Journal of Physics: Conference
Series

PAPER « OPEN ACCESS You may also like

Photocatalytic Synthesis of Silver-Oxide

lon milling-induced crystalline phases precipitation  canaeason0

. . R. Tanaka, S. Takata, M. Katayama et al.
in multicomponent Zr-based amorphous alloys Chreeransior Lan )
arge-lransier Luminescence an

Enerqy Transfer in Eu“*-Doped Barium
. . . . Zirconosilicates
To cite this article: Yuting Feng et al 2021 J. Phys.: Conf. Ser. 2044 012058 De-Yin Wang, Ling-Li Wang, Te-Ju Lee et

al.

- Structural, thermal and optical
characteristics of Fe ., Zr . alloy by using
. . . mechanical milling approach: influence of
View the article online for updates and enhancements. Zﬂ!—q—k *ion
V M lllayaraja Muthaiyaa, T
Parameshwaranpillai, A Krishnamoorthy et
al.

c '. o ; " - DISCOVER

how sustainability

The ., Ak intersects with
Electrochemical ¢ ' |
Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 3.17.174.239 on 08/05/2024 at 10:38


https://doi.org/10.1088/1742-6596/2044/1/012058
https://iopscience.iop.org/article/10.1149/1.3503581
https://iopscience.iop.org/article/10.1149/1.3503581
https://iopscience.iop.org/article/10.1149/1.3503581
https://iopscience.iop.org/article/10.1149/1.3503581
https://iopscience.iop.org/article/10.1149/2.008112jes
https://iopscience.iop.org/article/10.1149/2.008112jes
https://iopscience.iop.org/article/10.1149/2.008112jes
https://iopscience.iop.org/article/10.1149/2.008112jes
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://iopscience.iop.org/article/10.1088/2053-1591/ad1a5f
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstwYA4w7zPUbtChVjOuHzcx6VoeNirugrMeSgE4eK0cTiT8e8MXCqTUgsL8t3WYb_c5Vv1HzKkEB2e7w2koEQn1Fb_jMy1zF3oMDv9sUQlXbdGHvtVomBJSTo6p95xv0gYuzwXij_j9ZVcQcatgIv5_H9wt1XJJdwvWzHKpFvDDh3NqotrpsIuekkA3v45aGK3XoX8127tlF0wRrH6bPgM0gBrW-YZKGHsH9Iq0KhEmL7dqFaRUlMdEXXbE34Gmd2UgetEgLXfzO0YO6vSIBNnyyXx1CC0FK0YwEG52xI97f56-59O84YcM_V07l7vHMA_3QXSziTxyh6U02909B14diRvc5A&sig=Cg0ArKJSzEE_eix-ayMk&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

ICAMIM 2021 IOP Publishing
Journal of Physics: Conference Series 2044 (2021) 012058  doi:10.1088/1742-6596/2044/1/012058

Ion milling-induced crystalline phases precipitation in
multicomponent Zr-based amorphous alloys

Yuting Feng!, Jinhua Ding?, Jiawei Li®, Jing Ding™*

'School of Mechanical Engineering, Tianjin Sino-German University of Applied
Sciences, Tianjin, 300072, China

?School of Mechanical Engineering, Shandong University of Technology,
Zibo,Shandon, 255049, China

3Aerospace Institute of Advanced Materials & Processing
Technology,Beijing,100071,China

*School of Materials Science and Engineering, Tianjin University, Tianjin, 300072,
China

“Corresponding author’s e-mail: dingjing2017@tju.edu.cn

Abstract: Five groups of transmission electron microscopy (TEM) specimens of
ZresAl7 5CoxsAgs and ZresAl;CosAgrFesNi; amorphous ribbons are prepared by ion milling. It
focuses on effect of ion milling conditions on the structure changes of amorphous ribbons. The
results show that Zr-based amorphous ribbons can be crystallized into nanoscale fcc-Ag or
fce-Zr,M (M=Al, Co, Ag, Fe, Ni) under specific ion milling conditions. The crystallization
reaction sequence of isothermal annealing ZrssAl;sCoxnsAgs and ZresAl;CosAgrFesNiy
amorphous alloys is different. Besides of ion beams irradiation-induced stresses and surface
effects, sputtering, argon ions implantation and irradiation damages, ion irritation effect and
mixing heats among constituent elements are significant, resulting in fcc-Ag or fce-Zr,M
precipitates from amorphous phase. The peak temperature locally reached of TEM foil during
ion milling is estimated more than 750K.

