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Abstract: In this study, Lag 0Alis7(CugsNigs)23 bulk metallic glasses (BMGs) were prepared by copper mold casting method, and

the effects of the pressure treatment up to 5.0 GPa at room temperature on structural relaxation were investigated by X-ray diffrac-

tion (XRD) and differential scanning calorimeter (DSC). The results showed that structural relaxation occurred with changes of the

glass transition temperature (7)) and the onset of primary crystallization (7). Both increased with increasing of applied pressure up

to 4.0 GPa beyond which they decreased. The enthalpy changed at the glass transition temperature regime showed that the reduction

of the free volume caused by the HP treatment can be interpreted by the activation volumes of the flow defects. Furthermore, the HP

treatment also influenced the crystallization sequence of the BMG.
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Metallic glasses are receiving much attention due to their
excellent mechanical properties, such as high strength, high
fracture toughness and high elastic limits. These properties
arise from their disordered atomic structures'”. As a
non-equilibrium material, metallic glasses undergo structural
changes from the amorphous state to the metastable structur-
ally relaxed state and finally to the crystalline state while
moderately heated. Therefore, by thermal annealing, bulk me-
tallic glasses (BMG) could be crystallized to bulk nanostruc-
tural materials'*>!. Recently, it is found that high pressure (HP)
is a powerful tool for controlling nucleation and growth by
changing atomic spacing, chemical bonding and Gibbs free
energy in metallic glasses'®”). Thus, the crystallization behav-
iors of BMGs under high pressure have been extensively
studied in recent years, aiming to gain insight into the mecha-
nism of the nucleation and growth processes in BMGs. The
crystallization in BMG is complicated by the structural relaxa-
tion and the possible phase separation before the onset of pri-
mary crystallization and diffusion fluxes in the supercooled
liquid state™. Therefore, a systematic study of the effects of
pressure on the structural relaxation of BMGs is helpful to
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understand the crystallization process. Because the mechanical
behavior is strongly dependent on the microstructure of mate-
rials, significant improvements are possible through relaxation
and removal of free volume by pressure treatment, particularly
of the plasticity of the BMGs"”'"
have a very high glass forming ability and low glass transition

. La-bluk metallic glasses

temperature. In the present work, a La-based BMG was an-
nealed under pressures up to 5.0 GPa at room temperature.
The effects of the high pressure treatment on the glass transi-
tion temperature, the onset temperature of the crystallization
and reduction of free volume of BMG were investigated.

1 Experimental

A master alloy with the nomination composition of
Lag; 0Aly57(CugsNig5)25 3 Was prepared by melting a mixture of
pure elements in Ti-gettered arc furnace. The metallic glass
rod was obtained by injection of the liquid alloy into a copper
mould with a diameter of 3 mm. The samples for high pres-
sure treatment were cut from the amorphous rod into the discs
of 2 mm thickness and 3 mm diameter.

High pressure experiments were carried out at room tem-
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perature on a cube-type multi-anvil press device. The pyro-
phyllite was used for the outside layer of pressure transmitting
media, and the samples were embedded into sodium chloride
(NaCl) and boron nitride (BN). The powdered sodium chlo-
ride and boron nitride could satisfy our experimental need be-
cause of its high chemical stability and excellent pressure
transmitting behavior. The HP process was carried out under
the selected pressures of 3.0, 3.5, 4.0, 4.5 and 5.0 GPa for a
holding time of 60 min.

The structures of the as-cast and HP treated samples were
examined by X-ray diffraction (XRD) with monochromatic
Cu Ko radiation. Thermal analysis was performed with a TA
Instruments Q10 differential scanning calorimeter (DSC) with
an accuracy of +1 K at a heating rate of 20 K/min in nitrogen
atmosphere.

