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Effect of pressure on nucleation and growth in the Zgg 5Tig2£CU7 sNi;oB€y7 5 bulk glass-forming
alloy investigated usingin situ x-ray diffraction
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The effects of pressure up to 10 GPa on nucleation and growth in a typigakHg »<Cu; NiigBey; 5 (vit4)
bulk glass-forming alloy during heating, isothermal annealing, and cooling processes were investigated using
in situ x-ray diffraction with a synchrotron radiation. It is found that pressure has diverse effects on the
nucleation and growth depending on different heat treatments. The constant heating under high pressure can
affect the stability of the supercooled liquid state and increase the crystallization temperature. Isothermal high
pressure annealing leads to nanocrystallization, which is attributed to the copious nucleation and slow growth
velocity. Pressure can enhance the glass forming ability of the alloy by effectively suppressing the crystalli-
zation during cooling; bulk glass can be obtained by cooling the melt alloy under high pressure at low cooling
rate. The various effects of high pressure on the nucleation and growth and the crystalline phases formed are
discussed from the points of view of nucleation kinetics and thermodynamics.
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[. INTRODUCTION (DSO) are more sensitive ways to detect the primary nanoc-
rystallization. The crystallization also depends strongly on
In-depth investigations of crystallization in metallic the treatment process, heating or cooling rate, and annealing
glasses are important for understanding the nucleation artime X®-2° For exampleT, of Zr,;Ti;4,Cuy4 NijoBes, s BMG
growth in a metallic supercooled liquid, for evaluating the (vitl) obtained from the DSC, with heating rates of 5 and 80
glass forming ability(GFA). Recently developed bulk glass K/min, are 683 and 742 K, respectivéfySchroerset al?*
forming alloys with a wide supercooled liquid region and reported that a heating rate of 200 k/s could even avoid any
high thermal stability against crystallization offer a large ex-crystallization in vitl. It is found that a nanocrystallization
perimentally accessible time and temperature window to ineccurs in vitl when annealed at 623 [Kuch lower than
vestigate the nucleation and growth in metallic liqgifDur-  T,=698 K (Ref. 19] for a long time at vacuurff Different
ing the last decade crystallization at ambient extensivelyesearchers sometime obtained alternative and even contra-
studied in a wide variety of bulk metallic glasses dictory results due to their different pressure annealing con-
(BMGs).1*>The crystallization has been found to be sensi-ditions and detecting methods applfédrherefore, it is nec-
tive to the external influences such as preannealing, kinetiessary to systematically study the effects of pressure on the
conditions, and addition§:1° High pressurgHP), which is  nucleation and growth in BMGs and to clarify the role of the
becoming an important processing variable just like that oforessure on the phase evolution during crystallization. On the
temperature or chemical composition, has been found to be@her hand, the ability to form a glass by cooling from the
powerful tool for affecting and controlling the nucleation and melt is equivalent to suppressing crystallization. Applying
growth in the metallic glass€s* HP during the solidification of a glass-forming alloy may
Crystallization in BMGs is very complex due to the pos-improve the GFA, and provide a useful way to study the
sible phase separation before the crystallization and compliglass formation mechanism.
cated diffusion fluxes in the supercooled liquid state. The In this work, we chose the typical
effect of pressure on metallic glasses is also complex. HP ha&r g ;:Tig -2CU; sNijgBe, s alloy (vit4) to study the effects of
been found to promote or suppress crystallization in differenHP on the crystallization of glass forming alloys. The rea-
glasses> ! For example, Sheat al** found that appropri- sons for choosing vit4 lie in the facts that the supercooled
ate pressure could lower or raise activation energy of théiquid of vit4 is considered as one of the most stable metallic
crystallization. For a BMG with a complicated multistage liquids known at ambient pressutdn contrast to simple
crystallization process, the effect of pressure on the crystaketallic liquids and most alloys, vit4 has a wide supercooled
lization temperatureT, depends on the applied pressureliquid region which provides an ideal alloy system for study-
range and time. One thus cannot simply extrapolate or coning pressure effects on the nucleation and growth of the crys-
pare the effect of pressure @R in different pressure ranges. talline phase in the supercooled liquid without intervening
Meanwhile, the different techniques used to study the crysphase separation. XRD with synchrotron radiation was used
tallization may also result in different observations. X-rayto monitorin situ the nucleation and growth of the alloy
diffraction (XRD) has a limit to detect the precipitation of during isothermal annealing, cooling and heating process in
nanocrystalline particles in the amorphous matrix induced byressure range of 0—10 GPa. The effects of HP on crystalli-
primary crystallization. The high-resolution transmissionzation are discussed from the point of view of nucleation
electron microscope and differential scanning calorimetetheory.
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FIG. 1. DSC trace of the Ti Ni oBe,7 s BMG at a
4 75Tig 25C Uy NiyBey7 5 20(degree)

heating rate of 0.33 K/s.

