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Abstract: This study aims to optimize the recycling of
Ti6AI4V machining waste by investigating mechanical
milling as a novel approach for producing nanopowders.
Ti6Al4V chips were subjected to planetary ball milling. The
effect of varying the weight ratio of milling balls of two
different sizes (14 and 10 mm) on the morphology, crystallite
size, and phase composition of the resulting powders, while
keeping the total ball weight constant at 25-75, 50-50, and 75-
25 ratios, was examined. XRD results revealed that the
milled powders contained titanium oxide phases, along with
minor iron impurities, and had crystallite sizes of less than
100 nm. Furthermore, the quantitative phase fractions and
crystallite sizes of the powders were determined by the
Rietveld refinement method. An increased proportion of
smaller balls in the milling media resulted in a reduction of
crystallite size and an improved particle size distribution.
This study highlights the feasibility of producing TiO,
nanopowders via a cost-effective mechanical milling method
while optimizing the controlling parameters, making it
suitable for potential applications in industries such as paints
and construction.
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1- Introduction

Titanium alloys, especially Ti6Al4V, are widely used in
the aerospace, biomedical, and automotive industries due
to their excellent strength-to-weight ratio, good
formability, and superior corrosion resistance [1].
However, machining these alloys generates a significant
amount of waste in the form of chips. Finding an
appropriate method for recycling and reusing these chips
is of high economic, strategic, and environmental

importance. Among various recycling techniques,
mechanical alloying has emerged as an efficient, cost-
effective, and scalable method to convert machining chips
directly into nanostructured powders [2]. This technique
involves repeated cold welding, fracturing, and re-welding
powder particles, resulting in the formation of
nanocrystalline structures. While several studies have
investigated the effects of milling time, speed, and ball
size, a systematic examination of the ball-size distribution
under a constant total ball weight remains lacking [3, 4].
This study provides a comprehensive analysis of how the
size ratio of balls influences the morphology, crystallite
size, and chemical composition of Ti6Al4V-derived
nanopowders.

2- Experimental Procedure

Ti6Al4V machining chips from medical implant
production were used as the starting material. The chips
were cleaned by washing with water, immersion in an
acetone solution, and ultrasonic treatment in a mixed
solution of 2 wt% HCl and 8 wt% H, SO, for 20 minutes,
followed by drying at 60°C for 4 hours. Mechanical
milling was performed using a planetary ball mill with a
hardened chromium steel vial. The milling conditions are
summarized in Table 1.
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Table 1. Milling parameters used in the experimental design

. Ball-to-Powder Ball Weight Ratio
Experiment Ratio (BPR) (B1 14 mm: B2
10mm)
1 20:1 25:75
20:1 50:50
20:1 75:25

The structural and phase evolution of the powders
during milling was analyzed using XRD (Bruker D8-
Advanced) with CuKa radiation. Crystallite size,
microstrain, and phase weight fractions were determined
by Rietveld refinement using MAUD software and the
Williamson-Hall method. Morphology and chemical
composition were examined using SEM (Leica
Cambridge, Stereoscan S360) and EDS, respectively.

3- Results and Discussion

3-1- Structural and Phase Analysis

The XRD patterns of the powders milled for 10 hours
under different ball weight ratios are shown in Fig. 1. All
samples exhibited peaks corresponding to the TiO phase,
with minor iron impurities. The sample with a 25-75 ratio
showed broader peaks with lower intensity, indicating a
smaller crystallite size and higher lattice strain [5]. In
contrast, the 75-25 sample showed sharper peaks with
higher intensity, suggesting a larger crystallite size.
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Fig 1. XRD patterns of powders milled with a constant BPR

of 20:1 and different ball weight ratios (B1:14mm,
B2:10mm)

The lattice strain, crystallite size, and weight percent of
TiO2 and Fe were determined based on Rietveld analysis.
These findings were shown in Fig. 2. The smallest
crystallite size of 57 nm was observed in the 25-75 sample,
which is in agreement with the XRD patterns and the
lowest peak intensity. By increasing the ratio of the larger
balls (75-25), the crystallite size increased to 61 nm. The
results are in total agreement with previous studies on the
dependence of the crystallite size on using different balls
in milling [6].
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Fig 2. The effects of different ball weight ratios using the
Rietveld method on (A): internal strain, (B): crystallite size,
(C): Fe weight ratio, and (D): TiO weight ratio

Fig. 3 shows Williamson-Hall graphs of three different
weight ratios of the balls. In these graphs, the slope of the
line shows the lattice strain, and the y-intercept indicates
the crystallite size. As can be seen, the sample 75-25 has
the lowest slope and highest y-intercept, which indicates
the lowest lattice strain and highest crystallite size among
the samples.
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Fig 3. Williamon-Hall graphs of nanopowders. (A): 25-75,

(B): 50-50, and (C): 75-25.

3-2- Morphology

SEM images of the milled powders (Fig. 4) revealed
spherical and highly agglomerated particles, which are
typical in high-energy ball milling. The use of smaller balls
resulted in a more uniform particle-size distribution [7].

Fig 4. SEM images of milled powders: (a) 25-75, (b) 50-50,
(c) 75-25.

4-  Conclusion

Nanopowders were successfully produced from Ti6Al4V
machining chips via mechanical milling. The ball size ratio
significantly influenced the crystallite size, particle
distribution, and chemical purity of the powders. A higher
proportion of small balls (25-75) resulted in finer
crystallites, lower iron contamination, and improved
powder purity. This approach offers a sustainable and
economical pathway for recycling titanium alloy waste
into valuable nanomaterials for industrial applications
such as paints and construction.
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Nanopowder Produced from Machining Chips of Ti6Al4V: Effect of Ball-to-Powder Weight Ratio in
the Mechanical Alloying Process

Seyyed Amirreza Alavizadeh ~ Sevda Teimoorpour ~ Mehrdad Shahbaz ~ Majid Kavanlouei ~ Hossein Abdollahi

Abstract This study aims to optimize the recycling process of Ti6Al4V machining waste by investigating mechanical
milling as a novel approach for producing nanopowders. The Ti6Al4V chips were subjected to planetary ball milling. The
effect of varying the weight ratio of milling balls with two different sizes (14 and 10 mm) on the morphology, crystallite
size, and phase composition of the resulting powders, while keeping the total ball weight constant at 25-75, 50-50, and
75-25 ratios, was examined. The produced powders were characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDAX). XRD results revealed that the milled powders
contained titanium oxide phases, along with minor iron impurities, and had crystallite sizes of less than 100 nm.
Furthermore, the quantitative phase fractions and crystallite sizes of the powders were determined by the Rietveld
refinement method. An increased proportion of smaller balls in the milling media resulted in a reduction of crystallite size
and an improved particle size distribution. EDS analysis demonstrated that the milling parameters influenced the purity
of the powders, with the sample produced under the 25-75 ball ratio exhibiting a titanium content of 69.9 wt%. This study
highlights the feasibility of producing TiO, nanopowders via a cost-effective mechanical milling method while optimizing
the controlling parameters, making it suitable for potential applications in industries such as paints and construction.
Keywords Mechanical Alloying, Nanopowder, Recycling, Chips, Ti6Al4V.
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