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Effect of Ni and Zr on the microstructural evaluation of Ti-based alloys during ball-milling
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In this paper, the effect of ball milling on Ti-based amorphous powders with nominal
compositions of TisgCuze.sNioCo25 and TisgCusgsZrioCozs (at. %) was studied. For this
purpose, Ni and Zr containing crystalline master alloys were ball-milled for 20 hours in total.
According to XRD analysis, the maximal amorphous fraction has been achieved in the case of
Ni containing powder after 5 hours of milling. The nanocrystalline phase of CuTiz(Ni) having
a grain size of 0.17-0.29 nm formed in the early stages of the milling process and remained
stable until the end of milling. The amorphous-nanocrystalline transition of this phase is a
reversible process. The amorphization process of TisgCuze5Zr10C025 is not so rapid than that in
the Ni containing alloy system. This confirms that kinetic energy of the milling process is
insufficient for destabilization of the CuxZrTi> nanocrystalline (0.15-0.26 nm) phase. The
microhardness of TisgCusgesNi10C025 and TisgCusg5Zr10C025 particles was found to be HVo.01
519 + 40 and 630 + 55, respectively. For both compositions amorphous-nanocrystalline
composites have been successfully obtained.

Keywords: metallic glasses, amorphous-nanocrystalline composites, Ti-based amorphous
alloys, ball-milling, powder metallurgy, microstructure, mechanical properties

Introduction

Since the discovery of the first “Metallic Glass” of composition AuzsSizs in 1960 it has
become a very interesting topic for metallurgists and material scientists to study the rapidly
solidified alloys [1]. Recently, much attention has been paid to develop Ti-based bulk
amorphous alloys due to their high specific strength and low cost [2-5]. There is no widespread
use of Ti-based amorphous materials yet, although their small density and large hardness is a
favorable combination of properties. A number of Ti-based bulk glass-forming alloys, such as
Ti-Cu-Ni-(Sn or Sb), Ti-Cu-Ni-Si-B, Ti-Zr-Ni-Cu-Sn and Ti-Cu-Ni-Zr-Al-Si-B, (Ti, Zr)-(Cu,
Ni) have been synthesized by the copper casting method [6-8]. Amorphous alloys with critical
thickness above 5 mm usually contain toxic elements such as beryllium. The predicted
composition range of formation of rapidly-quenched and bulk fully amorphous alloys is very
narrow [9]; this is the explanation for the existence of several Ti-based composites and not fully
amorphous alloy.

Powder metallurgy is an alternative way that allows producing centimeter-sized
amorphous pieces from amorphous powders. The first step of this procedure is the preparation
of amorphous powder from a crystalline material by high-energy milling [10].
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The Ti-Cu-Zr-Ni system is a special one, since it has three bulk metallic glass (BMG)
composition regions on the Ti-, Zr- and Cu-rich side [11-14]. To design new Ti-Cu-based BMG
composites an early transition metal Ni, a late transition metal Zr or a third transition metal Co
can be added to the basic alloys to improve the glass-forming ability (GFA) of the glass-matrix.
The atomic radii are in this case, Ni = 0.124 nm, Cu = 0.128 nm, Ti = 0.147 nm and Zr = 0.16
nm. Considering the alloying element such as Co (0.125 nm) it has the second smallest atomic
radius. Therefore, in principle, with combination of these elements, efficiently packed local
structure can be produced, which is related to high viscosity of liquids. There are only few
reports, which deal mainly with the Ni-Co and Zr-Co combined addition influence, but still
they are not systematically studied. Inoue's rules can help select alloying elements to stabilize
the super-cooled liquid and create amorphous alloys easily. Using Co as alloying element for
CuZrTi, the packed local structure can be enhanced in the aforementioned system [15]. The
addition of Co to CuZrTi and CuNiTi alloy is expected to cause distortion of its local atomic
order due to the large atomic size mismatch.

The bonding forces between the metallic atoms influence the thermal stability of
amorphous alloys. The heat of mixing of Cu, Ni, Co and Zr with Ti are -9, -35, -28 and 0
(kJ/mol), respectively [12]. In the Cu-Zr-Ti and Cu-Ni-Ti system, the heat of mixing between
the elements is negative, which means that the bonding forces between the atoms are strong. It
is worth adding such an element to the alloy that has positive heat of mixing since it enhances
disordering. It is positive in the case of Ni-Cu and Cu-Co [11, 12]. Despite numerous reports
available in scientific literature, the influence of Zr-Co and Ni-Co addition on the glass
formation and microscopic properties was neither studied nor precisely understood. This paper
reports systematic characterization of the microstructure evolution of TisgCuzesNi1pC025 and
TisgCuse5Zr10C02 5 arc-melted alloys in the course of ball-milling.