FIG. 2. XRD patterns of vit4 at various temperatures under am-
Il. EXPERIMENTAL PROCEDURES bient pressure.

Zr45.75Ti Ni B Ik metallic gl Wi re- o .
46.75115.26C U eNi1oBey7 5 bulk metallic glass was pre (etectable crystallization when annealed in the supercooled

pared by casting the molten alloy in a water-cooling Cu mold: =" )
; . . liquid region. However, the BMG almost completely crystal-
to obtain a rod with a diameter of 8 mm. The amorphous. ed when annealed it 4, the XRD patterns of the an-

nature as well as the homogeneity of the rod was ascertaine ; ) ;
with XRD and the transmigsion )électron microscapEhe nealed specimens at 735 and 823 K are almost identical. The

cysalzaton of he aloy was nvestgated by amsiu [ESU cates hat v v s 2 colectue cstaliza,
XRD technique at Spring-8, a third-generation synchrotron. . .
q pring-8, 9 y similar to that of other BMGS228-3°When the vitalloys

radiation facility in Japan. High-pressure and high-:

temperature conditions were generated using a cubic-typ'QdUd'ng vit4 were isoannealed in the low temperature re-

multianvil press(SMAP 180 installed on BL14BE3 The  Jion in supercooled liquid stat@earT,), a primary meta-

sample assembly was similar to that used in Ref. 24. A NicrStable quasicrystalline phase will form, and the metastable

NiAl thermocouple was brought into the pressurized zoneDhase ”a”ésgf‘ggms Into §tab_|e crystallln_e phases at high
and near the sample. NaCl powder was used as the pressg peraturé.™ The main final crystallized phaseg are
transmitting medium. The pressure was calibrated from thé&' ez,gé%\ées-phase ZrTiNi, 2Cu, and other unidentified
lattice constant of NaCl, and the accuracy was better thaRhase -

+0.2 GPa. For the cooling experiments, the sample was first o ) _
pressurized to HP, and then heated to 1373 K and kept in the A Effect of pressure on crystallization during heating
condition for about 5 min. After that, the heating electrical Figure 3 shows the synchrotron radiation XRD patterns of
current was switched off and the sample was naturallyit4 measuredin situ at various temperatures under 10.1
cooled down under HP. An energy dispersive method wagpPa. Up to 743 Khigher thanT, at ambient pressuyethe
utilized using a white x ray with energies of 40-150 keV. amorphous state is retained without clear indication of crys-
The diffracted x ray was detected by a solid state Ge detegallization within the limit of XRD. The BMG starts to crys-
tor, at a diffraction angle 2=5°. The structure of the recov- tallize at about 743 K, and a 40-K increase only causes a
ered samples was also checked by XRD using a Rigakipartial crystallization, indicating that vit4 is not again a col-
Rapid-XRD diffractometer with CK , radiation. DSC mea-
surements were carried out under a purified argon atmo-
sphere in a Perkin ElImer DSC-7.

. 973K

IIl. RESULTS AND DISCUSSION 783K

743K
72

Figure 1 shows DSC traces of  the
Zr46.75T1g 2:CWy NijgBey; s BMG at a heating rate of 0.33
K/s. The glass transition temperatufg, and the onset tem-
perature of crystallizationT, are 620 and 735 K, respec- “Raci
tively. A remarkable feature is a significantly large super- 50 M 00150
cooled liquid region AT=T,—Ty= 115 K) indicating high Energy (keV)
stability of the supercooled liquid state of vit4Jnlike other
BMGs, no decomposition has been observed in vit4 at am- FiG. 3. In situ synchrotron XRD patterns of the
bient pressuré?~?8So, vit4 is an ideal alloy to study the zr,, Tis ,:Cus eNijBeyss BMG at elevating temperature under
crystallization of the metallic liquid. Figure 2 presents XRD 10.1 GPa. After full crystallizatiortat 973 K the final crystalliza-
patterns of vit4 annealed at various temperatures for abouion involves additional phases, and other intermetallic compounds
0.1 h at ambient pressure. The BMG does not show XRDas marked.
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FIG. 4. Onset of the crystallization temperature of the vit4 under T
various pressures. When we determineby in situ XRD, the tem- - . )

perature is increased in steps of 5 K, so the determined valuBgs of 60 80 100

has an error oft5 K.
Energy (keV)
lective crystallization under HRvit4 is single-stage crystal-

lization at ambient pressure as shown in Fig.The primary FIG. 5. A comparison of XRD patterns of vit4 crystallized under
precipitation phase is mainly a Mg4itype of Laves phase high pressure and at ambient pressure.