1. Introduction

Transmission electron microscopy (TEM) is a powerful tool to study the microstructure,
crystallization behavior and shear bands patterns for amorphous materials. TEM test specimens are
usually prepared by ion milling and electropolishing. Ion milling is a process in which ions collide
with neutral particles. There are risks such as material transmission from one point to another under
the ion beam, sputtering, argon ion implantation, chemical diffusion, thermal damage, and radiation
damage!".

Ion milling was found to cause the transformation of amorphous phase to nanocrystalline phase. It
has been reported that the Zrs»sCui79NijacAligTis metallic glass transformed to various ordered
structures during ion milling, and the peak temperature is estimated to locally reach as high as 780K
2] The general problem of sample heating during ion milling has been addressed by several authors
371 However, almost all earlier studies have focused on ion milling effect leading to crystal to
amorphization transformation, though amorphous alloys used for the study haven’t been selected.
Therefore, it is of great significance to study the microstructure stability and phase transition of the
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amorphous phase during ion milling. The alloys are chosen from Zr-Al-Co-Ag and
Zr-Al-Co-Ag-(Fe,Ni) systems. Ternary Zr-Al-Co system is one of the most important and
well-recognized systems that developed by Inoue group ™. Alloying with appropriate amounts of Ag
changes the chemical and topological short-range orderings of Zr-Al-Co alloys, resulting in an
increase of local packing efficiency and the difficulty of atomic rearrangement. As a result,
Zr-Al-Co-Ag glassy alloys exhibit high thermal stability ). Pseudo-high entropy Zr-Al-(Fe, Co, Ni,
Cu, Ag, Pd) glassy alloy have also significantly increased thermal stability. In this paper, we studied
the microstructural stability, crystallization behavior and microstructural changes in ZrssAl7 5C0225Ags
and ZresAl;CorAgrFe;Ni amorphous alloys during ion milling in comparison with annealing-induced
crystallized structure and to clarify the difference in the ion milling-induced structure and the
anneal-induced structure, and to investigate the reason for the distinct difference. There are no data on
the comparison of the structure on the multicomponent amorphous alloys subjected to such different
two treatments. Furthermore, most failures of materials occur on surfaces, including fatigue fracture,
fretting fatigue, wear and corrosion etc., which are very sensitive to the structure and properties of the
material surface ['”. The unique structure produced by ion milling is expected to be a new type of
surface modification method to improve the global behavior of structural and functional materials.

2. Experimental Methods

The two alloys have nominal compositions (in at.%) of ZrssAlysCo22.5Ags and Zres Al;Co7AgrFesNis.
Ingots were prepared by arc-melting mixtures consisting of elemental metals with purities above 99.8
mass% in an argon atmosphere. Alloy ribbons with a thickness of 0.03-0.034 mm and a width of 1.2
mm were prepared by the melt spinning method. Amorphous structure was identified by X-ray
diffraction with Cu-Ké radiation and transmission electron microscopy (TEM). Thermal stability
associated with glass transition and crystallization temperature was examined by differential scanning
calorimetry (DSC) at a heating rate of 0.67 K/s. Crystallization structure was examined by X-ray
diffraction, TEM and high resolution TEM.

Five groups (A, B, C, D and E) of TEM observation foils were prepared from as-spun ribbons.
TEM thin foil preparation methods and conditions for five groups were listed in Tablel. The
specimens in Group A were ion milled for 2.5h at 4KeV, 8°, followed by 15min milling at 2KeV, 4°.
Group B specimens were ion milled at 4KeV, 8° for 3.5h, also followed by 15min milling at 2KeV, 4°.
Group C specimens were ion milled at 2KeV, 4° for 8.5h. Group D specimens were dimpled to just
perforate (Gatan 656 Dimple Grinder) and ion milled at 1.5 keV, 4°for about 2h; Group E specimens
were dimpled to just perforate and ion milled at 1.5 keV, 4°for about 3h.

