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Abstract: Amorphization of the Nb—20Ti-15Si-5Cr-3Hf-3Al (at %) alloy is realized by mechanical
alloying (MA). The amorphous phase formation and microstructural evolution are investigated using
X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron microscopy
(SEM). During ball milling, the phase constituent of the alloy powder exhibits a transition from most
supersaturated Nb-based solid solutions (Nbss) and a small amount of amorphous phases (after 20 h
of ball milling) to a completely amorphous state (after milling for 40 h), which is accompanied by
evolution of the powder morphology from flakes to aggregates and eventually to refined granules.
The thermal stability of the milled amorphous powders is studied using differential scanning
calorimetry (DSC). With the increase of heating temperature, the distortion energy stored during
ball milling is released, followed by a transformation from amorphous phase to Nbss and y-NbsSi3
phases. In addition, the Vickers microhardness remarkably increases, as a result of the amorphous
phase formation in the matrix.

Keywords: Nb-Ti-Si-based alloys; mechanical alloying; supersaturated solid solution; amorphous;
phase transformation

1. Introduction

Nb-Ti-Si-based alloys, as promising ultra-high-temperature structural materials due to their
high melting point (>1700 °C), moderate density (~7 g/cm?), and excellent mechanical properties,
have been widely investigated in recent years [1-4]. These kinds of alloys are generally composed
of an Nb-based solid solution (Nbss) and intermetallic compounds (Nb, X)5Siz and/or (Nb, X);5i
(with “X” denoting Ti, Hf, Cr, Mo, etc.). Intermetallic compounds provide excellent high-temperature
strength, while Nbss guarantees sufficient room temperature fracture toughness [5].

Several methods, including electron beam melting [6], vacuum arc melting [5,7,8], directional
solidification [9], powder metallurgy, etc., have been employed to prepare niobium and its derivative
alloys. However, for Nb-Ti-Si-based alloys produced by the above mentioned casting methods,
there exist some drawbacks such as serious compositional segregation, coarse microstructure,
and distinct different microstructure in different regions, which would lead to poor mechanical
properties. The powder metallurgy route, which generally consists of two procedures, i.e., powder
preparation and subsequent consolidation, enables limited grain coarsening and uniform composition
distribution/microstructure [10-12]. Thus it will be a potential candidate for the preparation of
Nb-Ti-Si-based alloys without the abovementioned drawbacks.

The mechanical alloying (MA) process, a typical high-energy ball milling operation involving
repeated fracturing and cold welding of the powder particles [13-15], is a common method to prepare
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powder blends, and has a significant influence on the subsequent consolidation of the powder
mixtures [16,17]. We have recently investigated the evolutions of morphology and phase constituents
of Nb-Ti-Si-based alloy powder blends (with the nominal composition of Nb-20Ti-155i-5Cr-3Hf-3Al
(at %)) during ball milling at low and moderate milling speeds [18]. We showed that a supersaturated
Nb-based solid solution (Nbss) forms, rather than the as-solidified eutectic microstructure composed
of equilibrium Nbss and intermetallic compounds.

It has been frequently demonstrated that, in some alloy systems, a transition from a crystalline
phase to an amorphous phase may occur as the milling speed increases, due to the loss of stability of the
ultrafine grains caused by the continuous formation of defects and disorder [19-21]. For Nb derivative
alloys, the amorphous phase formation during ball milling has also been reported. For instance,
Koch and Calvin successfully produced NiggNbsg amorphous particles by MA using pure crystalline
Ni and Nb powders [22]. Nazareth and Bing et al. prepared amorphous powders of the Nb-Si binary
system by employing the same technique [21,23,24]. Lee’s study showed [25] that the amorphous state
can be obtained within a wide range of components (Nby(Si3p~NbgsSis) for the Nb-Si binary system
prepared by MA. However, for Nb-Ti-Si-based multi-component alloys, there is no report regarding
amorphization of the powder mixtures during ball milling. It is not yet known whether amorphous
phases can appear in the Nb-Ti-Si-based alloy powders under more severe external milling conditions,
especially when the milling speed is much higher. Taking into account the significantly different
structures and properties between the amorphous phase and the crystalline phase, the presence of
an amorphous phase in the as-milled powders is likely to have a pronounced effect on the subsequent
consolidation process and the microstructure of the bulk materials. Based on the above analysis,
the MA behavior of Nb-Ti-Si-based alloy powders at a higher milling speed will be well worth
exploring to figure out the possibility of amorphization.

