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Small-angle x-ray-scattering study of phase separation and crystallization
in the bulk amorphous Mgg,Cu,sY 10Li 5 alloy
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We report on a small-angle x-ray-scatteri(®@AXS) and differential scanning calorimetry study of phase
separation and crystallization in rapidly quenched amorphoug,@dgsY 10Li; alloy samples. Differential
scanning calorimetry demonstrates the occurrence of crystallization and grain growth upon isothermal anneal-
ing of these samples at 135 °C. The SAXS studies show the presence of large inhomogeneities even in the
rapidly quenched as-prepared MGu,sY 1oLi3 alloy that is attributed to phase separation in the undercooled
liquid during the cooling process. After isothermal annealing at 135 °C for longer than 30 min the samples
exhibit a strong SAXS intensity that monotonically increases with increasing annealing time. During heat
treatment, crystallization and growth of a nanocrystalline bcetligphase occurs in the Y-poor and MgLi-
rich domains. The initially rough boundaries of the nanocrystals become sharper with increasing annealing
time. Anomalous small-angle x-ray-scattering investigations near th& @dge indicate that while Cu is
distributed homogeneously in the as-prepared sample, a Cu composition gradient develops between the matrix
and the bcc-MgLi; nanocrystals in the annealed samp&0163-182€09)01018-9

[. INTRODUCTION argon atmosphere. The ingots were repeatedly remelted to
ensure homogeneity. Then, small pieces of samples were
The new family of bulk metallic glassksffers excellent levitation-melted in a high-frequency coil and quenched into
opportunities for studying the glass transition and propertieshin foils in a twin-piston splat quencher under clean Ar at-
of the supercooled liquid state of metallic systems. In addimosphere at a cooling rate of about®¥Us.'° The average
tion, crystallization mechanisms can be delineated in greahickness of the foils is about 5pm. DSC measurements
detail in these systems. In a number of multicomponentvere carried out by using a Perkin-Elmer differential scan-
metallic-glass-forming  systems such as La-Al?Ni, ning calorimeter. For the SAXS measurements, disks with a
Zr-Y-Ni-Al, ® and Zr-Ti-Cu-Ni-Be?~® phase separation in the diameter of 3 mm were cut from splat-quenched samples.
amorphous or supercooled liquid states has been observddhese disks were annealed in the glass transition region at
and identified to be closely related to the primary crystalli-135 °C for different times. After heat treatment, the samples
zation process. Studies of phase separation therefore becomere analyzed by wide-angle x-ray diffraction using a Phil-
important in understanding the thermal stability and the crysiips diffractometer. The SAXS measurements were done at
tallization processes in metallic glasses. the SAXS beamline BL 4-2 at the Stanford Synchrotron Ra-
Mg-Cu-Y is known to be a good bulk metallic glass that diation Laboratory! The elastically scattered x-raywave-
can form fully amorphous rods with a diameter up to 7length 1.5 A were measured by using a 20-cm-long
mm.”8 Previous studies on bulk samples prepared at coolingosition-sensitive gas detector at a sample-to-detector dis-
rates of about 10K/s revealed that the addition of a small tance of 2.3 m. This provided data inQuirange of 0.008—
amount of Li results in a microstructure consisting of a high0.12 A~* [Q=(4#/\)sin 6, where\ is the wavelength of the
density of nanocrystals embedded in a phase-separated amarrays and 2 is the scattering angleThe incident and trans-
phous matrix’ In this paper, we present small-angle x-ray- mitted beam intensities were continuously monitored by two
scattering (SAXS) and differential scanning calorimetry ion chambers on either side of the sample. The measured
(DSCO) investigations on phase separation and primary crysSAXS data were properly corrected for the incident beam
tallization in rapidly quenched MgCu,sY,oLi; foils pre- intensity, transmission factor, the thickness of the sample,
pared at a cooling rate of approximately®10s. and the variation in the detector sensitivity across the detec-
tor. Such normalization is essential for comparing the
anomalous small-angle x-ray-scatterit@SAXS) datd?14
measured at different energies. Although the data were not
Mgs.CusY 10Li5 alloys were prepared by induction melt- placed on an absolute intensity scale, the scattering data of
ing a mixture of the elements of purity ranging from 99.9%all samples were measured in the same instrument configu-
t0 99.999% on a water-cooled silver boat under a Ti-getteredation and thus can be meaningfully compared. Prior to the
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" nealing time. The second exothermic peak near 200 °C is due

Mg, Cu, Y Li, to the crystallization of the remaining amorphous matrix into
the intermetallic MgCu phas® and shifts to a lower tem-
perature after heat treatment.