Tablel TEM specimen preparation methods and conditions for five groups

Group Materials Procedure Ion beam energy +Milling time + gun
angle
A ZresAl75C0225A8s Ion milling 4Kev for 2.5h, 8°; 2Kev for 15min, 4°
B ZresAl;Cor7Ag7FesNiy Ion milling 4Kev for 3.5h, 8°; 2Kev for 15min, 4°
C ZresAl;Co7Ag7FesNiy Ion milling 2Kev for 8.5h, 4°
D ZresAl7 5Cox sAgs Dimple+ Ton 1.5Kev for 2h, 4°
milling
E ZresAl;Co7Ag7FesNiy Dimple+ lon 1.5Kev for 3h, 4°
milling

Ion milling processes were performed using the Gatan Precision Ion Polishing System (Gatan PIPS
II 695) in the dual modulation mode and by a liquid nitrogen cold stage with PIPS holders-DuoPosts.
The specimens were pasted using an electrically and thermally conducting carbon-containing glue.
The stability of the gun voltage and current was monitored during ion milling.
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3. Results

Fig. 1a shows XRD patterns of as-spun ZrssAl;sCoxsAgs (alloy 17) and ZrssAl;CosAgsFesNi; (alloy
2%) alloy ribbons. Each of them has broad diffuse peaks characteristic of an amorphous structure.
Fig.1bshows DSC curves of as-spun ZresAl7.5Co2.5Ags and ZrgsAl;CosAgrFesNi; alloy ribbons at a
heating rate of 0.67K/s. The DSC curves show no glass transition for the two alloys, and both of them
have a two-stage crystallization process. The alloy 1 shows the crystallization peak temperature at
727K, which is lower than that (749K) for the alloy 2”.

(a) As-spun alloy ribbons (b) 727K As-spun ribbons
Heating, 0.67K/s
a ‘ ZrgsAly sCox) sAgs
=
2 ! 918K
%’ ZrgsAly 5Cop) sAgs g
2 = 749K
= 2 S TR
= .Lr()jA17(_07;1\;;7l'e—’-Nt7 945K
_——A 21, AlyCosAgsFeNiy
1 'l L 1 L 1 L 1

20 30 40 50 60 70 80 600 700 800 9200 1000
20 degrees) Temperature (K)

Fig. 1. (a) XRD patterns of as-spun ZrssAlysCoz.sAgs and ZresAl;Co7Ag7FesNi; alloy ribbons and
(b) DSC curves of crystallization process.

The Kissinger equation is usually used to estimate the apparent activation energy for the first-stage
crystallization. The crystallization of amorphous phase requires long-range rearrangement of unlike
atoms, during which atoms have to overcome the binding energy with neighbors to take their lattice
positions "'"]. The lower activation energy for crystallization means that crystal precipitates more
easily from amorphous phase when absorbing external energies. In Fig. 2, the activation energy E is
370kJ/mol for ZrssAl;Cor7AgrFesNiy alloy, which is lower than that (390kJ/mol) for ZresAly sCo22.5Ags
alloy. ZrssAl;CorsAgrFesNi; alloy, suggesting that the structure change during the process of ion
milling is easier for the alloy 17,

130l B ZrgsAly sCopa sAgs
® 7t AlCojAgsFesNiy

1351
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<140
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Fig. 2 Kissinger’s plot of T, for ZrssAl75C022.5Ags and ZrssAl;Cor7Ag;FesNis alloy

In order to compare the crystallization phase induced by ion milling with that induced by
annealing, alloys were annealed at temperatures above the first exothermic peak (750 K) and second
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exothermic peak (970 K) on the DSC curves (Fig. 1(b)). As displayed in Fig. 3, there are no changes
in X-ray diffraction patterns after annealing for 3.6 ks at 750 K for both alloys. Similar results have
been obtained for ZrAINiCuAg ", ZrAl (Fe,Co,Ni,Cu,Ag,Pd) ") and ZrAINiAg!'¥ alloy and the
structural feature of their multicomponent and pseudo-high entropy glassy alloys have been named as
clustered glassy phase!'”. The clustered glassy phase has been defined in the satisfaction of the
following factors, i.e., no changes in XRD pattern, high resolution TEM image and nanobeam
electron diffraction pattern after annealing for the long time up to at least 14.4 ks at the temperature
above the first exothermic peak on DSC curves!®. It can deduce that these two alloys are much stable
when annealing temperature is below 750K. Annealing of ZresAl;CosAgrsFesNiy alloy at 970K for
1.8ks, [fcc-ZroM, ZnAl+ZrAg +AlisCost+AlsZr+ZrsCoAl,] forms instantly from the residual
amorphous phase. For ZrgsAly5Co225Ags alloy, the phase mixture generated above the second peak is
[ZrzAl3+AlAg3+ZrAg+A113C04+A13Zr].

