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Encapsulation of Ti Powders with WC-Co using High-Energy Ball Milling:  
Influence of Milling Time on Microstructure

This work investigates the use of high-energy ball milling to encapsulate titanium (Ti) powders with tungsten carbide-cobalt 
(WC-Co). For varied amounts of time – between 1 and 12 hours – a combination of powders made up of 80% WC-Co and 20% 
Ti was milled. The findings show that WC was able to effectively encapsulate the surfaces of the Ti powders, and some of the 
Ti mechanically alloyed with Co to create an amorphous Co-Ti alloy. The encapsulation process is validated by microstructural 
analysis, which also shows how the powder shape changes during milling time. By providing a scalable approach for enhanced 
material synthesis, this encapsulation process has the potential to greatly improve the performance of Ti-based composites in wear-
resistant applications and cutting tools.

Keywords: High-Energy Ball Milling; Ti Encapsulation; WC-Co Composites; Microstructure Evolution; Mechanical Alloying

1. Introduction

The pursuit of advanced materials for cutting tools and 
wear-resistant applications has been a significant focus of 
research for several decades. Cemented carbides, especially 
tungsten carbide-cobalt (WC-Co) composites, are renowned for 
their exceptional hardness, wear resistance, and toughness [1-4]. 
The cobalt (Co) binder in these composites enhances toughness 
and facilitates the sintering process [5-7]. However, the ongoing 
demand for improved material performance has driven research 
toward compositional modifications and structural optimiza-
tion [8-13]. 

One approach that has drawn attention is the incorporation 
of titanium (Ti) into WC-Co composites. Ti is well known for 
its high strength-to-weight ratio, excellent corrosion resistance, 
and thermal stability. Previous studies suggest that Ti addition 
can potentially enhance toughness, oxidation resistance, and 
grain growth control during sintering, thereby contributing to 
improved high-temperature mechanical performance and struc-
tural uniformity in WC-Co-based systems [14-16]. However, 
these benefits are highly dependent on the dispersion, phase 
stability, and interfacial bonding of Ti within the composite 
matrix, which are significantly influenced by the powder prepa-

ration route [14-16]. Furthermore, Ti significantly improves the 
oxidation resistance of WC-Co composites, making them more 
suitable for high-temperature applications where oxidation can 
degrade material performance. The thermal stability imparted 
by Ti helps maintain the composite’s mechanical properties at 
elevated temperatures, extending the service life of cutting tools 
and wear-resistant components[17]. Another critical advantage of 
Ti addition is its ability to inhibit grain growth during the sinter-
ing process. Fine-grained microstructures are known to enhance 
the hardness and wear resistance of composites, and Ti can act 
as a grain growth inhibitor, ensuring a more uniform and fine-
grained structure [18,19]. This property is particularly valuable 
in maintaining the balance between hardness and toughness in 
WC-Co composites

In this study, we focus on the synthesis and microstructural 
analysis of WC-Co-encapsulated Ti composite powders using 
high-energy ball milling [20,21]. The objective is to evaluate 
the encapsulation behavior of WC around Ti particles and to 
explore the formation of an amorphous Co-Ti phase during 
mechanical alloying [22]. A mixture containing 20% Ti and 80% 
WC-Co powders was milled for varying durations (1 to 12 hours) 
to analyze the evolution of morphology and phase characte- 
ristics.
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Microstructural analysis using X-ray diffraction (XRD) and 
scanning electron microscopy (SEM) was conducted to confirm 
the encapsulation process and understand the evolution of the 
powder morphology with milling time. The results indicate 
that WC successfully encapsulated the Ti powders’ surfaces, 
and a portion of Ti mechanically alloyed with Co, forming an 
amorphous Co-Ti alloy. These findings suggest that the encap-
sulation technique can significantly enhance the performance 
of Ti-based composites.

The primary goal of this study is to demonstrate a scal-
able, efficient synthesis method for Co-Ti-containing composite 
powders with encapsulated morphology using high-energy ball 
milling. The microstructural evolution observed in this study may 
serve as a foundation for the development of next-generation 
WC-based materials, with enhanced performance to be evalu-
ated in future work.

2. Experimental 

2.1. Materials and Characterizations 

WC-Co powders with average particle size of 28 µm and 
Ti powders with particle size of 1~20 µm were acquired from 
KRT corporation Korea. XRD analysis using a Bruker X-ray 
diffractometer and SEM combined with energy-dispersive X-ray 
spectroscopy (EDS) analysis using a JEOL equipment were two 
of the characterization techniques used.