Experimental processing

Master alloy ingots with the compositions TisgCuzgsNi1pC025 and TisgCuzesZri0Co25 were
prepared by arc melting of pure metal mixtures (min. 99.9 wt. %) with a Ti-getter under purified
argon atmosphere. The master alloys were grinded and fractioned to a particle size below 300
um for ball milling. Amorphous/nanostructured powders were obtained in a Pulverisette 5 high-
energy ball-mill in argon atmosphere using a stainless steel vial and balls with a diameter of 7,
10, and 20 mm. The ball-to-powders ratio was 60:1 and 80:1 and milling speed was 200 rpm.
The micrographs of master alloys and powders were acquired by a Hitachi S-4800 scanning
electron microscope (SEM) equipped with BRUKER AXS type energy-dispersive X-ray
spectrometer (EDS). Backscattered electron micrographs were recorded in order to get
information about the microstructure of the samples. The particle size distribution of the ground
material was determined by a Horiba LA-950 V2 type laser diffraction particle size analyzer in
distilled water. During the measurement process 1 minute ultrasonic treatment and 1 ml of 50
g/l sodium pyrophosphate dispersant were applied to achieve the appropriate dispersity state.

Thermal analysis was performed in a Netzsch 204 DSC at a heating rate of 0.66 K/s under a
flow of purified argon. The samples were examined by Bruker D8 Advance diffractometer
(XRD) using Cu Ka radiation (40 kV, 40 mA), in parallel beam geometry obtained with Gobel
mirror, equipped with Vantec-1 position sensitive detector (1° window opening), measured in
the 2-100 °(2 0) angular range, with 0.007° (2 0)/29 sec speed. The specimen is rotated in
sample plane during the measurement, to obtain data from the whole surface and to reduce in-
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plane preferred orientation effects. The crystalline fraction was determined by XRD analysis
using peak area determination in TOPAS4 (amorphous hump method). Quantitative results
were obtained by combined use of Rietveld refinement and peak area calculation. Hardness
measurements were performed by Wolpert UH 930 equipment applying a load of 30 kg for 15
s for all composites. Microhardness measurements were performed by Instron Tukon 2100B
equipment, applying a load of 10 g for 15 s for as milled powders.

Results and Discussion
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Fig. 1. Backscattered SEM (BSEM) images (a, b) and XRD patterns of powders with
different milling time (c, d) of TisgCuzgesNi1oCo25 alloy.

Four phases were identified based on the XRD patterns and SEM analysis in the master alloy
of TissCusgsNiCo25 composition. Cubic Ti2CuNi dendrites solidified in the matrix (Figs. 1a-b
marked as 1), which was reported in [16]. The composition of the Ti2CuNi dendrites (Table
1) slightly deviates from the equilibrium composition, Ni atoms substitute some Ti atoms, and
this phase dissolves most of the Co atoms. Tetragonal 6 CuTi and y CuTi were also identified
(marked as 2 and 3 in Fig. 1) in the sample. Both phases dissolve some Ni and Co atoms. A
small amount of dark gray inclusions (see Fig. 1 marked as 4) was identified by XRD to be
tetragonal CuTis with needle-like shape (3-6 um) which remains a stable phase based on
thermal analysis [17]. The unit cell dimensions of the CuTis phase is as follows: a = 0.4158
nm, ¢ = 0.3594 nm. However, in our case a = 0.4238 nm, ¢ = 0.3550 nm, which can be
explained by additionally dissolved Ni atoms. Both CuTi and CuTis(Ni) phases dissolve some
Co (Table 1). According to the peak area measurement in the XRD pattern, the volume
fractions of the Ti2NiCu dendrites, & CuTi, y CuTi and CuTis(Ni) are about 55%, 32%, 8%
and 5%, respectively in crystallite volume. The average Brinell hardness of the master alloy
is 233 + 3 HB 1/30.
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Table 1: Chemical composition and volume fraction of different phases in arc-melted
TiagCu395Ni10C025 master alloy ingot

, fraction in
Phase  space group Area T'%at' Cuat.%  Ni,at.% Co,at. % 39{3%2"32
Ti,CuNi Pm-3m 1 576+17 285+20 106+02 33+0.1 55
8- CuTi  P4/mmm 2 498+08 463+09 34+0.1 05+0.1 32
y-CuTi P4/nmm 3 488+03 477+04 31+02 04+01
CuTiz(Ni) P4/mmm 4 68.8+13 237+15 6.2+01 13+0.1

The phase evolution of powders occurred in the course of ball-milling was investigated. A
preliminary experiment was performed with 60/1 balls to powder ratio (BPR). After 15 h of
milling the structure was examined by XRD. As can be seen in Table 2, the structure has not
become fully amorphous; two phases remained in the powder, CuTis(Ni) and Ti2CuNi of 17.00-
30.00 nm and 15.00-20.00 nm, respectively.