Small-angle x-ray scattering provides information on the
size, shape, and concentration of inhomogeneities on a
length scale up to tens of ntil” In cases where the inter-
particle distance is much larger than the particle $dikite
regime SAXS data will yield the true particle size. How-
ever, for complex systems with dominating interparticle in-
teractions, the size, molecular weight, and number density
obtained from the SAXS data may be slightly different from
those of a dilute systenf.

FIG. 1. X-ray diffraction patterns of the splat-quenched Our analysis of the small-angle x-ray scattering data of
MgsCsY qgLis in the as-prepared state and after annealing for 6Ghe Mgs,ClysY 10lis samples is based on E€l) and the
and 120 min at 135 °C. curve fitting package in IGOR Pr8.This analysis allows us

to obtain information on the radius of gyration of the inho-
ASAXS measurements we had determined the X-ray absorﬂnogeneitie\o{from the exponentia| regime of the dam']d on

tion edge of Cu in the same beam line by measuring theheir interfacial propertie€rom the power-law regime of the
x-ray absorption spectra for a standard copper foil and one qfatgy:1°

our samples. The absorption edges for these differed by less
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than 1 eV. erf(Q—Rg e
EN
I1l. RESULTS AND DISCUSSION |(Q)=|(0)8X - 3 Q (1)

Figure 1 shows wide-angle x-ray diffraction patterns of a
splat-quenched as-prepared MOu,sY 1Liz sample and iso-
thermally annealed samples for 60 and 120 min at 135°C_ .
These data suggest that the as-prepared sample and the (%ﬁ[re(l;

annealed for 60 min are mainly amorphous. Our previous, . bl .
transmission electron microscogyEM) studied of the as- is the prefactor specific to the type of power-law scattering
pecified by the regime in which the exponertlls. In the

prepared bulk samples showed small nanocrystals of abog o . .
ase of samples containing particles of constant scattering

20-40 A diameter embedded in an amorphous matrix, b & : . . .

the volume fraction of these nanocrystals was so small thafngth, density distributed in a matritwo-phase systejn
x-ray diffraction did not detect this nanophase. However, th orod’s law states that the power-law exponent for a sharp
diffraction pattern of the sample annealed for 120 min exhib—'men("’lce ‘Zhoﬂld have a yalue pf.=4 and the prefactoB
ited a crystalline peak corresponding to the bcc,Mg =2m(Ap)"S. " Here, Ap is the difference in the electron

phasé) Differential scanning calorimetry data for the as- densities of the particles and the matfscattering contrast

: . and S is the surface area of the scattering interface. Many
prepared and isothermally annealedd@L,sY 10Li; Samples I~ . ) .
at 135°C for 60 and 120 min are shown in Fig. 2. For thecomplex systems exhibit scattering behavior resulting from

0
as-prepared sample, the onset of the glass transition temperr @ﬁ:‘al E[ogo]lfgrf ﬂ: he f\r/sc:alll Vr:/atl;l(re r?f rtn?e dSyr?\'ier; ffarr:] ?ﬁ
ture at a heating rate of 40 K/min is 133 °C and the primary clineated 1o € power-law exponents derived 1ro €

; 1-23 ; -p; ;
crystallization starts at 177 °C corresponding to the forma—Scatterlng dat&."** If 1(Q) varies asQ P in a Q region,

tion and growth of the bee-Mais phaset® The width of the whereQRy>1, thenp<3 denotes that the scattering system

23
undercooled liquid region decreases, the primary cr stalliza"'®Y be a mass fractdl ar!d 3<P<4 corresponds tp a
d g P Y CTy urface fractaf! The fractal dimension of the surfad®,, is

tion signal broadens, and its magnitude decreases with al o
9 g <=6—p.?! The extent of deviation g from 4 can be used

50 . . : as a qualitative measure of the surface roughness. The pref-

In Eq. (1), Ry is the radius of gyration, i.e., the root-mean-
ocsquared distance of all the atoms from the center of the scat-
g volume, the prefactd(0) is the extrapolated intensity
=0 (discussed later p is the power-law exponent, and

40 Kimin actorl (0)= NVZ(AP)Z,24 whereN is the number of particles
per unit volume,V is the volume of the particle, antip is
3 the difference in the electron density between the particles
E 0 and the matrix. The increase in the valuel¢0) with an-
3 nealing can be qualitatively used as a measure of the growth
z Mg_Cu..Y. Li \ of the particle size. Nonlinear curve fitting of the SAXS data
L-50p 7% azgp‘r‘;p;red ' in a wide Q region by using Eq(1) was done to obtain the
E; ______ - after €0 min at 135 °C Ry, power-law exponents, and appropriate prefactors. The
experimental data were weighted by the standard deviation at
oo L - after 120 min at 135 °C 4| eachQ.
100 150 200 250