ZrTiNi, and no metastable phases form during the HP heat-

ing process. The competition between the stable crystallingd. This observation agrees with the results in Ref. 22, in
phases and intermediate metastable phases is controlled @hich the crystallization temperature was found to increases
thermodynamic and kinetic factors. The stable crystallinginearly with pressure having a large slop of 1.7 K/GPa. The
phases are thermodynamically favored because they haveadove results indicate that pressure plays a role in the sup-
lower free energy level compared to metastable phase. Whilgression of the growth of the nuclei in vitZ, is increased

the metastable phase is kinetically favored due to its lowepy about 10 K in the pressure range of 2—-10 GPa, but does
nucleation barrier compared to crystalline phases which igot show a collective behavior. Figure 5 show a comparison
similar to the solid state amorphization reactidiTempera-  of XRD patterns of the crystallization products of vit4 fully
ture and pressure are two different variables which affect therystallized under various pressures at 973aK10.1 GPa,
crystallization. Whereas temperature mainly affects the enand 7.6 GPa, and at ambient pressure, respectivielyder

ergy of supercooled liquid attempting to surmount activationHp, the final crystallized products are similar to that at am-
barriers, pressure changes interatomic distances and subsgent pressure.

quently the height of the barriets.We infer that HP can
reduce the activation barriers for a stable crystalline phase,
and make them favorable in the crystallization competition. :
This is confirmed by our recent work that the HP can reduce annealing

the nucleation activation barriers from 5.0 eV at ambient Figure 6 givesin situ XRD patterns of vit4 annealed at
pressure to 2.5 eV under 4.5 GPa for a Cu-based BM& 713 K (<T,) under 7.6 GPa upon annealing time. The
thus changes the crystallization phase evolution. The fullysample exhibits no significant difference compared to that of
crystallization is reached at 973 K during heatitige aver-  the as-prepared BMG in the first 30 min. At a longer anneal-
age heating rate is less than 0.167 K/s and lower than the
heating rate used in Fig.).1After complete crystallization,

B. Effect of pressure on crystallization during isothermal

A
the final crystallization involves additional phases, and other f\«v“"‘“‘&,‘hl 240 min
intermetallic compounds, e.g., Lu, BeZr, etc. The iden- . »~')I'}’w“\ ““vm,ﬂwyp‘"‘”wm"““%«
tification of the crystallized phases is very difficult due to the "é g / N 200 min
multicomponent alloy, and some crystalline peaks in the dif- 3 A “MMM«M
fraction pattern do not exactly match any previously known - /WM . ijjo min
phases. However, from a comparison with crystallization re- S| AN P Sop e
sults at ambient pressure, the final crystallized products un- 2 "Jw‘*“‘x M
der HP (in the range of 0-10 GPRaare similar to that at ‘@ “’”{.f‘llm R
ambient pressure, but the phase evolution procedures are dif- S [ f o w_mff‘miﬁw
ferent. The XRD results indicate thaj is increased to about c [ %m AT
743 K under pressure of 10.1 GPa, and the crystallization - MM’J\M’*\“WWWWW
process happen at a larger temperature and time ranges under | ”,s’ RS e SO

HP, and is not collective behavior. This is marked different 160 T20

o : o 40 60 80
from the crystallization process at ambient condition shown Energy (keV)
in Fig. 2. We have studied the crystallization of vit4 under
various pressureggrom 2.5 to 10.1 GPaAs shown in Fig. 4, FIG. 6. In situ synchrotron XRD patterns of the

the values ofT, are always around 745 K and do not show Zr g Tig ,<Cu; Ni; jBe,; s BMG isothermal annealed at 713 K un-
significant changes with pressure in the pressure range studer 7.6 GPa.
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FIG. 7. In situ XRD patterns of the Zg 75Tig ,:CU; NijgB€y7 5 40 60E 80 100 120 140
BMG (after isothermal annealing at 713 K under 7.6 GPa for 4.0 h nergy (keV)
at high temperature under 7.6 GPa. FIG. 8. Synchrotron ~ XRD patterns  of  the

