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Abstract: The effect of annealing temperature on the microstructure evolution of Zrs,sCussAgsAls bulk metallic glass was
investigated by X-ray diffraction (XRD), differential scanning calorimetry (DSC) and transmission electron microscopy (TEM).

Results show that the as-cast ZrssCussAgsAlg alloy by rapid solidification exhibits a typical characteristic of an amorphous structure.
After annealed at 703 K for 20 min, a homogeneous amorphous matrix is separated into two different glassy phases, namely, phase
separation occurs. Because phase separation structure will compete with the amorphous matrix during isothermal annealing, this
structure is easily decomposed and transformed into the crystalline phases AlZr, and AlAgs; with annealing temperature increasing.
The microstructure of ZrssCussAgsAls bulk metallic glass undergoes the local structure transformation, phase separation and
nano-crystallization transformation during heat treatment in the supercooled liquid region, which implies that the microstructure of
ZrugCussAgsAlg bulk metallic glass is sensitive to the annealing temperature. In addition, the formation of phase separation will

accelerate the formation of nano-crystals.
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The Cu-Zr based bulk metallic glasses (BMGs) have been
regarded as a high potential in industrial applications due to their
excellent glass forming ability, high-compressive fracture
strength, excellent corrosion resistance, relatively low elements
cost and environmentally friendly raw materials ™. However,
like other metallic glasses, they show a poor ductility at room
temperature. Recently, it has been found that phase separation
was formed during the process of solidification or during the
reheating ™ of metallic glasses when two elements in the
multicomponent alloys have a positive heat of mixing ™.
Therefore, great attention has been given to the design of
composite structure by phase separation to overcome the limit of
the plasticity !, upon considering that phase separation can
play an important role in controlling crystallization, glass-
forming ability and microstructure in homogeneity ™ 4.

Several works showed that phase separation could appear in
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Cu-based BMGs containing Ag since Cu and Ag have a positive
enthalpy of mixing. Oh et al. ™ reported that phase separation
was detected in the as-cast ZrpCugusAl,Ag, by a
three-dimensional atom probe. Zhang et al. ™ found that phase
separation appeared in ZryCusAlgAgie BMG which could be
directly confirmed by TEM, while there was a homogenous and
non-contrast pattern for the ribbon. Later, phase separation was
also found in the recently discovered Zr,sCussAlgAgs BMG in
the glass transition region prior to crystallization .

Phase separation in metallic glasses is strongly dependent on
the annealing process and sample preparation. Thus, the
investigation on the relationship between the annealing
temperature and the microstructure of metallic glass is
meaningful not only in regard to fundamental research but also
in practical applications. In the present work, the alloy chosen
for this study was a recently reported Zr,CussAlsAgs bulk
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metallic glass (a maximum diameter of 25 mm)® to investigate
the effect of phase separation on crystallization behaviors.

1 Experiment

The Zr,CussAgsAlg (at%) alloy was prepared by arc melting
high purity metals in a Ti-gettered argon atmosphere, and cast
into a copper mold to produce BMG rods with 5 mm diameter.
All samples were isothermally annealed at a given temperature
within the supercooled liquid region in vacuum. The as-cast and
the annealed samples were examined by DX-2700 X-ray
diffractometer with a Cu Ko radiation and transmission electron
microscopy performed on Tecnai G2F30. Thermal analysis was
conducted using differential scanning calorimetry (DSC) under
N, atmosphere with the flowing rate of 100 mL/min. The
sample mass was about 20 mg. The samples were heated at a
heating rate of 20 K/min. The second run was used as a baseline,
which was then subtracted from the first run to obtain the
irreversible part of the heat flow signal.

2 Results and Discussion

2.1 Effect of annealing temperature on microstructure

Fig.1 shows the XRD patterns of both as-cast and annealed
samples of Zr,CuzsAgsAlg alloy. It can be observed that the
as-cast sample exhibits a single halo pattern, which is a typical
characteristic of the amorphous structure. Another diffuse halo
peak comes from the sample annealed at 703 K for 20 min,
indicating that decomposition of amorphous matrix occurs
before  crystallization  during  isothermal  annealing.
Intermetallic compounds, AlZr, and AlAgs, appear distinctly
in amorphous matrix when the heating temperature is
increased to 723 K. These results indicate the amorphous
matrix during the reheating within the supercooled liquid
region may decompose into two metallic glasses. However,
there is no another diffuse halo peak appearing in 3 mm
diameter rod, which is attributed to more ordered clusters
formed under the condition of the lower cooling rate ©!.