2.2. Synthesis of WC-Co/Ti encapsulation

The synthesis of the encapsulated Ti and WC-Co composite 
powders was carried out using a high-energy ball milling ma-
chine. The milling process employed tungsten carbide (WC) jars 
and milling balls to ensure consistency and prevent contamina-
tion. A mixture comprising 20% Ti and 80% WC-Co powders 
was prepared and placed in the milling jars. The milling was 
conducted in an argon (Ar) environment to prevent oxidation of 
the powders during the process. The rotation speed was main-

tained at 300 rpm, with a ball-to-powder weight ratio of 10:1. 
To study the effect of milling time on the encapsulation and 
alloying process, samples were collected at regular intervals of 
1 hour, 3 hours, 6 hours, 9 hours, and 12 hours. This systematic 
approach allowed for the analysis of the morphological and 
structural changes occurring at different stages of milling, pro-
viding insights into the optimal conditions for achieving uniform 
encapsulation and potential alloy formation.

3. Results and discussion

The SEM images illustrating the morphologies of the starting 
powders prior to composite synthesis are presented in Fig. 1. The 
WC-Co particles, shown in Fig. 1(a), are characterized by round, 
porous agglomerates, reflecting a composite structure of WC 
and Co. This morphology indicates a well-mixed, homogeneous 
distribution of the WC and Co phases within the initial WC-Co 
powder. In contrast, the Ti particles, shown in Fig. 1(b), have ir-
regular shapes, indicating a non-uniform distribution of Ti within 
the starting Ti powder. These initial microstructural observations 
provide a basis for understanding the starting materials and guide 
the subsequent stages of composite synthesis and characterization.

Fig. 2 illustrates the XRD patterns of the initial powder 
mixture and the powders milled for different durations (1, 3, 
6, 9, and 12 hours). The JCPDS reference numbers used for 
phase identification are WC (025-1047), Co (001-1255), and 
Ti (01-1197). The un-milled sample exhibits sharp and well-
defined peaks at approximately 35.8°, 40.0°, 44.2°, and 63.0°, 
which can be attributed to the (100), (101), and (110) planes 
of Ti and Co, along with dominant peaks from the WC phase. 
These reflections confirm the crystalline nature and phase purity 
of the starting powders.

After 1 hour of milling, the XRD pattern still shows the pres-
ence of distinct Ti and Co peaks, although with slight intensity 
reduction and marginal peak broadening. This suggests partial 
fragmentation and early-stage alloying, but no significant struc-
tural transformation has yet occurred. The mechanical interaction 
during this stage is not sufficient to induce full amorphization 
or significant grain refinement.

Fig. 1. (a) as received WC-Co powders, (b) as received Ti powders
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By 3 hours of milling, a marked structural change is ob-
served. The peaks corresponding to Ti (around 35.0°) and Co 
(around 44.2°) have disappeared or significantly diminished, 
indicating the dissolution of these elements into an amorphous 

matrix. This disappearance is a classic signature of mechanical 
alloying, where repeated cold welding, fracturing, and reweld-
ing lead to the formation of a Co-Ti amorphous phase [22]. The 
simultaneous peak broadening observed for WC (especially 
around 31.6°, 35.6°, and 48.4°, corresponding to the (001), (100), 
and (101) planes) implies either the onset of nano-crystallization 
or the development of lattice strain induced by high-energy 
impacts [23].

With further milling at 6, 9, and 12 hours, the WC peaks 
continue to broaden, and their intensity becomes more diffuse. 
This sustained broadening can be attributed to:

Progressive particle size reduction, as supported by SEM 
analysis, and Introduction of microstrain and crystal defects into 
the WC lattice due to mechanical deformation.

Notably, no new crystalline phases such as TiN or TiC appear 
in the XRD spectra, confirming that nitriding or carbothermal 
reactions have not occurred during milling. The Co-Ti amorphous 
structure appears to persist, as no crystalline intermetallics like 
CoTi or Co₂Ti are detected. These XRD results collectively con-
firm two key effects of mechanical milling: Successful alloying of 
Ti and Co into a non-crystalline Co-Ti phase, and Microstructural 
refinement of WC, likely enhancing the sinterability and potential 
mechanical performance of the composite powder in subse-
quent applications. Microstructural changes at different milling 
durations are shown in the SEM images of the polished cross-
sections of the milled powders, as presented in Fig. 3. At 1 hour 
of milling, the SEM images show that the round agglomerates of 
WC-Co have begun to break apart, but full encapsulation of the 
Ti particles is not yet evident. The Ti particles remain relatively 
distinct with irregular shapes, while the WC-Co particles exhibit 
signs of disruption. By 3 hours, the Ti particles become more 

Fig. 2. XRD analysis of as received powders v/s the milled powders at 
various time intervals

Fig. 3. SEM analysis, cross-section of WC-Co-Ti20 milled powders (a) 1hour milling, (b) 3 hours milling, (c) 6 hours milling, (d) 9 hours Mill-
ing, (e) 12 hours milling
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integrated within the WC-Co matrix, and the distinct separation 
between Ti and WC-Co begins to blur, reflecting early-stage 
encapsulation and the onset of amorphous phase formation.

At 6 and 9 hours, further milling causes cold welding, 
particle flattening, and agglomerate fragmentation. A significant 
portion of the Ti particles is enveloped within the WC-Co matrix. 
The distribution becomes more homogeneous, and the contrast 
between different phases fades, indicating increasing interface 
diffusion and the development of a core–shell-like morphology.