Zr 46 75Tig 2:CU; sNijoBe,; 5 alloy cooled under 7.6 GPa at various
ing time, however, the XRD patterns show some broadenetémperatures.
peaks that start to emerge on the amorphous diffuse peak,
indicating the formation of nanosized crystalline particlesthe full amorphous phase. However, when quenching at
and the occurrence of the crystallization. The crystalline relower pressuré4.5 GPa, there are few weak sharp crystal-
flections become significantly intensified and more peaks apine peaks superimposed on the broad peak, meaning that full
pear after more than 60 min annealing. The process contiramorphization cannot be reached. When cooling at much
ues with prolonged annealing and the crystallization reachetbwer pressuré2.5 GPa, more fraction of crystalline phases
saturation after 240 min. Figure 7 presemsitu XRD pat- form. The sample cooled with a similar cooling rate
terns during heating after annealing at 713 K for 240 min(~20 K/s) at ambient pressure consists of mostly crystalline
under 7.6 GPa. Up to 773 K, there are no significant changeshases? The XRD result indicates that the GFA of vitdis
in the peak number and intensity of the XRD pattern, indi-enhanced under HP. The increased GFA of the alloy under
cating that the crystallization is not sensitive to the 60-KHP confirms that the kinetic factor such as the atomic mo-
temperature increase. Meanwhile, the phase identificatiobility and viscosity of the melt is the key factor in the for-
shows that the isothermal annealing induced crystallizatiomation of BMGs! Pressure also causes the melting tempera-
involves no additional phases in the whole crystallizationture of the alloys to increase by about 110 K and leads to a
process, which can be explained as grain growth as the difarger undercooling of the liquid alloy, and the high under-
fraction patterns are quite similar, as shown in Figs. 6 and 7cooling leads to higher activation energy and slow growth
Based on the above results, we infer that the prolonged amate for nucleation during the solidificatidn®® This is a
nealing causes almost full nanocrystallization in BMG. Thethermodynamic factor for the enhanced GFA. Figure 10 ex-
subsequent elevating temperature cannot result in a markéibits the different states of vit4 alloy at 7.6 GPa. The glassy
change of the crystallization because the nanocrystallizatiostate of the alloy obtained by high pressure quenching shows
during the isothermal annealing has already consumed aho significant difference compared to its supercooled liquid,
most all the amorphous phase in the alloy. the melt, and the glass state obtained by die cast. It is worth

noting that HP is more effective for a suppression the crys-

C. Effect of pressure on crystallization during cooling process

Figure 8 shows then situ XRD patterns of vit4 alloy
during melting and cooling process at 7.6 GPa. The BMG

fully crystallizes at 973 K, and is fully melted at 1373 K. 2.5GPa
After quenching to 300 K under 7.6 GPa, the samples with
the applied pressure show a broad scattering peak, indicating 4.5GPa
the formation of a full amorphous phase. The ZrTiCuNiBe
alloy cooled at a similar cooling rate without applied pres- GPa

sure consists mostly of crystalline phases, because the
sample was covered with thick pyrophyllite and Zr@ith

low thermal conductivity, the solidifying heat release condi- 7.6 GPa

tion for the molten was very poor compared with that of the

die cast in water cooling Cu mold, the cooling rate under HP

(about 20 K/% is much less than the critical cooling rate 20 6I0 80 160 120
(about 100 K/ for the fully glassy formation of vit4:*334 Energy (keV)
The XRD traces for the alloy cooled under different pres-

sures are given in Fig. 9. The samples with a higher applied FIG. 9. The Zjg 4Tig 2Cu; Ni;gBey7 5 alloy cooled at roughly
pressure ¥ 6 GPa) show a broad scattering peak indicatingthe same cooling rate under various pressures.