In this work, we investigate the MA behavior of Nb-Ti-Si-based alloy at a higher ball milling speed
than those used in previous studies. The microstructural evolution, thermal stability and mechanical
behavior of the powder mixtures are revealed. This study provides some basis and reference for the
preparation of bulk Nb-Ti-Si-based materials by hot pressing. Moreover, the findings here are also
of certain significance to the additive manufacturing of Nb-Ti-Si-based materials considering the
importance of the pre-alloyed powders.

2. Materials and Methods

Elemental powders of Nb (Zhuzhou Cemented Carbide Group Co. Ltd, Zhuzhou, China) and
Ti, Si, Cr, Hf, Al (Sinopharm Chemical Reagent Co. Ltd, Shanghai, China), with a purity higher than
99.9 wt %, were selected as the original materials, wherein the Hf powders and Ti powders were smaller
than 45 um and the rest smaller than 75 pm. The elemental powders, which were mixed to a nominal
composition of Nb—20Ti-155i-5Cr-3Hf-3Al (at %), were milled in a QM-1SP4-CL planetary ball
milling machine (Nanjing NanDa Instrument Plant, Nanjing, China) with the use of four stainless-steel
vacuum ball milling vials and stainless-steel milling balls. The ball-to-powder weight ratio was 15:1.
The milling balls with 3 and 6 mm in radius were used. The milling balls with different sizes for more
accidental collisions can provide more energy to powder particles [26] and can also give rise to less
adhesion of particles on the surfaces of the milling vial and balls [27]. The MA process was carried out
at a rotating speed of 500 rpm for milling time up to 70 h. This process was interrupted at the milling
time of 2, 5, 10, 20 and 40 h for extracting a small amount of as-milled powder particles. The ball milling
machine turned clockwise for 15 min and then counterclockwise for 15 min, alternatively. In order to
prevent particle contamination by air, the vial was vacuumized and then filled with high-purity argon
in the pressure of about 0.05 MPa. This operation was repeated three times [12,18].

The blend powders were characterized by X-ray diffractometer (XRD, Panalytical X'Pert PRO,
Malvern Panalytical, Almelo, The Netherlands) with Cu K, (A = 0.15418 nm) radiation to analyze the
changes of phase constituents. The normalized RIR (reference integrity rational) method was used to
estimate the mass fraction changes of Nb, Ti, and Si phases during ball milling. We used JADE 6.5 XRD
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analysis software (Materials Data Inc., Livermore, CA, USA) with the PDF2 database, which used
corundum as a reference material to determine the RIR value. The full width at half maximum of
the X-ray diffractometer peak was calibrated by using the standard sample (Silicon-640). The lattice
parameter was analyzed by JADE 6.5 software based on diffraction peak fitting. The crystallite
sizes and internal strain were assessed by JADE 6.5 software based on full width at half maximum
(FWHM) method.

The evolutions of powder morphology and microstructure were observed by scanning electron
microscope (SEM, TESCAN MIRA3, TESCAN Company, Brno, Czech Republic). The compositional
change of the blend powders was analyzed using Inca X-sight energy dispersive spectroscopy (EDS,
TESCAN Company, Brno, Czech Republic). In order to prepare the specimen for SEM microstructural
analysis, the ball-milled powders and the Bakelite powders were fully mixed first, then the mixed
powders were hot-pressed into a bulk sample using a mounting machine at 150 °C for 5 min.

The refined microstructure of particles was examined by a transmission electron microscope
(TEM, FEI Tecnai F30 G2, FEI Company, Hillsboro, OR, USA) equipped with an electron energy loss
spectroscopy (EELS) system operating at 300 KV. In order to fully disperse the powder particles and
clean their surfaces for TEM observation, we first put the powders in alcohol with ultrasonic vibration
for 15 min. After the powders were settled, the excess alcohol solution was sucked out using a suction
pipe, and then the powders were placed in a sealed drying box for 2 h. Thereafter, a layer of treated
powder particles was laid between two aluminum foils, and then pressed in a press machine (with the
pressure of 150 MPa and holding time of 10 min) so that the powder particles were embedded in the
aluminum foils. This foil was further manually ground using 3000# sandpaper until its thickness was
reduced to 30 pm and then made into the TEM specimen by ion thinning.

The thermal stability of the as-milled powders was investigated using a German STA 449C
synchrotron differential scanning calorimetry (DSC, NETZSCH Group, Selb, Bavaria, Germany) with
the temperature range of 300~1400 K and the heating rate of 20 K/min under the protection of
Aratmosphere. XRD characterization was carried out for the sample quenched from the position
immediately after the exothermic peak.