& fee-Zr.M ¢ Ag/r
v Zr CoAl, & Zr,Al,
*AlAg, e Al ;Co,

3 | °AlZr _ ‘

s ; ZrgsAly §Cox sALs

3‘ 750K, 3.6 ks A e

; 750K, 3.6 ks f.rhs.-"\l—l,( n?ﬁ\g?l'c?M?

- t ZrgsAly sCoyy sARS
L]

970K, 1.8 ks

Zrhsz\l-?g'u?;\ g4Fe,Niy

970K, 1.8ks ¥,
}_fk‘r&i.: g gd .

20 30 40 50 60 0 8
20(degrees)
Fig. 3 X-ray diffraction patterns of ZrgsAly5C0225Ags and ZrssAl;CosAgrFesNiy alloy ribbons
annealed at a temperature above the first exothermic peak for 3.6ks and a temperature above the
second exothermic peak for 1.8ks.

TEM specimens of Group A, B and C are prepared by ion milling. After ion milling, the structures
of Group A, B, and C samples were changed from amorphous single phase to a coexistent phase with
spherical morphology (Fig. 4a). As shown in Fig. 4a and Fig. 4b, nanoparticles appear in the
specimens of Group A. These nanoparticles are uniformly dispersed and are identified as fcc-Ag
phase with fine size in the range of 3-5nm (Fig. 4c). For Group B specimen, clear crystal lattice
fringes can be seen in Fig. 4 e. The fast Fourier-transform (FFT) pattern (Fig. 4f) indicates that the
precipitates are fcc-Zr,M (M=ALCo,Ag,Fe,Ni), while the main phase is still amorphous phase. lon
milling time reaches 8.5 hours for Group C specimen. The analysis results of selected area electron
diffraction (SAED) patterns (Fig. 4 1) indicate that the precipitates are still cubic Zr,M. It is interesting
to note that all the crystallites phases are fcc-ZrM for ZressAl;CorsAgsFesNi; amorphous alloy, which
are same with one of the phases formed upon annealing treatment when the annealing temperature is
970K.
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Fig. 4 Bright ;ﬁéld and high resolution TEM (HTEM) maes (a, b d, e, g, ) elected—area electron
diffraction patterns of (i) and fast Fourier-transform (FFT)patterns of: (c) Zone C and (f) Zone F for
Group A, B, and C specimens prepared solely by ion milling. Group A: a-c, Group B: d-f, Group C:

g-1

TEM specimens of Group D and E specimens are both dimpled to just perforate and then ion
milling at a low ion beam energy. A typical HRTEM image and SAED pattern of the specimen in
Group D are shown in Fig. 5(a-c), confirming the amorphous structure. TEM examinations of Group
E specimen indicates that no “visible” microstructure changes occurre in these specimens and the
SAED pattern (Fig. 5f) shows a typical halo ring without detectable diffraction spots, confirming the
amorphous structure of ZrssAl;CosAg;FesNi; alloy ribbon. Slight brightness contrast in the HRTEM
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image (Fig. 5(d-e)) is probably due to non-uniform thickness of TEM specimen resulting from dimple
and ion milling. XRD patterns shown in Fig. 1(a) indicate that thetwo as-spun alloy ribbons are both
in a single amorphous phase. Thus, it can be determined that the TEM specimens of Groups D and E
are free of artefacts and show real structure of as-spun ZrssAl75Co25sAgs and ZrssAl;CosAgrFesNiy
alloy ribbons.

Fig. 5 Bright -field and high resolution TEM images and selected-area electron diffraction patterns of
Group D and E specimens prepared by dimple and ion milling. Group D: a-c, Group E: d-f

4. Discussion

The specimen in Group A contains nanocrystallites phase coexistent with a small amount of
amorphous phase, while the real structure is a single amorphous phase (Fig. 1, Fig. 5). Similarly, large
crystalline particles can be found in Groups B and C, but the structure of ZresFe;CosNizAgrAl;
as-spun alloy ribbon is a solely amorphous phase (Fig. 1, Fig. 5). These contrast results suggest that
the ion milling process accelerates the transformation from amorphous state to nanocrystal state. After
examining various specimens in each group, it is found that distinct heating effect exists, even though
the liquid nitrogen cold stage is always used and ion milling chamber temperature is 99K in the
control up and down. Unfortunately, the present cold-stage is not enough to prevent the sample from
local heating. Indeed, any instantaneous high temperature excursion is liable to heat the materials
during ion milling and cooling to liquid nitrogen temperature does not provide an acceptable
palliativel'™,