2 Results and Discussion

Fig.1 shows the XRD patterns of Lag; ¢Al;s57(CugsNigs)aas
BMG in the as-cast state and after HP treatment for 60 min at
room temperature under 3.0, 3.5, 4.0, 4.5 and 5.0 GPa. It can
be seen that no obvious crystallization occurred in all the
samples with HP pretreatments. Comparing these XRD pat-
terns, one can see that the diffusion scattering peak of the HP
treated samples are lower than that of the as-cast sample, and
the height of the scattering peaks exhibits a decreasing trend
with the increase of applied pressures in the range of 3.0-4.0
GPa. With the applied pressure further increasing to 5.0 GPa,
the height of the diffusion scattering peak increases again, but
it is still lower than that of the as-cast sample. The decrease of
the height of the scattering peak is considered to be associated
with the structural relaxation in BMGs". Thus, the XRD
analysis results revealed that thermal relaxation occurred in
the samples after HP treatment.

Fig.2 presents DSC traces of the as-cast and HP treated
samples under different pressures at the heating rate of 20.0
K/min. All the samples exhibit distinct glass transitions, fol-
lowed by super-cooled liquid regions (SLR), and then the
exothermic reaction corresponding to crystallization. The
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Fig.1 XRD patterns for the BMG in as-cast and HP pre-treated
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Fig.2 DSC curves for the as-cast and HP pre-treated samples at
different high pressures (the heating rate is 20 K/min).

The inset shows the plot of the enlarged view of the glass

transition temperature regime

vh ues of 7,7 and SLR (AT, = T, —T,) change in the HP
pre-treated samples. It can be seen that the glass transition
temperature 7, displays a nonmonotonic increasing function
of pressure. First, the glass transition temperature 7, increases
to a maximum with increasing of applied pressure from 0 to
4.0 GPa, and then decreases with the continuous increasing of
applied pressure. The changes of T,; and AT with the pressure
are similar to 7, (Fig. 3). It is interesting to be noted that the
maxima of T,, Ty, and AT, appeared in the sample HP treated
at the pressure of 4.0 GPa, and the second crystallization peak
of the sample became sharper but the third crystallization peak
dsappeared.

The inset of Fig.2 shows the plot of the enlarged view of
the glass transition temperature regime. The enthalpy changes
relating to the structural relaxation as a function of applied
pressure are presented in Fig.4. It can be seen that the enthalpy
change increases with the increase of the applied pressure up
to 4.0 GPa, and then decrease with the applied pressure further
increasing to 5.0 GPa. Van den Beukel and Sietsma''" ana-
lyzed the DSC thermograms of a Pd-based metallic glass and
developed a model describing the functional form of the DSC
curves based on the free volume theory in which a similar
exothermic peak was observed. According to their model, in
the super cooled liquid region, there is an equilibrium
free-volume, vy, at a given pressure, which is given by the
equation as:

vie=A(P—Po) 1)
where P, is the ideal glass pressure and A4 is proportionality
constant. An as-cast alloy contains an excess amount of the
free volume (vy) due to the non-equilibrium processing condi-
tions D uring continuous heating in a DSC experiment, the
free volume annihilates and approaches vg. Thus, we have v;
>vg. The reduction of the free volume gives rise to the heat
release, AH, when the glassy sample is heated during the DSC
test, and the heat release relating to the structural relaxation is
confirmed to be proportional to the reduction of the free vol-
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Fig.4 Variation of the enthalpy change at glass transition tempera-

ture regime and activation volume with the applied pressure

ume, i.e., AHocAv ') Therefore, the change of the heat re-
lease with the applied pressure in Fig.4 indicates that the
structural relaxation occurred in the HP treated samples, and
the reduction of free volume increased with the increase of the
applied pressure up to 4.0 GPa, and then decreased with the
applied pressure further increasing to 5.0 GPa.