The hardness of the powders was tested using an HMV-2T micro Vickers indenter (Shimadzu
Corp., Nakagyo-ku, Kyoto, Japan) with the loading pressure of 490.3 mN and holding time of 15 s.
The preparation method of the specimen used for hardness test is consistent with that of the specimen
used for the above SEM microstructure analysis. Vikers microhardness test was performed on mirror
finished surface of the bulk sample. In order to avoid the influence of bakelite powders on the
microhardness of powder particles, the hardness test was carefully carried out on individual particles
within the hot-pressed bulk sample. Besides, to reduce the experimental error, the microhardness test
of the same powder was performed 10 times, and then the average value was employed.

3. Results and Discussion

3.1. Microstructural and Morphological Evolution of the Powders during Milling

Figure 1 shows the SEM images of powder particles after ball milling for different times at 500 rpm.
According to the EDS analysis, the particle types after different ball milling time are marked in Figure 1.
Figure 1a presents the morphology of the original particle blends. After ball milling for 2 h (Figure 1b),
some large flaked particles are observed, due to the fact that Nb, Ti and other ductile particles in the
powder mixtures undergo micro-forging under the impact of milling balls. At the same time, a portion
of brittle particles (such as Si) still maintain their original shape and size, while the other portion
breaks up to form smaller particles, thereby resulting in a non-uniform particle size distribution at this
stage, as shown in Figure 1b. After ball milling for 5 h (Figure 1c), the powder mixtures are still mainly
composed of flaked particles and fine granular particles, but the size of the former is markedly reduced
compared to the case of milling for only 2 h. This is because, under the continuous impact of milling
balls perpendicular to the plane of the flaked particles, the thickness of these particles continuously



Metals 2018, 8, 403 40f 15

decreases until they break into smaller-sized flaked particles or fine granular particles. When the
milling time increases to 10 h, the powder particles still exhibit non-uniform size distribution, since the
powders are continuously broken into fine granular particles meanwhile some fine particles aggregate
due to cold welding to form nearly spherical large particles, as shown in Figure 1d. With further
prolonging of the milling time to 20 h and 40 h (Figure 1e,f, respectively), the powder particles are
further refined. Meanwhile, the agglomerated particles are broken into fine ones, resulting in a reduced
amount of agglomerated particles and thus a more uniform and fine particle size distribution.

Figure 1. SEM images of the powders after ball milling for different times at 500 rpm: (a) 0 h; (b) 2 h;
(c) 5h; (d) 10 h; (e) 20 h; and (f) 40 h.

In order to obtain a better understanding of the effect of MA process on the evolution of particle
microstructure, the cross-sectional microstructure of the powders after ball milling for different times
was analyzed through back-scattered electron (BSE) images, as shown in Figure 2. It is obvious that
the powders after 2 h ball milling mainly consist of elemental particles, in which the Nb, Ti, Cr and
other ductile particles are flaked under the collision between powders and milling balls, as shown
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in Figure 2a. In addition, a small amount of typical lamellar microstructural composite particles are
also observed in these powders. After 5 h ball milling (Figure 2b), the powders are in the form of
composite particles with a significantly finer lamellar microstructure and some large-sized elemental
particles (such as Nb, Ti, etc.) inside. As the ball milling time increases to 10 h, the composite
particles still contain fine lamellar microstructure and some small elemental particles. However,
the lamellae are too thin to identify their boundaries, as shown in Figure 2c. After ball milling for
20 h or more (Figure 2d,e), there is no contrast difference in the cross-sectional BSE images of the
powder particles, and the typical lamellar microstructure disappears completely and a very uniform
microstructure is formed. Further EDS analysis shows that the compositions of the frame selected
areas in Figure 2d,e are Nb-18.9Ti-14.35i-4.9Cr—2.9Hf-2.9Al and Nb-19.6Ti-15.15i-5.3Cr-2.9Hf-3.1Al,
respectively, which are close to the nominal value (Nb-20Ti-155i-5Cr-3Hf-3Al) of the powder mixture
composition. This means that after 20 h ball milling at 500 rpm, each component is uniformly mixed in
the powder particles.

Figure 2. Cross-sectional BSE images of the powders after ball milling for different times at 500 rpm:
(@) 2h; (b) 5h; (c) 10 h; (d) 20 h; and (e) 40 h.