Figure 3 shows the SAXS data of the as-prepared sample
as well as of that annealed for 30 min at 135 °C. The SAXS
FIG. 2. DSC scans for MgCu,:Y ;4Li; samples heat treated for data of the as-prepared sample exhibit a power lawp of

different times at 135 °C at a heating rate of 40 K/min. =3.3 in the 0.008&Q<0.03A"! region. This implies that

Temperature (°C)



PRB 59 SMALL-ANGLE X-RAY-SCATTERING STUDY OF PHASE . .. 11757

101k +  as prep. 10 2 T g
E[ ° 30 min at 135°C r 1
° 30 min - as prep. L ]
power-law -3. L
F=3
N -2
£ 107 3
b E 1
_d - 4
5 I ]
— n i 1
S T -
- =}
o1 0%k =
S ]
; S | i
10° 0L o B
0.01 i 0.1 .4
QA ‘) 10 3
FIG. 3. The SAXS data of an as-prepared g1hsY 1olis .
sample, a sample annealed at 135 °C for 30 min, and the difference r
between the annealed sample and the as-prepared sample. The as-
prepared sample exhibits power-law scattering from a surface frac- 1078 Ll ) —
tal. 0.01 0.1

QA"
the as-prepared splat-quenched sample already consists of
large phase-separated domains in accordance with Ref. 9. FIG. 4. The SAXS data of MgCu,sY ;0Li; samples, annealed at
The average size of these inhomogeneities is larger than 285 °C for 30 min(O), 45 min (), 60 min (<), 90 min(X), 120
nm and their interfaces exhibit a considerable roughness. Thsin (+), and 240 min(A) after the subtraction of the data for the
SAXS intensity of the annealed M@ u,:Y 1Li; Samples at  as-prepared sample. The lines are the fits obtained by usindgEq.
135 °C is higher than that for the as-prepared sample and thighich provided the values fdRy and the power-law exponents.
SAXS intensity increases further with increasing annealing
duration. As we will discuss below, this excess intensity isOf the SAXS qalta of the samples annealed at 135°C at
related to the formation and growth of nanocrystals in one of-05<Q<0.1A"* remain about 3.3 during the initial stages
the phase-separated domains. Assuming that the decompo8f-annealing up to 60 mifirable ). With further annealing
tion into two amorphous phases occurs only during the coolincreases and reaches a limiting value of 4 after 240 min.
ing process at much higher temperatures than 135 °C, w&his power-law scattering behavior with annealing implies
have subtracted the scattering intensity of the as-prepard@t the nanocrystals exhibit fractal surface topology in the
sample from the data for the sample annealed for 30 min. Aitial stages of their growth. Upon further annealing the
shown in Fig. 3, the subtracted data for the annealed samp[ganocrystals develop sharp interfaces, possibly to reduce
contain both an exponential and a power-law regime. Thuheir surface energy. o _
the radius of gyration(0) and the surface roughness of the Anomalous small-angle x-ray scattering is an extension of
nanocrystals can be readily derived. _SAXS.experlments in which lthe energy of the probing xrays
Similarly, we have subtracted the SAXS data for the as!S varied near the absorption edge of an element in the
prepared sample from all other data sets. These subtracté&mpllel- By performing SAXS experiments with x-ray
data were fitted by using E€L). Figure 4 shows the experi- €nergies close to the characteristic absorption edges of a
mental data and the fits, respectively. Table | colleRys given atom, itis possible to vary the contrast for scattering of
1(0), andp values for all the annealed samples. that particular element. The ASAXS data were collected at
The results in Table | show that tfe, monotonically 8776, 8940, 8360, 8969, and 8973 ¢dose to the CK
increase with increasing annealing time from 58 A after 30809€ at 8979 e)with an energy resolution ciE~2 eV at
min to 94 A after 120 min. Subsequent annealing up to 24¢ach energy. Figure 5 shows the ASAXS data for the
min causes only a minimal increase in tRg value to 95 A.
This suggests that a constraint exists that prevents the cry:
tals to grow beyond a finite maximum size. Table | also
containsl (0) values derived from the fits for samples an-

_ TABLE |. Parameters obtained from the fitting of the SAXS
aata of Mg,Cu,sY ;Li; samples annealed for various times.

nealed at various times. Whiky saturates after 120 min of Sample Ry A '(0) @w P
annealing, the correspondin§0) values show a significant 30 min 58+ 1 0.002 3.31%0.2
increase upon further annealing. This could be related to the 45 min 68+ 1 0.008 3.2¢0.1
growth of smaller crystals that evolve laterlg®) is propor- 60 min 791 0.025 3.2¢0.1
tional to theV? of the particles. 90 min 871 0.050 3.440.1
The power-law exponent from the SAXS data of the an- 120 min 94+ 1 0.068 3.790.1
nealed samples provides information on the surface rough- 240 min o5+1 0.111 4.0600.2

ness of the nanocrystals. Tipevalues obtained from fitting
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FIG. 5. The ASAXS near the Cu absorption edg§679 eV} of