Fig.2 shows the DSC curves of the as-cast and annealed
samples measured at the scanning rate of 20 K/min. For the
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Fig.2 DSC curves of the as-cast and annealed Zr,sCussAgsAlg bulk
metallic alloy

as-cast sample, it can be clearly seen that there exists one
exothermic peak at 775 K. The glass transition temperature (T,)
and crystallization onset temperature (T,) measured from the
DSC curve are 680 and 750 K, respectively. These data agree
well with those data reported in the literature for this alloy 2.
After annealed at 703 K, continuous heating DSC curves show
that two separated peaks appear at the main peak. It is shown
that another phase appears in the annealed specimen. With the
annealing temperature increasing, the exothermic peak at 750
K gradually disappears, and the area of second exothermic
peaks at 775 K increases. It implies that phase separation
decomposes into stable crystalline phase.

2.2 Phase separation

Fig.3a presents the TEM images and the selected area
electron diffraction (SAED) pattern of the as-cast
ZrCuzsAlgAgs bulk metallic glass. The SAED pattern does
not show any diffraction spots on the diffuse ring in Fig.3a.
No ordered structure is observed in Fig.3b, which proves that
the as-cast sample is completely amorphous. Fig.4a shows the
TEM images and SAED pattern of the Zr,gCuzsAgsAlg bulk
metallic glass annealed at 703 K for 20 min. The brighter and
darker contrast in the TEM image is different from the as-cast
microstructure in Fig.3.

The SAED pattern (inset Fig.4a) shows two halo rings, which
demonstrates that a homogeneous glassy phase is separated into
two different glassy phases during the isothermal annealing.
Fig.4b shows the HETEM image of “A” region in Fig.4a and
corresponding FFT (fast Fourier transformation) images. The
FFT images of “b1” and “b3” regions show two halo rings and
some diffraction spots appear in “bl” region. This pheno-
menon implies that the phase separation structure is easily
transformed into the crystalline. However, it is noteworthy
that HRTEM images of “b2” and “b3” regions both display
disordered structure, but one halo ring occurs in “b2” region.
The formation of phase separation structure competes with
amorphous matrix during heat treatment, leading to the local
composition difference and microstructure change.

When an initially homogeneous liquid melt is cooled across
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Fig.3 SAED pattern (a) and TEM image (b) of as-cast ZrssCuse-
AlgAgs bulk metallic glass

Fig.4 Microstructure of BMG sample annealed at 703 K for 20 min:
(@) TEM image, (b) HRTEM image, the inset shows their
corresponding FFT images of “b1”, “b2” and “b3” regions

its miscibility curve into the two-phase region and the two
constituent elements in the alloy have a zero or positive heat of
mixing, it is possible to form phase separation for BMG "4 In

the current work, phase separation occurs via post annealing,
while it is not detected in the as-cast Zr,CussAlsAgs bulk
metallic glass. Similar phenomenon was reported by Dmitri™®,
But morphology of the phase separation structure is different
from our result, which is attributed to the size and the
microstructure of the phase separation regions depending on
annealing temperature and cooling rate ™. In addition, the
formation of phase separation depends on the ratio between
Cu and Ag atoms ™. Consequently, phase separation can be
more distinctly detected by TEM compared with the
ZrsCugsAlAg; BMG, whereas it can be more difficultly
detected compared with the ZryCusAl;0Agio BMG.
2.3 Crystallization behavior

To verify the effect of phase separation on crystallization,
the crystallization behaviors in Zr,sCussAlgAgs bulk metallic
glass were further analyzed. The bright field image in Fig.5
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Fig.5 TEM image-SAED pattern (a) and its grain size distribution (b)
for BMG sample annealed at 713 K for 20 min
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Fig.6  Microstructure of BMG sample annealed at 723 K for 20 min: (a) TEM image, (b) grain size distribution, and (c) HRTEM image, with the

inset showing their corresponding FFT images of “B” region
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shows ultrafine crystalline grain size is about 4 nm to 7 nm

when the specimen is annealed at 713 K (see grain size References

distribution of Fig.5b). The SAED consists of several ring 1 Chiang C L, ChuJP, Lo C T et al. Intermetallics[J], 2004, 12:
patterns but some bright spots appear in the diffuse ring, 1057

