid in both cooling and heating processes under HP. We find
that more than 6 GPa can completely suppress the crystallization in the melt at low cooling rate, and distinct
crystallization from glassy to melt states during fast heating can be bypassed at 8.3 GPa. HP suppresses the
crystallization in the supercooled liquid through increasing its viscosity.
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The supercooled liquigSL) with a metastable thermody- lic glasses®1¢Because both the nucleation and growth rates
namic stability has remained one of the most inquisitive bubf crystalline phases in the glass-forming alloys strongly de-
obscure subjects of recent scientific intefedtMetallic lig- pend on the kinetics which is susceptible to pressure, the
uid have often been regarded as ideal model systems dfiformation on pressure affect on the crystallization is criti-
dense random packing, but it is unfortunate that rare metallical for gaining insight into the mechanism of the nucleation
SLs are found to exist easily by a change in pressure and/@ind glass formation in the BMG-forming SLs. However,
temperature. The recent developed bulk metallic glassttle work on in situ HP crystallization has been conducted
(BMG) forming alloys are found to have particular stable SL perhaps due to the experimental condition restrictions. This
state against crystallization, which offers a large experimenteaves many unresolved questions in this field. In this paper,
tally accessible time and temperature windows for investigatye chose the representative SL, vitl, to study the effects of
ing the nature of the S(Refs. 4 and pand for understand- p o crystallization during rapid cooling and heating pro-
ing the longstanding issues of nucleation, which is the key tQ..<¢ using a HP energy-dispersive x-ray diffracti®RD)

control over crystallization and to develop new glassy angg.pnique with synchrotron radiation, at a third-generation
nanocrystalline materials with a uniqgue combination of pmp'synchrotron radiation facility at Spring-8 in Jap&nThe

erties and manufacturability for applicatiofrs. . . . .
: L : . . technique allows us for the first time to situ monitor the
The BMG-forming liquid ZgTi1iCuho NisgBE: 5 (Vitl) crystallization kinetics of SL in both cooling and heating

is a relative strong liquid and exhibits a large viscoséligout 2
2.5 Pa 3 around ?heqmelting point and Ia?ge activséat?on en-processes under HP. We show that HP can further stabilize

ergy for flow®1° This contrasts with most pure metals and _the SL state and effectively suppress the crystallization of SL
alloys which are considered fragile liquids with much lower N cooling and even heating processes. The pronounced
viscosities at melting point of I8 Pas and activation en- asymmetry behavior in crystallization during constant heat-
ergy of 0.5 e\A! The stability of the SLs is found strongly ing and cooling at ambient condition can be constricted un-
depends on the treatment process and a pronounced asyﬁf_l’ HP. Our results are likely to be important for understand-
metry exists in crystallization behavior during constant heating the nucleation mechanism of the BMGs.
ing and cooling of BMGS:'213 Differential scanning calo- Vitl alloy was prepared by cast the melting alloy in a
rimetry (DSC) results shows that its crystallization water-cooling Cu mould®*The Ty, T, and liquidus tem-
temperature of vitlT, shifts to higher temperature with in- peratureT, determined by DSC at a heating rate of 0.33 K/s
creasing heating ratep and follows a linear relationship: at ambient pressure are 623, 693, and 1026 K, respectitely.
T,=664.9+20.7 lep."* Assuming that the melting tempera- The cooling and heating of the alloy were investigated by an
ture of the alloy is independent ap and T, continues to in situ XRD technique at Spring-8 in JapahHigh-pressure
scale with ¢, the corresponding value @b for vitl heated and high-temperature conditions were generated using a
through the entire SL region into the equilibrium melt statecubic-type multi-anvil pres§SMAP 180, and the sample
without intervening of crystallization is about 1B/s. In  assembly was similar to that used in Ref. 17. NiCr-NiAl
contrast, a rate of about 10 K/s is sufficient to suppress crysghermocouple was brought into the pressurized zone and near
tallization in the SL of vitl and get full amorphous phase inthe sample. NaCl powder was used as pressure transmitting
cooling proces$? These nucleation features lead to the ex-medium, and the pressure was calibrated from its lattice con-
cellent glass-forming ability, high thermal stability of the SL, stant with the accuracy about £0.2 GPa. The apparatus was
controllable nanocrystallization and some interesting crystaldesigned to permit maximum heating rates of 150 K/s which
lization behaviors in the allo812 cannot be realized in conventional thermal analyzéi&he