Table 2: Features of crystallite based on the XRD of amorphous structure in the case of
TisgCuzesNi10Co25 alloy

amorphous halo crystallite | crystallite
- ball/ amorphous - . .
milling . first peak second peak size of size of
time, h powder fraction, position size position size CuTiz(Ni), | Ti2CuNi
' ratio m/m% : : : : ' '
nm nm nm nm nm nm
5 97 0.2152 0.19 0.1258 0.25 0.18-0.29 -
10 80/1 91 0.2152 0.18 0.1263 0.19 0.18-0.29 -
15 88 0.2148 0.18 0.1274 0.12 0.17-0.30 -
20 90 0.2145 0.16 0.1274 0.14 0.16-0.29 -
17.00- 15.00-
15 60/1 87 0.2212 0.15 0.1341 0.08 30.00 20.00

The ratio of the weight of the balls to powder (BPR) has a significant effect on the milling
process [10]. At a high BPR the number of collisions per unit time increases and powder can
get more energy for structure transformation. Therefore, the milling was performed at a higher
BPR equal to 80/1. The phase evolution of powder caused by high energy ball-milling was
plotted as function of milling time, which can be seen in Fig. 1 ¢, d. Drastic change has occurred
in the structure owing to 5 h of milling. Three phases of four have disappeared; their crystalline
structures have transformed to an “X-ray amorphous structure” (hereinafter referred to as
amorphous structure). Two broad diffuse halos remained indicating amorphization progress.
The peak phases applied for amorphous determination as well as the Rietveld refinement of
nanocrystalline phases are displayed in Fig. 2 as a characteristic example. The presence of 1-2
nm sized crystallites is observed, which is intermediate in size between the initial phases and
the short-range order domains in amorphous structure. This observation is confirmed by the
presence of two broad peaks similar in position to the peaks of the initial phases. The position
of peak is referred to a range order with d; as dominant interatomic distance in the short-range
order domain, and largest short range order domain size can be
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Fig. 2: Calculated peak phases and amorphous halo of TisgCuzesNi10Coz 5 alloy after 15 h of
milling in the case of 60/1 ball/powder ratio

approximated from the peak width (Fig. 1 d). The amorphous fraction decreases up to 15 h of
milling time. The position of the first peak shifts towards lower values; however, the second
peak position shifts towards higher values (Table 2). The size of short-range order domains
belonging to both peaks decreases continuously, i.e. the local ordering decreases. Only the
CuTis(Ni) phase can be detected by XRD during the whole milling process ranging from 5 to
20 h (Fig. 1). This indicates high stability of the CuTiz(Ni) phase against milling. It should also
be noted that the fraction of nanocrystalline CuTis(Ni) phase increases due to milling up to 15
h, CuTiz(Ni) phase crystallizes from amorphous structure induced by mechanical milling. Due
to further milling the fraction of nanocrystalline CuTiz(Ni) decreases, which means that the
amorphous structure forms from the crystallized CuTiz(Ni). In the case of CuTis(Ni), the
amorphous-nanocrystalline transition is a reversible process as can be seen from XRD results.
The size of CuTis(Ni) nanocrystalline phase approaches the size of short-range order domains
in amorphous structure (Table 2).

Concerning the BPR, it can be established that increasing the BPR the ratio of amorphous
fraction is almost the same. However, the Ti2CuNi phase is not detected by XRD and the size
of the CuTis(Ni) phase reduces very significantly (Table 2).
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Fig. 3: Backscattered SEM (BSEM) images (a, b) and XRD patterns of powder with
different milling time (c, d) of TisgCuze.sZr10C025 alloy.