indicating a number of nano-crystalline are embedded in 2 Zhang W, Zhang Q, Qin C et al. Materials Science and
residual amorphous phase with random orientation. The Engineering B[J], 2008, 148: 92

crystalline particles are identified as AlZr, and AlAg; phase. 3 Jiang J Z, Saksl K. Materials Science and Engineering A[J],
When the temperature increases to 723 K, nano-crystals 2004, 375-377: 733

increase (see Fig.6a), and grain size distribution (Fig.6b) shows 4 Van de Moorte’le B, Epicier T, Pelletier J M et al. Journal of
that average grain size increases to 7~16 nm. The outside weak Non-Crystalline Solids[J], 2004, 345-346: 169

diffuse ring disappears in SAED compared to that in Fig.4, 5 Wang M L, Hui X D, Feng Q et al. Rare Metal Materials and
which agree with the result of DSC. The HRTEM image in Engineering[J], 2013, 42(11): 2217 (in Chinese)

Fig.6¢ shows distinct lattice structure. The corresponding FFT 6 Park B J, Chang H J, Kim D H et al. Physical Review Letters[J],
image of a big nano-particle is confirmed as hexagonal AlZr, 2006, 96: 245 503

and the indexing of the diffraction patterns is shown in inset of 7 Mattern N, Kthn U, Gebert A et al. Scripta Materialia[J], 2005,
Fig.6c. These results confirmed that phase separation structure 53:271

easily transforms into the crystalline phase with the annealing 8 RenYL, ZhuR L, SunlJetal. Journal of Alloys and Compounds
temperature increasing. Moreover, the crystallization pathway [J], 2010, 493: 46

can be changed by the modulation of the annealing temperature. 9 Pan], LiuL, Chan K C. Scripta Materialia[J], 2009, 60: 822

10 OhJC, Ohkubo T, Kim Y C. Scripta Materialia[J], 2005, 53: 165

3 Conclusions i .
11 Wang Y B, Yang H W, Sun B B et al. Scripta Materialia[J], 2006,

1) The microstructure of Zr,CusAgsAlg bulk metallic 55: 469

glass is strongly affected by annealing treatment. The 12 Zhang Q S, Zhang W, Xie G Q et al. Materials Science and

phase separation occurs after isothermal annealing within the Engineering B[J], 2008, 148: 97

phase supercooled liquid region. 13 Louzguine-Luzgin D V, Wada T, Kato H et al. Intermetallics[J],
2) The formation of phase separation structure competes 2010, 18: 1235

and coexists with amorphous matrix, leading to the local 14 Kindig A A, Ohnuma M, Ping D H et al. Acta Materialia[J],

composition difference and microstructure change, which is 2004, 52: 2441

attributed to the sensitization of this alloy to the temperature. 15 Sohn S W, Yook W, Kim W T et al. Journal of Alloys and
3) With annealing temperature increasing, this unstable Compounds[J], 2010, 495: 299

structure is gradually transformed into stable crystalline AlZr, 16 Chen H, Zuo J M. Acta Materialia[J], 2007, 55: 1617
and AlAg; phases.

RS ZrigCussAgeAls RIFIERBE EHIE T B RALET

IR, £ OE L EEE, el skerRe
(L. AL TR BEEHEARERE SRR E, B fiz 710072)
(2. FALHEOEBIIbE, B i 710016)

. B X GHRATH(XRD). ZER 34 #0(DSC)FLE 4T L7 BT (TEM)BIF 7T 1 1B KR EEXT ZragCussAgeAls 42 ) I B T 25 1) s
IR . S5, Pt R MR oA R AR A G5 . RE R TE 703 K ARIR 20 min I, 35— (AR S B4 43 BE K 2 R
Hhr, B, RAMSE. BTG S SR AESRR IR EERNRR, EANEWIRE S @A SITHEE, B AlZn
AlAgs . ZrsgCussAgsAlg %5 & THES IO 25 ¥ TE 1L VUM X SR IROR SO PR P 2 5 T SRl 45 M e A8, 03 25 DA R R e A, IX AN R
MR ZrisClssAgsAls 43 8 B IR MO A A4 X B JCRLBE T 70 BURE . 64, AR BS IR TR BT LA BIE K S 1 T A o

XA PRIER G A MR, Bk SRR

PEZ A POBRER, 2, 1985 44, {8+, VAL Tl KEEEEEH AR E R E S50 =, Bob 75%¢ 710072, Hifi: 029-88460294, E-mail:
1inlin030201@163.com

570


mailto:linlin030201@163.com