Physically, the structural relaxation process involves the
movement of atoms and the annihilation of the excess free
volume, and high pressure promotes the collapse of the free
volume and reconstruction of the atomic configuration in the
glassy alloy™. In Ref.[15], K. Lu et al. used activation (for-
mation and migration) volumes of the flow defect in terms of
the free volume model to interpret the pressure dependence of
the structural relaxation and 7, in terms of the free volume
model. At different pressures of P; and P,, glass transition
occurs at T, and T,,, respectively. The activation volume
caused by the hydrostatic pressure, AV}, can be described as:

1 1 P, P,
- ]/[2—‘] @)
T TN/ T, T,

where B is the fragility parameter and T is the Vogel tem-

AV, =B ko[

g-1

perature. The values are usually determined by fitting to the
viscosity (77) of the liquids with temperature by equation as
follows:

n = 1o exp(B/T-Ty) 3)

The fragility parameter B and 7, for the metallic glass
Lag,Al;4Cuy, similar to the current alloy can be found in Ref.
[16], which are 2613 K/s and 359 K. Substituting the con-
stants and variables in the equation (2) with the values of B
and T,and the data obtained in the present work, we can ob-
tain the activation volume of the HP pretreated samples at the
different pressures relative to the as-cast sample. The calcu-
lated activation volumes as a function of the applied pressures
were also plotted in Fig.4. It is can be seen that the activation
volume increases with the applied pressure up to 4.0 GPa, and
then decrease with the pressure further increasing to 5.0 GPa.
The change tendency is in a good agreement with that of the
enthalpy change relating to the structure relaxation.

The effects of the pressure on the structure relaxation and
the phase transition of BMGs lie in: (1) the high pressure
promotes a short-range atomic rearrangement in metallic glass
by the reduction of the free volume, which favors the homo-
geneous formation of crystal nuclei in BMG matrix; (2) the
high pressure limits the long-distance atomic diffusion be-
cause of the increase of viscosity and the reduction of the free
volume, which does not favor the growth of formed nucleus!"”.
W.H. Wang et al. studied the effects of the applied pressure on
the structure relaxation and phase transition close to and be-
low the glass transition temperatures in Zry,Ti;;5Cuyss-
NijgBepns (Vit 1) BMG"". The nonmonotonic change of T,
with the applied pressure in Vit 1 BMG annealed at 573 K at
high pressure up to 5.0 GPa was also found in their work.
However, in their recent literature!'”, it was reported that,
when the Vit 1 alloy was HP treated at ambient temperature,
its Tg was independent on the applied pressure, but its crystal-
lization peaks, including the first, the second and the third
crystallization peak, moved to higher temperatures with the
increase of the applied pressure. The change of the glass tran-
sition temperature with the applied pressure in the present
work is similar to that of Vit | BMG annealed at 573 K. But it
should be noted that, comparing with 7, of the as-cast alloy,
the maximum change of 7, in the current alloy is 6 K, which is
much lower than that of Vit 1 (the maximum change value is
35 K). So, to some extent, the applied pressure has little in-
fluence on the transition temperature of the present alloy
treated at room temperature at the pressures up to 5.0 GPa.
Our result is similar to that of Vitl alloy treated under almost
same conditions. The dependency of T,; on the applied pres-
sure of the present alloy is some different from that of the Vit
1 HP treated at room temperature reported in Ref.[17], in
which, T; exhibited monotonic increase with the applied
pressure. But our result reveals that T, in the present alloy
displays a nonmonotonic increasing function of the applied
pressure, and the highest crystallization temperature occurred
in the sample treated at 4.0 GPa. Furthermore, the DSC trace
of this sample shows that the second crystallization peak be-
came sharper but the third crystallization peak disappeared,
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which implies that high pressure treatment in the range of while others have three stages of the crystallization.
3.5-4.0 GPa changed the crystallization sequence of the BMG.
. . . . References
Now we still cannot give an explanation to this phenomenon.
However, the crystallization of the present BMG is a multi- 1 Inoue A, Zhang T, Masumoto T. Materials Transaction JIM[J],
stage process, and the activation energy (4E,) of crystalliza- 1991, 31: 425
tion of binary metallic glass was confirmed to be pressure de- 2 Wu Xueqing(%2/K), Ma Mo(Y %), Tan Chaogui(H#1EE) ef
pendent, and an appropriate pressure could lower the AE, for al. Rare Metal Materials and Engineering(Fi4i & J@ LS T )
crystallization"™. Thus, the effects of the pressure on the dif- [J], 2007, 36(9): 1668
ferent crystallization stages are different, and the crystalliza- 3 Wang W H. Progress Material Science[J], 2007, 52: 540
tion st[af]es with relatively lower value of AE, is pressure pro- 4 Yu Gengsheng(Mfi5¥i4:), Li Fu(Z= 1K), Wei Bingchen(FLHiML)
moted" . Furthermore, the activation energy of the nucleation et al. Rare Metal Materials and Engineering(Fits 42 @MV 5 T
and growth is closely related to the local atomic structural™’. T[], 2005, 34(3): 371
It appears to be these reasons we observed the pres- 5 Wang X F er al. Material Letters[J], 2007, 61: 1715
sure-dependent crystallization process in the HP treated sam- 6 Pan M X et al. Physics Letter A[J], 2002, 303: 229
ples. 7 Li H Q et al. Journal of Alloys and Compounds[J], 2007, 428:
3 Conclusions 185
Xing P F et al. Journal of Applied Physics[J], 2002, 91: 4956