Mgg,CysY 1oLi5 afte ling for 120 mi 135°C. - -
9s2ClsY 1015 after annealing for 120 min at 135°C the initial matrix is homogeneous and crystal growth is lim-

Mg;ClbsY 10Li 3 sample annealed for 120 min at 135 °C. Theited by impingement of the compositionally altered zones
error bars due to counting statistics are smaller than the siZfound neighboring crystals. For caé®, the crystalline
of the symbols. The scattering intensity at a giv@mono- phase comes to chemical equilibrium with a matrix of differ-
tonically decreases as the energy of the probing x rays in9 but ultimately uniform composition, i.e., one achieves
creases towards the absorption edge. ASAXS data measurB#0-phase chemical equilibrium.
for the as-prepared sample under identical conditions did not Based on our DSC antA)SAXS results and the high-
exhibit any such variation, implying that Cu is not involved resolution TEM studies previously carried out in the present
in the phase separation. Our previous TEM redufiave  Systeni we suppose that a phase separation of the under-
shown Mg-Li-rich and Mg-Li—poor domains. Since Cu is cooled liquid during preparation from the liquid precedes the
not involved in phase separation we conclude that the Mghucleation of the bec nanocrystals. The phase-separated do-
Li—rich domains are Y poor. It is known that for the Mg- Mains are MglLi rich and Y poor and MgLi poor and Y rich,
Y-Cu system the thermal stability of the amorphous phaséespectlvely. Copper is not involved in the phase separation.
decreases with decreasing Y concentrafidThus, the for- The nanocrystals of the bcc-Mg; phase nucleate within
mation of nanocrystals is expected in these Y-poor domainghe Y-poor phase-separated domains. The upper limiRfor
During crystallization, a Cu composition gradient developsof the nanocrystals of 95 A is close to the estimeRgaf the
between the nanocrystals and the Y-poor domains, givingrase-separated domains in the as-prepared sample. These
rise to the continuous decrease in the scattering contrast wiflRcts favor casel) as the main mechanism of crystallization
increasing energy?t* in Mgg,ClysY 10Lis. Another limiting factor for the size of
When a crystal of differing composition nucleates in anthe nanocrystals could be the depletion of Li, which is the
otherwise homogeneous matrix, one expects the growth gfomponent with the smallest atomic fraction in the alloy.
the crystal to be limited by chemical diffusion. Such The nanocrystallization is not polymorphic; the ASAXS data
diffusion-limited growth is expected to follow a growth law indicate that during crystallization a Cu composition gradient
of the formR«t2 whereR is the average crystal radius and between nanocrystals and matrix develops, most probably
t is the annealing tim& The crystal is surrounded by a Cu depletes in the bcc-Mpis nanocrystals.
compositionally altered zone. The crystal growth rate may
fall below that predic_ted by the abO\_/_e IaW(II)_ the crystals V. SUMMARY
nucleate and grow into a compositionally inhomogeneous
matrix where they grow “against” the composition gradient, Phase separation is observed in the as-prepared splat-
or (2) multiple crystals nucleate in a homogeneous matrixquenched MgCusY 10Li; amorphous alloy and the domain
and the compositionally altered zones surrounding neighboiinterfaces seem to be surface fractals. Upon isothermal an-
ing crystals mutually impinge. Both mechanisms lead to anealing at 135 °C for 30 min, nanocrystals of the bcc,Mg
rapid falloff in the expected growth rate. A log-log plot of phase are formed with an initial appareRf of 58 Ain
the apparent radius of gyratid®y, (which is a measure of the MgLi-rich phase-separated domains. The crystals grow with
crystal siz¢ as a function of annealing time reveals a growthannealing time, and reach a maximury of 95 A. Further
rate slightly slower than the"? dependence, particularly af- growth of these crystals is constrained by the size of the
ter long annealing time@ig. 6). The apparent limiting value domains and the depletion of Li. The interfaces of the nano-
of Ry of 95 A can be attributed mainly to one of the two crystals in the early stages of annealing are rough and be-
mechanisms mentioned above. In céBe the bce nanocrys- come sharper with increasing annealing when the average
tals nucleate in an already phase-separated liquid within arystal size reaches a maximuRy of 95 A. The ASAXS
phase-separated domain of favorable composition. Subsévestigation of a sample annealed for 120 min at 135°C
guent growth is limited by the size of those decomposedndicates that during crystallization a Cu composition gradi-
areas. Growth into a neighboring phase-separated domain @t evolves between the bcc nanocrystals and the MgLi-rich
suppressed due to the unfavorable composition. In (3se domains.
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