Intensity (arb. unit)
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pressure reaches the GPa level; the increasing diffusion acti-
vation energy upon pressure is about 0.05 eV/GPa in vit4.
Based on the above analysis, owing to the intrinsic ex-
tremely low atomic mobility under pressure for diffusion, the
atomic redistribution on a large-range scale is more difficult,
and the subsequent growth of the nucleation sites is inhib-

ited, this will result in the increasen, of the BMG under HP
detected by XRD during the constant heating process. How-
ever, HP further accelerates the nucleation by changing the
atomic mobility in the short range. Therefore, the critical
nucleus size decreases and some undercritical clusters be-
N4 come overcritical nuclei. Therefore, when the BMG is iso-
2060 B0 160 120 140 thermally annealed below, under HP, nanocrysta_lllzanon
E keV) occurs. HP, on the one hand, leads to more copious nucle-
nergy ( ation through decreasing the nucleation energy b&ftien
FIG. 10. The Zjg 75Tig 2sCUy sNis B,y s alloy at different states  the other hand, HP is an obstacle to the long-range atomic
under 7.6 GPa. diffusion during the growth process due to the intrinsic ex-
o . ] tremely low atomic mobility under pressure. The contrary
tallization of the melt in the cooling process; a pressure Okgffects of HP on nucleation and growth cause nanocrystalli-
more than 6 GPa can completely suppress the growth of thgation.
nuclei, and transform the melt into a full glass. Whilgcan  \/it4 shows an asymmetry in crystallization behavior dur-
only be slightly increased at 10 GPa upon heating, Vit4ng heating and cooling under HP. This results from the dif-
shows an asymmetry in crystallization behavior during heatferent maximum temperatures of the nucleation and growth
ing and cooling under HP. _ rates. The maximum of the growth rate is at a much higher
To simplify the analysis, we assume that there is onlytemperature than that of the nucleation rate in the &ftoy.
homogeneous nucleation during the crystallization in the alTherefore, when heating the BMG under HP, the alloy will
loy. Then, the effect of pressure on the nucleation activatiofirst reach the temperature where the nucleation rate has a
energy,AG*, can be expressedds maximum, and a larger number of nuclei will be formed,
romoted by HP. During further heating, the formed nuclei
(a(AG*) _ 32m0® AV gre exposeé/to the max?mum growth ragtje, resulting in a high
JP 3 (AG)” crystallization rate even HP suppresses the growth. In con-

where is interfacial energy, which is not sensitive to pres-rast, upon cooling the alloy from melt, at the temperature
sure, andAG=G,—G, is the free energy difference be- where the melt has the maximum growth rate, the alloy has

tween the amorphous stat, and crystalline stateS few nucleus sites and nucleation rate, and the maximum
AV=V.—V. is the difference %f molar volumes betweecr; the Number of nuclei formed at the same temperature experience
a C

amorphous phas¥, and the crystalline phasé, . For vit4, low growth rate during further cooling, and lead to low crys-
d(AG*)/gP<0, since the volume per molar is decreasedta"ization rate. This means the nuclei, formed during cooling
after crystallization from liquid or amorphous ph&&e.e., and heating, are exposed to different growth rates gnder high
AV=V,_—V,>0. This means that pressure will lead to aPressure and lead to the asymmetry in crystallization.

decrease of the nucleation activation energy and the critical
nuclei size, and promote the nucleation in the supercooled
liquid. Other experimental and numerical modeling studies
also demonstrate that HP promotes short-range atomic order- Pressure has significant effects on nucleation and growth
ing in the metallic glasse$ 12 The effect of pressure on of vit4 BMG; however, the glass shows markedly different
growth is described by crystallization behaviors depending on heating procedures.
The constant heating under HP can slightly incréasim the
d(InD)} — AV* BMG. An isothermal HP anneal leads to nanocrystallization,
F=) T_ N kgT which can be attributed to the copious nucleation and slow
growth velocity induced by HP annealing. The BMG shows
HereD is the diffusivity, kg is the Boltzmann constant, and an asymmetry in crystallization behavior during heating and
AV* is the activation volume. For vitd V* =13.0 A*>>0%°  cooling under HP, pressure can enhance the GFA of the alloy
then, 9(In D)/gP<<0. This means thaD decreases with in- by effectively suppressing the growth of the crystalline
creasing pressure. At ambient presspue/* of the BMG is  phases during cooling, and more than a 6-GPa pressure can
in the order of 10° eV, and the pressure effect is negligible completely suppress the growth of the nuclei and obtain a
compared to the temperature effethe temperature effectis full amorphous phase at a low cooling rate. Much higher
kgT, which isabout 0.1 eV/atom when the temperature ispressure and a critical heating rate are needed to avoid the
increased to 800 K from room temperatuend activation crystallization of the glassy alloy. The results indicate that
energy of diffusion in BMGs £ 1.0 eV)*® However, the the nuclei, formed during cooling and heating, are exposed to
effect of pressure for the diffusion cannot be ignored wherdifferent growth rates under HP. Under HP, the final crystal-

RT @ 7.6GPa

Intensity (arb. unit)
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IV. CONCLUSIONS
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