High pressurgHP) has been found to be a powerful tool pressure in the heating process was calibrated; pressure
for affecting and controlling the crystallization in the metal- change is about 0.2—1 GPa during the heating processt
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FIG. 1. In situ synchrotron XRD patterns of the FIG. 2. (a) XRD patterns of vit1 alloy heated from supercooled
ZrTi1Clya NiygBer, s BMG at elevating temperature under 9.4 jiquid state to melt state with different heating rate®) marked the
GPa. TheTy increases from 693 K at ambient pressure to 803 K atjjttle nanocrystalline precipitatiorh) XRD patterns of crystalline

9.4 GPa. The inset shows the onset crystallization temperature @fit1 (after full crystallization heated to melt state with a heating
the vitl upon pressurél, increases with increasing pressure with rate of 40 K/s.

dT,/dP=11.8 K/GPa.
sample was firstly increased to 693 K which is much lower

the HP rapid heating, the sample was rapidly heated fronthan T, (T,=783 K at 8.3 GPg and then, the sample was
693 K to aboveT,, with a heating rate of 40 K/s. The dif- rapidly heated from 693 to 1223 K with a heating rate of
fraction pattern wadn situ recorded during the whole rapid 40 K/s. The diffracted x-ray pattern which was situ re-
heating process. For the cooling, the sample was first presorded during the whole heating process shows that the alloy
surized to high pressure, and then heated to 1373 K and kepimost keeps in glassy state. Two weak broad peaks marked
for about 2 min. Then the heating electrical current wasn Fig. 2a) are from the precipitation of little fraction of
switched off and the sample was naturally cooled under HPanocrystalline phase. The results indicate that no distinct
An energy dispersive method was utilized using white x-raycrystallization is observed upon heating for glassy vitl with a
with energies of 20—150 keV. The diffracted x-ray was de-rate of 40 K/s, and the most amorphous phase is heated
tected by a solid state Ge detector, at a diffraction angle 2through the entire SL regime into the equilibrium melt with-
=5 out crystallization. In contrast, the crystallization event will

Figure 1 shows XRD patterns of vitl measuiadsituat  occur when vitl is heated with lower heating rates as shown
various temperatures under 9.4 GPa. The patterns were rigt Fig. 1. To check if there is heating hysteresis effect in the
corded ever 5 K to determine thel, andT,. The time that rapid heating process, the sample was kept at 1223 K for 2
the sample was kept at each temperature is about 30 s. Up toin. The XRD pattern shown in Fig(d) is similar with that
783 K, the amorphous state is retained without a clear indief the rapid heating alloy demonstrating no obvious heating
cation of crystallization within the limit of XRD measure- hysteresis. We also rapid heated the fully crystallized vitl
ment. The BMG starts to crystallize at about 803 K, 110 Kfrom 973 to 1223 K with the same heating rate of 40 K/s,
aboveT, at ambient pressure, indicating thgtis increased the XRD pattern in Fig. @) shows that the crystallized
to about 803 K under 9.4 GPa. The alloy is melted at abouphases can be mostly kept to 1223 K. This result means that
1050 K and its value of; is not significantly changed under if there is crystalline phases form during the rapid heating
HP. The crystallization of vitl is studied under various pres-process, they cannot be melted during so rapid heating pro-
sures, and th&, shows significantly increase with increasing cess, and confirms that rapid HP heating inhibits mostly the
pressure as shown in the inset of Fig. 1. Tig/dP is about  crystallization events when the BMG goes through SL to
11.8 K/GPa. The result implies that tAg is susceptible to melt state.
HP, and HP could be used to suppress crystallization when The HP cooling process of vitl is shown in Figag
vitl is heated. The increased activation energy barrier undekfter vitl is quenched from 1373 K to 300 K at 8.5 GPa with
pressure for diffusion makes the atomic redistribution on aa estimated cooling rate of about 1 K/s, the samples show a
large-range scale more difficult and the subsequent growth diroad scattering peak indicating the formation of full amor-
the nuclei is inhabited. This results in the higher thermalphous phase. The XRD traces for the alloy cooled at the
stability of the SL under HE$18.19 same cooling rate under different pressures are presented in

Figure 2a) showsin situ XRD patterns of vitl in the Fig. 3b). The samples quenched with higher applied pres-
rapid heating process at 8.3 GPa. In the HP rapid heating, theure(=6 GPa show a full amorphous phase. When quench-
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FIG. 4. The calculated temperature-dependent nucleation rate
FIG. 3. (@) XRD patterns of the vit 1 melt cooled from equilib- and growth rate of vitl under ambie#) and high pressure of 8.3
rium melt state to solid state at room temperature under 8.3 ®Pa. GPa(b).
XRD patterns of vitl alloy cooled from equilibrium melt state to

solid state at room temperature with the same cooling rate undejitfysion-limited growth, the crystalline growth rate can be
various pressures. expressed b93

ing pressure is lower than 4.5 GPa, there are few weak sharp
crystalline peaks superimposing on the broad peak meaning