Figure 3 shows the XRD patterns of powders after different ball milling time. It is clear that all
elemental phases are detected in the raw mixed powders. After 2 h ball milling, the diffraction peaks of
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Nb, Tj, Si, Cr, Hf, and Al still exist. As the ball milling time increases to 10 h, the diffraction peaks of Tj,
Si, Cr, Hf, and Al have weakened or even disappeared, while those of Nb shift toward higher 26 angles,
indicating that the lattice parameters of Nb are reduced. This is due to the fact that the atomic size of
elements such as Ti, Si and Cr are smaller than that of Nb, and therefore these atoms are dissolved in
the Nb lattice during milling to form a substitutional solid solution, resulting in a decrease of Nb lattice
parameters. After milling for 20 h, all the diffraction peaks except for those of Nb disappear, and those
of Nb shift towards a higher 26 angle, which means that more atoms of Ti, Si, Cr, etc. are dissolved
in the Nb lattice to form the supersaturated Nbss with even smaller lattice parameters. Moreover,
the diffraction peaks of Nb are widening and their intensity decreases continuously with increase in
ball milling time, which is due to the refinement of Nb grains and the increase of microstrain inside
the grains [28,29]. The mechanism of grain refinement and microstrain increase during milling was
previously studied by Fecht [30] and Xun et al. [31]. It is concluded that, under the action of ball
milling medium, local deformation initially occurs in shear bands with high dislocation densities.
With further milling, these dislocations combine to form small-angle grain boundaries, which are then
transformed into large-angle grain boundaries, further leading to grain refinement. At the same time,
the milling balls and powder particles continuously collide and squeeze during ball milling, resulting
in serious plastic deformation and thereby the increase of microstrain. When the milling time increases
from 10 to 20 h, the widening of Nb diffraction peaks is the most obvious, which suggests that the
grain refinement and microstrain increase of Nb mainly occur at this stage. With further increase of
ball milling time to 40 h, the diffraction peaks of Nb (200), (211), and (220) crystal planes also disappear
completely while in the diffraction position of Nb (110) crystal plane, only a single broad and a diffuse
halo pattern is detected, indicating that the powder particles exist in the amorphous form.
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Figure 3. XRD patterns of the powder particles after ball milling for different times at 500 rpm.

Figure 4 shows the estimated mass fractions of Nb, Ti and Si phases as a function of milling time
using the normalized RIR method. One can see that, during the initial milling stage, with prolonging
the milling time, the mass fraction of Nb phase increases, while those of Ti and Si phases decrease.
During milling for 10 to 20 h, the mass fraction of Nb phase exhibits a minor increase, while those of
Ti and Si phases remain nearly invariable and are almost equal. When the milling time exceeds 20 h,
amorphous phase appears in the powder, and the corresponding mass fractions of different phases are
not calculated.
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Figure 4. Evolution of the mass fractions of Nb, Ti and Si phases during ball milling, estimated by the
standard RIR method.

In order to manifest more intuitively the structural and microstructural information during ball
milling, we calculated the lattice parameter, crystallite size and internal strain of Nbss after ball milling
for different times based on the XRD data, as shown in Figure 5. Considering that amorphous phase
formation occurs when the ball milling time exceeds 20 h, it is pretty hard to obtain the values of
these three parameters from the XRD data. Therefore, only the situation before 20 h is concerned.
Obviously, with the prolonging of milling time, both the lattice parameter (Figure 5a) and the crystallite
size (Figure 5b) decrease while the internal strain (Figure 5b) increases. The evolution of these three
parameters with milling time is consistent with the results directly observed according to the XRD
diffraction peak changes described above.

In order to further confirm the XRD results and reveal the microstructure change of powder
particles during ball milling, TEM analysis was carried out on the powders after ball milling for 20 h
and 40 h, respectively. Figure 6a—c show the BE-TEM (bright field TEM) images, the corresponding
selected area electron diffraction (SAED) image and HRTEM (high-resolution TEM) image, respectively,
of the powders after ball milling for 20 h. The diffraction patterns obtained by fast Fourier transform
(FFT) in different regions of HRTEM image are inserted in Figure 6¢, as shown in Figure 6(c1,c2).
The fine grains with typical characteristics of as-milled particles are displayed in the BF-TEM image
(Figure 6a). The SAED pattern (Figure 6b) clearly demonstrates the polycrystalline characteristics of
the powders. The diffraction rings of the Nb (110), (200), (211), (220), (310), (222), and (321) crystal
planes are apparent. However, no diffraction rings or spots of other elements, such as Ti, Si, or Cr,
are found, which further verifies that the supersaturated Nbss are formed in the powders after 20 h
milling. Note that the interplanar spacing of the Nb (110) crystal plane (Figure 6¢) is less than its
standard value (0.233), which means Nb’s lattice parameter is reduced due to the formation of Nbss by
dissolving Ti ,Si, and Cr atoms with smaller atomic radius in the Nb lattice. From Figure 6¢,(c1), it can
be seen that most of the regions within the powder particles have Nb diffraction spots, indicating that
the powder particles still have a crystal structure. However, diffusion halos are shown in some regions
of the powder particles (Figure 6¢,(c2)), which means that the atoms in these regions are arranged
in a disordered state, indicating that after 20 h of milling, the amorphous phase begins to form in
the powders.