1) All samples are in full amorphous state, and the HP pre- 9 Pan M X et al. Applied Physics Letters[J], 2001, 78: 601
treatment does not cause any significant crystallization of the 10 Yu P et al. Applied Physics Letters[J], 2007, 90: 051906
alloy. 11 van den Beukel, Seitsma A. Acta Materialia[J], 1990, 38: 383

2) HP pretreatment will change the glass transition tem- 12 Murali P, Ramamurty U. Acta Materialia[J], 2005, 53: 1467
perature (7,) and onset temperature (7;) of the BMG. Both T, 13 Yu G S ef al. Materials Science and Engineering A[J], 2007,
and T, increase to a maximum with increasing of applied 460-461: 158
pressure from 0 to 4.0 GPa, and then decrease with the applied 14  Wen P et al. Physcial Review B[J], 2004, 68: 092 201
pressure further increasing to 5.0 GPa. 15 Jin HJ et al. Acta Materialia[J], 2003, 51: 6219

3) The effect can be interpreted by the activation (formation 16 Jiang Q K et al. Acta Materialia[J], 2007, 55: 4409
and migration) volumes of the flow defect model proposed by 17 Jin H et al. Acta Materialia[J], 2005, 53: 3013
K. Luetal. 18 Shen Z Y et al. Physcial Review B[J], 1989, 89: 2714

4) The HP pretreatment will affect the crystallization se- 19 Zhang HW, Zhou T J. Physics Letter A[J], 2006, 350: 297
quence of the BMG. The samples treated at the pressure in the 20 Akihiko Hirata et al. Intermetallics[J], 2006, 14: 903
range of 3.5-4.0 GPa exhibit two stages of the crystallization,

[£ 7133 La-Al-(Cu,Ni) & J& 3 15 45 # 3th 75 Y 22 i

TEAE, MREEE Y, BERAL, PO, (TR
(L. WSR2 ARGEAA L R IL R R AR W 2S00 %, WIRG W 411105)
(2. Deakin K%, #4EZ R 3217, HAF|W)

8 B SRHAWTBIR LS LasoAlis7(CugsNigs)n s KEE RIS, SmRAiEiE, M X SHEEATH{UXRD) IR 2 i = #il(DSC)
ot Sl it ) 5 R B TR AT A I REEAT TS . S5 ISR, AR I AR R B — IR B R g (K, LSRR R, MO
URAE 4.0 GPa Iy o ST G A AT i v s AL I BB 20 B DX A R 284, T AR TR AR Ak b FEAR SR B R ARS [H | eh AB A A i
SEL SRAh, AL FE S B RS ) 45 T R

KR RIEBEER: ik 4Hg

fEZ RIS L8R, B, 1982 4, Wid, WIE KM Sa Bl 2% P, W WHE 411105, Hif: 0732-8292195, E-mail:
f h wang@126.com

961