Replacing Ni by Zr, five phases can be observed in the master alloy (Fig. 3). However,
comparing the microstructures of the two alloys significant difference can be observed based
on the SEM images (Fig. 3 a, b). According to XRD, a hexagonal phase (hereafter denoted as
H2) is the matrix, which is a Cu-Ti-rich phase (Table 3) reported in [18] (Fig. 3 a, b denoted as
1). The lattice parameters are a = 0.5105 nm and ¢ = 0.8231 nm. Considerable amounts of the
Cu2ZrTiz phase with dendritic morphology can be seen in the matrix (Fig. 3a, b denoted as 2).
The composition is different from the equilibrium composition; the Cu content is less (Table
3). Another dendritic Ti-Cu-based phase solidified in the matrix (Fig. 3). However, this phase
cannot be identified by XRD because this phase is probably isomorphic with CuxZrTi, phase
and their peaks are overlapped. Using EDX, the composition of this phase was found to be
Tiso.5:13CU26.6+132Zr83:0.1C05.6:0.1. Minor amounts of cubic CuZrTi. phase can be found in the
sample (denoted as 3). Very few grains with the Ti-content above 80 at. % can also be observed
(denoted as 5). Their concentration is less than 1 m/m %, which is below the detection limit of
XRD. One of the peaks is unknown at 0.5402 nm (Fig. 3). All the phases dissolve Zr and Co as
well (Table 3). The volume fractions of the different phases are summarized in Table 3. Further
milling process has not been implemented because according to EDX attached to the scanning
electron microscope, traces of Fe, Ni impurities are present in the powder after 20 h milling
time. The average Brinell hardness of the master alloy is 353 + 12 HB 1/30, i.e. the
TisgCuse5Zr10C025 master alloy is one and a half times as hard as the TisgCusgsNi10Co25 alloy.

Table 3: Chemical composition and volume fraction of different phases in arc-melted
TisgCuze5Zr10C025 master alloy ingot
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Phase [space group| Area Ti,at. % | Cu,at. % Zr,at. % | Co,at. % | crystalline
volume, %
H2 P63 /mmc 1 349+1.1 46.1+1.0 174+04 1.6+0.2 42
CuxZrTiz, | P4/mmm 2 69.0+02 | 26.1+0.4 35+0.2 1.4+0.2
i- i 43
Ti-Curich |\ vhown | 3 | 505+13 | 266+13 | 8301 | 56=01
dendrite
CuZrTiy, Pm-3m 4 456 +0.4 38.1+£0.2 8.1+0.3 8.2+04 14
Ti-rich
phase unknown 5 84.9+1.2 9.3+£0.6 6.5+0.6 0.3+0.1 <1

In the case of TisgCusesZr10C025 alloy, preliminary test was performed applying 60/1 BPR. The
powder contained nanocrystals of two initial phases (Table 4) after 15 h of milling. The BPR
was increased to 80/1. The amorphization process of structure is not so rapid than in the Ni
containing alloy system. After 5 h of milling the amorphous structure is still undetectable (Fig.
3). Nanocrystalline form of H2 and Cu.ZrTi, phases can be detected by XRD (Table 4). The
amorphous structure appeared owing to 10 h of milling. A great change has occurred in the
crystalline to amorphous ratio due to 15 h of milling. The H2 phase has disappeared and only
Cu2ZrTiz phase remained with crystallite size of 1.5 - 2.6 nm up to 20 h of milling. However,
the amorphous fraction cannot reach approximately the same amount than in the case of Ni
contain alloy. The amorphization reaction was not completed. This indicates that the Kinetic
energy of the milling process is insufficient for destabilization of the CuxZrTi; crystalline phase
to occur amorphization by the accumulation of structural defects such as vacancies,
dislocations, grain boundaries, and anti-phase boundaries. Concerning the BPR it can be
established, that increasing the BPR the amorphous fraction significantly increases; the H2
phase disappears but the CuZrTi, phase remains.

Table 4: Features of crystallite based on the XRD of amorphous structure in the case of
TisgCuse5Zr10C02 5 alloy

amorphous halo crvstallite crystallite
- ball/ | amorphous first peak second peak b4 size of the
milling . size of the :
time, h | Powder | fraction, position, | size, | position size H2 phase CuaZrTiz
' ratio m/m% ' ' ' ' ' phase,
nm nm nm nm nm am
5 - - - - - 0.27-0.42 | 0.20-0.36
10 80/1 13 0.2241 0.11 0.1344 0.06 0.24-0.38 | 0.17-0.29
15 63 0.2174 0.15 0.1334 0.08 - 0.15-0.26
20 69 0.2181 0.14 0.1330 0.06 - 0.15-0.26
15 60/1 40 0.2142 0.15 0.1229 0.06 0.28-0.44 | 0.15-0.26