The BF-TEM, corresponding SAED and HRTEM images of the powders after ball milling for
40 h are shown in Figure 7a—c, respectively. From Figure 7a, it can be seen that the powder particles
after 40 h milling did not demonstrate a typical crystal structure. The amorphous formation is further
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supported by the SAED image (Figure 7b) in which only diffusion halos are found without any electron
diffraction spots or rings. The above viewpoint is further confirmed by the HRTEM image (Figure 7c).
Therefore, it can be concluded that after 40 h milling, almost all the powder particles are presented in
an amorphous state.
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Figure 5. Evolution of the (a) lattice parameter; (b) crystallite size and internal strain of Nbss grains
with ball milling time, calculated based on the XRD data.
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Figure 6. (a) BF-TEM image; (b) corresponding SAED image; (c) HRTEM image, (c1,c2) FFT pattern in
different regions of the HRTEM image for the powder particles after ball milling for 20 h at 500 rpm.

Figure 7. (a) BF-TEM; (b) corresponding SAED; and (c¢) HRTEM images for the powder particles after
ball milling for 40 h at 500 rpm.

3.2. Thermal Stability of the As-Milled Powders

The thermodynamic stability of powder particles after different milling time (2, 20 and 40 h)
was investigated respectively by DSC, which was performed under the protection of Ar atmosphere
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with the heating rate of 20 K/s, as shown in Figure 8. XRD characterization was carried out in the
sample quenched from a position immediately after the exothermic peak, as shown in Figure 9. From
the DSC curves (Figure 8), for all the above three powders, a broad exothermic peak with a large
temperature span appears in the temperature range of 500-700 K, while being weakened with the
decrease in ball milling time. XRD analysis of the samples quenched at 700 K shows that the powders
retain their original phase constituent (Figure 9), suggesting that this exothermic process doesn’t
involve phase transformation. Therefore, this exothermic peak should be solely due to the release of
distortion energy stored in the as-milled particles that arises from the microstrain generated by the
severe plastic deformation of powder particles during ball milling. This thermal phenomenon can
be classified as a typical thermal reaction of as-milled powder particles. It is also noted that similar

exothermic phenomena caused by distortion energy release are found in some other as-milled alloy
powders [32-34].

Exothermic Heat Flow (a.u.)
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Figure 8. DSC curves of the powder particles after ball milling for different times at 500 rpm; DSC
curves of the powder particles after ball milling for different times at 500 rpm; the enlarged view of
local area of the DSC curve for the sample after 40 h of ball milling clearly shows the determination
of Ty (glass transition temperature) and Tx (amorphous-crystallization initial temperature) by the
tangent method.