By 12 hours, the powder morphology appears highly refined 
and uniform, with submicron particles predominating. The WC-
Co regions are no longer porous but appear densely compacted 
and well-dispersed around the Ti-rich domains. The amorphous 
phase formation, as supported by the disappearance of Ti and Co 
peaks in XRD and elemental blending in EDS, becomes more 
evident through the lack of sharp phase boundaries.

These SEM findings, when correlated with the XRD and 
EDS results, confirm the effectiveness of high-energy ball mill-

ing in transforming heterogeneous powders into a structurally 
integrated, nanostructured composite system. The improved 
homogeneity and fine particle morphology may contribute to 
better packing behavior and sinterability in future consolidation 
processes. As milling continues to 6, 9, and 12 hours, further 
refinement is observed. The particles become finer and more 
uniformly distributed throughout the matrix. The WC-Co par-
ticles, initially rounded and porous, are now more uniformly 
dispersed, and the particle size decreases, consistent with the 
broadening of WC peaks in the XRD patterns. Additionally, the 
amorphous phase becomes more prominent, with boundaries 
between different phases becoming less distinct. These SEM 
observations capture the progression from initial particle disrup-
tion to more homogeneous and refined composite structures due 
to extended milling

Fig. 4 presents SEM images and EDS elemental mapping of 
the powders after 1 hour of milling, capturing the earliest signs 
of microstructural and compositional transformation. The SEM 

Fig. 4. SEM/EDS mapping of cross-section WC-Co-Ti20 milled powders (a) 1hour milling, (b) 3 hours milling, (c) 6 hours milling, (d) 9 hours 
Milling, (e) 12 hours milling
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image reveals that the WC-Co agglomerates are beginning to 
fracture under mechanical stress, with visible surface disruption 
and particle detachment. However, the Ti particles remain rela-
tively intact and spatially distinct, indicating that encapsulation is 
still in its infancy. The corresponding EDS elemental maps offer 
deeper insight into phase distribution. W is primarily localized in 
dense, rounded agglomerates, while Ti appears in isolated zones 
with limited dispersion. Notably, the Co signal shows a transi-
tionary behavior: rather than remaining solely within the WC-Co 
domains, Co partially overlaps with adjacent Ti regions. This 
spatial merging suggests incipient mechanical alloying between 
Co and Ti. The overlap of Co and Ti signals, often visualized as 
blended or co-located colors in EDS maps (e.g., green and blue), 
implies the early development of a Co-Ti amorphous phase. 
This interpretation aligns well with the XRD data, which begins 
to show the weakening of Ti and Co peaks after just 1 hour of 
milling. The tendency of Co and Ti to form solid solutions or 
intermetallics under mechanical activation is well documented, 
and in this case, is driven by repeated cold welding and fracture 
mechanisms inherent to high-energy ball milling. Furthermore, 
the absence of significant W-Ti overlap confirms that WC does 
not react with Ti at this stage, but instead remains largely inert, 
supporting its role as an encapsulating agent. The initiation of 
Co-Ti bonding prior to full WC encapsulation underscores the 
sequential nature of the alloying process – with mechanical in-
terdiffusion starting between the more ductile binder phase Co 
and Ti, and encapsulation progressing later as milling continues. 
These EDS observations, taken together with SEM and XRD 
data, confirm that even within 1 hour of processing, solid-state 
reactions and interfacial transformations are actively underway, 
setting the foundation for complete composite formation in later 
stages.

4. Conclusions

This research investigated the encapsulation of Ti powders 
within tungsten WC-Co matrices using high-energy ball milling. 
The study revealed that, at 1 hour of milling, the WC-Co particles 
began to break apart, and initial signs of mechanical alloying 
between Co and Ti were observed, resulting in the formation of a 
Co-Ti amorphous phase. As milling continued, the encapsulation 
of Ti by WC-Co became more pronounced, with XRD and SEM 
analyses indicating a transition towards a more homogeneous 
material. By 3 hours of milling, the distinct peaks of Ti and Co 
in the XRD patterns disappeared, reflecting the formation of an 
amorphous phase and partial encapsulation. Extended milling 
times of 6, 9, and 12 hours further refined the microstructure, 
resulting in finer particle sizes and more uniform distribution of 
the components, as evidenced by broadening WC peaks in the 
XRD patterns and consistent EDS mapping.

The addition of Ti demonstrated significant benefits, in-
cluding improved toughness, oxidation resistance, and thermal 
stability of the WC-Co composites. The successful encapsulation 
and mechanical alloying observed in this study highlight the 

potential of high-energy ball milling to enhance the performance 
of Ti-based composites. The findings suggest that this method 
can be effectively employed to develop advanced materials for 
cutting tools and wear-resistant applications, offering a scalable 
and efficient approach to material synthesis.
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