that fully amorphization cannot be reached. The SamIOI‘?/vith the interatomic spacing. Becauser is not sensitive to
cooled with a similar cooling rate at ambient pressure con-

sists of mostly the crystalline phas®decause the sample in ngef s;nrg g%rggiz;ei ;g Lheatrff ei{:g etlheegr(i:g;z zf;ect on
the HP setup was covered with thick pyrophyllite and £rO P y exp
which have low thermal conductivity and solidified with (&(AG* )) __3215° AV

much low cooling rate compared with that of cast in water- JP 3 (AG)¥
cooling Cu-mould. Furthermore, the covering materials also

provide frequent abundance of sites that catalyze the nucle- (a(ln D)) AV*
ation of crystalline phase. The HP quenching result indicates =- '
that HP is effective to enhance glass formation by suppress- A KT

ing the crystallization in SL state of vit1. hereAV is the molar volume difference between the liquid

To discuss above results, we use approach of classicand crystalline phasedV* is activation volume. Therefore,
nucleation serving as a simplified model. The steady stat@nder HP the steady state nucleation rate is

nucleation raté?!
Q + PAV* + AGP*
4: AG* :| IHP:ADO eX - kT
| =ADexp — ,

kKT
here,
whereA is constantk is Boltzmann constant, the absolute
temperature, anb is effective diffusivity which is assumed
to follow Arrhenius form,

1)

_ 1670°
T 3(AG+PAV)?’

Q The growth velocity under HP,
D=Dgexp — peak

Do p( Q+PAV*>{ p( AG+pAv>]
Ugpp=—exp-——||1l-expq-———— | |.
here,D, is pre-exponential factoQ is diffusion activation a kT kT

energy,AG*, the activation energy for formation of stable (2
nuclei ig*

AGp*

For vitl,0=0.04 J/m andd=102 AV* ~13.0 A3?®> and
the volume per molar is about 1% decreased after crystalli-
zation from amorphous phast. The data of D,
Q(~1.0 eV) are obtained from Ref. 26. The nucleation and
whereo and AG are interfacial energy and free energy dif- growth rates at ambient and HP were estimated from the
ference between the nuclei and liquid phase, respectively. Webove equations and parameters and are shown in Fig. 4. At
estimated\G based on the DSC results in Ref. 22. Assumingambient pressure, thd,,,, (at 985 K) is at a much higheT

1670

AG* = —,
3(AG)?
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than that ofl, . (840 K) [see Fig. 4a)]. If the effect of Upon HP heating and cooling, the maximuimfor both
guenched in nuclei is taken into account, the difference igrowth(1180 K) and nucleatiorg1050 K) rates shift to much
even larger. Upon heating, the alloy at first reaches the tenfligh T [Fig. 4b)]. Meanwhile, both the andU are signifi-
perature where the nucleation rate has a maximum, and tHf@ntly decreased as shown in Figby D decreases with
formed nuclei are exposed to the maximum growth rate, relNCréasing pressuf@Vv* >0, anda(In D)/apf 0]. At ambi-
sulting in a high crystallization rate during further heating. Ine_nt pressure the pressure effqudV* (~10™ eV) is negli-
contrast, upon cooling the alloy from melt, at the temperatur@/Plé compared to temperature effedgT=0.1 eV/atom
where the melt has the maximum growth rate, the alloy ha hen temperature is increased to 800 K from room tempera-

few nucleus sites and low nucleation rate, and the maximu ure. However, when pressure reaches GPa levelQhe

. . about 0.05 eV/GPa in vitl and the pressure effect cannot be
number of nuclei formed at the same temperature experience

. . ignor nymore. Therefore, the nucleation and growth in
low growth rate during further cooling, and lead to low crys- gnored anymore erefore, the nucleation and growt

llizati So th d i th ISL, which is much lower than the maximum temperature of
tallization rate. So the pronounced asymmetry in the crysta growth and nucleation rates, are very small under HP, and

lization results from the different growth rates during cooling,ep, the crystallization is much easier to be suppressed under
and heating. The different crystallization mechanism in th§p Hp reduces the asymmetry in crystallization behavior
differentT regimes in SL can also be understood from Fig. 4., gppresses crystallization in the SL by shifting the maxi-
At high-T scale in SL region, the liquid has large growth rate .,y temperatures of growth and nucleation rates to much

bUt. very low nucleation rate. ,SO _the formation of nuclei high temperatures and increasing viscosity of the liquid.
mainly determines the crystallization. At low temperature

scale, however, the liquid has large nucleation rate but very The financial support from the National Science Founda-
low growth rate. The growth of the crystals dominates thetion of China, Grant Nos. 50321101 and 50371097, is appre-
crystallization process. ciated.
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