It is particularly noticed that the precipitates in amorphous phase formed during ion milling
process for ZresAly;sCoxsAgs amorphous alloy is entirely different from the phases formed after
annealing. The difference in phases implies that the heating effect during ion milling could be more
complicated than those in the sample after annealing.
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ZresAl;Co7Ag7Fe;Ni; amorphous alloy ribbon is annealed at 750K for prolonging annealing time to
14.4ks, there are still no changes in XRD patterns as shown in Fig. 6. Similar phenomenon has been
reported for related pseudo-high entropy glassy alloys. It is proved that ZresAl;CosAg7FesNiy alloy is
so stable to keep amorphous structure when even after the long time annealing below 750K. When
annealing temperature reaches 970K (fig. 3), fcc-ZrM+ZnAlz+ZrAg+Ali3CostAlsZr+ ZrgCoAl, are
formed instantly within a few minutes. Ion milling-induced fcc-Zr,M is one of the phases formed
upon annealing treatment indicating that during ion milling with the above described parameters for
ZrssAl;Co7Ag7FesNi; amorphous alloy, the local heating temperature exceeds 750K and is lower than
970K.

Zr65A17C07Ag7Fe7N iz

J‘~ 750K 1.8ks

750K 3.6ks

Intensity(a.u.)

750K 7.2ks

750K 14.4ks

20 30 40 50 60 70 80
26 (degrees)
Fig. 6 X-ray diffraction patterns of ZrssAl;Co7Ag;Fe;Niy alloy ribbons annealed at a temperature
above the first exothermic peak for 1.8ks, 3.6ks,7.2ks and 14.4ks

The present results demonstrate the importance of careful control for TEM specimen preparation
conditions. Compared data for Group A with that in Group D (Fig. 4(a-c), Fig. 5(a-c)), decreasing ion
beam energy and gun angle during ion milling is better for preparing amorphous thin foils. Milling
time of Group C is as long as 8.5h. Even though the ion beam energy is as low as 2Kev, we can easily
recognize large crystalline particles (Fig. 4(g-I)). In order to reducing thinning time, samples of
Groups D and E are dimpled before ion milling. Overall, pre-thinning methods and reducing milling
time are also significant.

Basically, negative heats of mixing among components are required to obtain an alloy with high
glass forming ability. If negative heats of mixing differ considerably in their values or a positive heat
of mixing exists between the two components, phase separation becomes possible in the amorphous
structure, leading to the formation of crystals. From Table2, it can be seen that Ag has large positive
heats of mixing with Fe, Co, and Ni (28kJ/mol, 19kJ/mol,15kJ/mol, respectively), suggesting the
possibility of phase separation in the amorphous phase for ZrssAl;sCoxnsAgs and  Zres
Al;Co7Ag;FesNi;alloys. Phase separation is a metastable state. It has been discussed above that the
local heating temperature exceeds 750K and the heated state provides the decomposition to form
Ag-rich and Ag-poor areas. With the degree of Ag-enrichment, this Ag-rich structure is probably
transformed into Ag crystallites.
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Table2 The values of AH Z’jligx) (KJ/mol) cited from Akira Takeuchi and Akihisa Inoue’s paper''”’

(a) Zr Fe Co Ni Ag Al
(b)

Zr - -16 -25 -30 -20 -44
Fe - -1 2 1281 -11
Co - 0 ''19 | -19
Ni - P15 22
Ag - 1 -4
Al -7 -

5. Conclusions

(1) It was demonstrated that ion milling-induced structure changes from amorphous phase to
amorphous+fcc-Ag for ZresAl;5CoxsAgs and amorphoustfce-ZrM  for  ZrssAl;CosAgrFesNiy
amorphous alloys, even though the ion beam energy is as low as 2Kev. Completely different
crystalline phases are formed after ion milling as compared with that after annealing.

(2) By comparing XRD patterns, HRTEM images, SAED patterns of the samples after ion
milling with the samples after annealing, the locally heated peak temperature of TEM specimens is
estimated to exceed 750K and be lower than 970K.

The operation parameters of ion milling should be carefully selected to avoid artefacts and wrong
judgements. On the other hand, ion milling technique can be developed to synthesize a nanostructured
layer on some BMGs’ surface to obtain improved ductility, superior soft magnetic properties and
other specific functions. Choosing a low ion beam energy and proper penning angle, we can get
nancrystalline surface layer with useful engineering properties just in a short period of time.
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