Fig.4 shows the cross sections of particles after different milling time using 80/1 BPR. The
remaining phases are clearly seen in the particles after 10 h of milling (Fig. 4a, b). The
microhardness of TisgCuzesNi10C025 and TisgCuzesZr10C0o25 particles is HVoo1 519 + 40 and
630 + 55, respectively. No phase is observed in the powder after 20 h of milling.
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Fig. 4: Microstructure evolution of TisgCuzesNi1Co25 (a, €) and TiseCuszgsZri0Co25 (b, d)
alloys with different milling time: 10 h (a, b) and 20 h (c, d)

In Fig. 5 the results of the particle size distribution measurement can be seen, where the volume
ratio is plotted as function of the particle size in the case of different milling times. In Fig. b3
the results after 5, 10, 15, and 20 hours are presented and in B4 (hol talalhaté az utobbi 2 abra?)
the results after 10, 15 and 20 hours of milling. The particle size in all cases is in the range 7 to
300 pum. It can be seen that the particle size continuously decreases as function of the milling
time in the case of the TisgCusgsNi1C025 alloy. The median particle size decreases in this case
from 85 pum (5 h of milling) to 33.73 um (20 h of milling). On the contrary, in the case of the
TiseCuzo5Zr10Co25 alloy, the particle size does not decrease significantly during milling, the
median particle size decreases only from 70.7 um (10 h of milling) to 54.36 um (20 h of
milling). The mode size shows the same changes, in the TisgCuzosNiwCo25 alloy it decreases
from 82.68 um to 31.96 pm, while in the TisgCusg5Zr10C025 alloy from 72.11 pm to 54.97 um.
Analysis of correlation between the particle size and microhardness shows that the Zr
containing particles fractured to a smaller extent than the Ni containing particles because the Zr
containing particles have higher strength.
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Fig. 5: Effect of the milling time on the particle size in the case of TissCuzssNi10Co25 (a) and

TisgCuz9.5Zr10C025 alloy

We examined the details of thermal stability of both milled powders. As a result, no glass
transition can be observed for these alloys (Fig. 6). In the case of the TisgCusgsNi10Co25 alloy,
using 60/1 BPR two exothermic peaks can be seen up to 600°C after 15 h of milling. The onset
temperature of crystallization is 394°C. The two peaks of crystallization are overlapped.
Increasing the BPR, the first exothermic peak presence is barely noticeable but the second peak
is stronger (Fig. 6a) and is shifted to a higher temperature. The two DSC signals are different.
However, it is understandable because the two microstructures are different: using 60/1 BPR
CuTis(Ni) +Ti2CuNi nanocrystalline phases are beside the amorphous structure, while using
80/1 BPR only CuTis(Ni) smallest nanocrystalline phases are beside the amorphous structure.
In the case of TisgCuszg5Zr10C025 alloy, using 60/1 BPR two flat exothermic peaks can be seen
up to 600°C after 15 h of milling. Increasing the BPR, the both exothermic peaks become more
pronounced but the peak temperatures are the same. The onset temperature of crystallization is
418.1°C.

——————————— Tun\rl 480 °C
BPR 80/1 - R | BPR80/1 T =418.1°C
|| TTTTemesam T =444.5°C
Y = —_— ' k 1
VT shec ,f M
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Fig. 6: DSC traces of the samples with 15 h milling time at a heating rate of 40°C/min for
the TisgCu3e5Ni10C025 (a) and TisgCuzg5Zr10Co25 (b) alloy

Conclusions
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High-energy ball-milling method has been successfully used to produce the Ti-based
amorphous-nanocrystalline  composite  powders with  nominal compositions  of
Ti48Cus30.5Ni10C025 and TisgCuszesZr10Cozs (at. %). Ni and Zr containing crystalline master
alloys were ball-milled for 20 hours in total. All phases of both compositions dissolve Co.

The X-ray analysis revealed that the transformation of Ni containing crystalline powder
to amorphous nanostructure can be achieved during ball-milling with high BPR after 5 hours
of milling. Nanocrystalline phase of CuTis(Ni) of a grain size of 0.18-0.29 nm formed in the
early stages of the milling process and remained stable until the end of milling. The amorphous-
nanocrystalline transition of this phase is a reversible process. The particle size of this alloy
continuously decreases as function of the milling time.

The amorphization process of TisgCusa5Zr10C025 was not so rapid than that in the Ni
containing alloy system. This confirms that kinetic energy of the milling process is insufficient
for destabilization of the Cu2ZrTi> nanocrystalline (0.15 - 0.26 nm) phase. The particle size
does not decrease significantly during milling.

Microhardness of TisgCusesNioCo25 and TissCusgesZr10C0o25 particles after 20 h of
milling was found to be HVo.01 519 + 40 and 630 + 55, respectively.
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