As shown in Figure 8, when the temperature continues to rise, there is no other thermal
phenomenon on the powder after 2 h milling, indicating that it still maintains the initial phase
components after the DSC run, whereas for both those milled for 20 and 40 h, an extra exothermic
peak is obvious. Further inspection shows that the powder after 40 h milling exhibits observable glass
transition temperature Ty and amorphous-crystallization initial temperature T, and a relatively wide
undercooled liquid region (AT = Tx — T ~ 43 K), which were determined by the tangent method,
as shown in the enlarged view of local area of the DSC curve in Figure 8. No such phenomena are
found for the powders after milling for 20 h, which may be caused by the much lower amorphous
content contained. According to Inoue’s empirical rule [35,36], the glass transformation capability of
amorphous phases is dependent on the amount of alloying elements, the mismatch of atomic sizes,
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and the mixing enthalpy between alloying elements. In view of this, such a relatively large undercooled
liquid region here is due to the numerous alloying elements (e.g., Ti, Cr, Si, etc.) and the large atomic
size mismatch between these elements. For the powders after 40 h milling, according to the XRD
pattern of its quenched sample at 1200 K (Figure 9), Nbss and y-NbsSi3 are formed after the amorphous
crystallization. Taking into account that there is only one exothermic peak associated with amorphous
crystallization in the DSC curve (Figure 8), these two phases should precipitate simultaneously,
which is in line Furthermore the fact that the alloy composition used in this study is just at the eutectic
point [5,37,38]. Besides, it is obvious that the exothermic peak at about 1100 K is broadening. This might
be attributed to the low crystallization kinetics due to the reduction of the crystalline growth rate as
well as the presence on Nb, which inhibits the grain growth. Analogously, the powders after ball
milling for 20 h contain Nbss and -NbsSis after undergoing the second-stage exotherm (Figure 9).
Therein, the diffraction peak intensity of -NbsSi3 is pretty weak, indicating that the powders are
mainly composed of Nbss, due to the low amorphous phase content and the insufficient temperature
at this stage to completely precipitate y-NbsSi; from supersaturated Nbss. In addition, the diffraction
peak of Nbss has no apparent widening but is still shifted to a higher angle by reference to the standard
diffraction peak position (the dotted line in Figure 9); even so, a shifting to a lower angle is still
displayed compared with the as-milled state. Based on the above analysis, for the powder after ball
milling for 20 h, the second-stage exotherm during DSC should therefore be contributed by the grain
growth of Nbss (as evidenced by the sharping of the corresponding peaks), the precipitation of a small
amount of y-NbsSis from supersaturated Nbss or the amorphous crystallization.
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Figure 9. XRD patterns of the quenching samples at 700 K and 1200 K during the DSC process for the
powders after ball milling for 20 and 40 h.
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3.3. Mechanical Behavior of the As-Milled Powders

The Vickers microhardness variation of powder particles during ball milling is depicted in
Figure 10. Table 1 shows the calculated standard deviation (SD) and relative standard deviation
(RSD) of the microhardness values. Obviously, with the increase in ball milling time, the dispersity of
microhardness values measured at the same time gradually decreases.
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Figure 10. Vickers microhardness of milled powder particles at 500 rpm as a function of milling time.
Symbols of different types/colors at the same ball milling time in the figure mean that the same sample

was measured several times to reduce experimental error.

Table 1. SD and RSD of the hardness value under different milling times.

Ball Milling Time/h SD/HV RSD
0 28.87 23.93%
2 23.49 7.54%
5 26.34 6.02%
10 2541 4.21%
20 13.66 2.05%
40 17.84 2.09%
70 9.89 1.13%

In the initial stage of milling, the Vickers micro-hardness increases with the increase in ball
milling time, which is mainly attributable to the work hardening of powders [39,40]. According to the
mechanism of grain refinement during the ball milling process [30,31], the change of internal strain is
prior to that of crystallite size. Therefore, in the initial stage of milling, the increase in internal strain
(meaning work hardening) plays a more important role in improving microhardness compared to
grain refinement (meaning grain boundary strengthening). As the milling proceeds, the effect of grain
refinement is gradually enhanced, even comparable to the increase in internal strain. With further
prolonging the ball milling time, the increasing rate of microhardness is reduced, as a result of the
decrease in both grain refinement rate and internal strain increasing rate, as illustrated in the stage of
milling for 10 to 20 h in Figure 10. When the milling time exceeds 20 h (Figure 10), the microhardness of
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the powder is again significantly increased, which is possibly caused by the large amount of amorphous
phase formation at this stage.

4. Conclusions

When the powders are milled at 500 rpm, the alloying elements, including Ti, Si and Cr etc.,
continue to dissolve into the Nb lattice, resulting in the formation of the supersaturated Nbss after
20 h and then the full amorphization of this alloy after 40 h. Meanwhile, as the milling time
increases, the morphology of the powder evolves from flakes to aggregates and finally to refined
granules, accompanied with the change in the cross-sectional microstructure from lamellae to uniform
structure. In the DSC process, the strain energy stored in the as-milled powders is released first; with
increase in DSC heating temperature, the powders after milling for 40 h undergo crystallization of the
amorphous phase to form Nbss and y-Nbs5Si3, while for those after 20 h milling, only small amount of
¥-NbsSiz precipitates form in the matrix of Nbss but with significant grain coarsening of Nbss grains.
A remarkable increase in Vickers microhardness is observed when large amount of amorphous phases
are formed inside the Nb-Ti-Si based alloy powders during milling.
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