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Abstract 
Tool wear is a critical factor influencing the deformation characteristics and overall performance 
during the machining of hard-to-cut materials (HTCMs). In high-performance machining, such as in 
the aerospace, automotive, and medical industries, the ability to maintain high precision while 
minimizing material deformation is essential. As tools wear, their ability to cut efficiently declines, 
leading to higher forces, increased cutting temperatures, and material deformation. The impact of tool 
wear on deformation can be attributed to changes in cutting forces, tool geometry, and heat generation, 
which affect the workpiece surface integrity. This research investigates the relationship between tool 
wear progression and deformation in the machining of hard-to-cut materials (HTCMs). It examines the 
mechanisms through which tool wear influences material behavior and identifies the critical factors 
contributing to excessive deformation. The paper discusses the role of tool wear in altering the cutting 
forces and thermal characteristics, which, in turn, impact the workpiece's surface finish and 
dimensional accuracy. Additionally, the research highlights the significance of selecting the appropriate 
tool material and coating to minimize wear and reduce the deformation effects. Key experimental 
setups and models used to research these interactions are reviewed, and recommendations for 
improving tool performance are provided. The research aims to offer valuable insights into the 
optimization of machining parameters and tool selection to minimize the negative effects of tool wear 
on HTCMs. The findings of this research are expected to aid in improving the efficiency and 
sustainability of machining processes for these challenging materials. 
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Introduction 
Machining hard-to-cut materials (HTCMs) poses significant challenges due to their high 
hardness, low thermal conductivity, and tendency to cause rapid tool wear. Materials such as 
titanium alloys, ceramics, and superalloys, commonly used in critical applications like 
aerospace and medical device manufacturing, are categorized as HTCMs due to their unique 
mechanical properties. In machining these materials, the tool wear process plays a pivotal 
role in determining the quality of the machining operation, including the extent of material 
deformation [1]. Tool wear leads to an increase in cutting forces and temperature, which can 
accelerate the formation of microstructural defects on the workpiece surface, thus affecting 
its dimensional accuracy and surface finish [2]. 
The problem of deformation in HTCM machining is multifaceted and involves complex 
interactions between the tool and the material. As the tool wears, its cutting-edge geometry 
changes, increasing the likelihood of excessive deformation in the material being machined. 
This results in both dimensional errors and degradation of the surface quality, which are 
critical factors for components requiring high precision [3]. Therefore, understanding the 
relationship between tool wear and deformation is crucial for improving machining 
efficiency and the quality of the final product. 
The objective of this research is to investigate how tool wear influences the deformation 
characteristics during the machining of hard-to-cut materials (HTCMs). Specifically, the 
research aims to identify the critical parameters such as cutting forces, tool geometry, and 
temperature that contribute to deformation during machining. The hypothesis is that 
excessive tool wear leads to a significant increase in deformation, which can be mitigated by 
optimizing machining parameters and selecting the right cutting tools [4]. By understanding 
these dynamics, the research will provide guidelines for reducing deformation in HTCM 
machining and improving the sustainability of manufacturing processes [5]. 

https://www.mechanicaljournals.com/ijmtme/
https://www.doi.org/10.22271/27074544.2026.v7.i1a.76


International Journal of Machine Tools and Maintenance Engineering https://www.mechanicaljournals.com/ijmtme 

~ 35 ~ 

Material and Methods 

Materials 

For this research, the primary materials used were titanium 

alloy (Ti-6Al-4V), commonly regarded as a hard-to-cut 

material (HTCM), and carbide cutting tools (inserted with 

TiAlN coating). Titanium alloy was selected due to its 

widespread use in aerospace and automotive industries, 

where high precision and surface integrity are critical [1]. 

The machining tests were conducted on a vertical CNC 

milling machine, using a tool with a diameter of 12 mm. 

The tool material was chosen due to its high resistance to 

wear and thermal degradation, typical of materials used in 

machining HTCMs [2]. The cutting conditions spindle speed, 

feed rate, and depth of cut were set according to previous 

studies on titanium alloys to ensure the conditions reflected 

those encountered in real-world machining [3]. Tool wear 

was monitored using a digital microscope with a 

magnification of 100x to measure the wear rate at regular 

intervals [4]. The material's hardness was evaluated using the 

Vickers hardness test, and the cutting temperature was 

monitored using infrared thermography [5]. 

 

Methods 

The machining experiments were conducted under dry 

cutting conditions to simulate real-world scenarios where 

cooling is either unavailable or minimal. The research 

followed a controlled experiment setup with varying 

machining parameters to assess the impact of tool wear on 

material deformation. Parameters such as cutting force, 

surface roughness, and dimensional accuracy of the 

workpiece were measured after each machining cycle. 

Cutting forces were measured using a dynamometer, while 

surface roughness was recorded using a profilometer [6]. 

Tool wear progression was recorded after each set of tests, 

and the impact of this wear on dimensional accuracy was 

analyzed. Deformation was characterized by the depth of cut 

and the amount of material removed per pass, which were 

calculated based on the measurements of surface 

irregularities and dimensional errors [7]. A full factorial 

experimental design was applied, with tool wear being the 

primary variable, and cutting parameters (speed, feed rate, 

and depth of cut) acting as secondary variables. The 

statistical analysis was performed using ANOVA to identify 

significant interactions between tool wear and the 

machining variables on the material deformation. 

 

Results 

Analysis of Tool Wear and Material Deformation 

The relationship between tool wear and material 

deformation was analyzed by comparing cutting forces, 

surface roughness, and dimensional errors at various tool 

wear stages. An ANOVA test was performed to determine 

the significance of the wear progression on these factors. 

The results indicated a significant increase in cutting forces 

and surface roughness as the tool wore. The cutting force 

increased by approximately 20% as tool wear progressed 

from initial to maximum wear stages, which corresponds 

with the findings of similar studies on tool wear in 

machining of hard-to-cut materials (HTCMs) [8]. 

Additionally, surface roughness measurements showed a 

marked increase from 0.45 µm (initial wear) to 1.25 µm 

(maximum wear), suggesting a deterioration in surface 

quality as tool wear increased. This is consistent with the 

results observed by Kapoor et al. (2010) on tool wear and 

surface integrity [3]. 

 
Table 1: Tool Wear Progression and its Impact on Cutting Forces 

and Surface Roughness 
 

Tool Wear Stage Cutting Force (N) Surface Roughness (µm) 

Initial 120 0.45 

Medium 150 0.75 

Maximum 180 1.25 

 

 
 

Fig 1: Cutting Force vs. Tool Wear 
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Dimensional Accuracy and Material Deformation 

The dimensional accuracy of the machined part was 

monitored throughout the experiments. The results revealed 

that tool wear significantly impacted the accuracy, as 

evidenced by an increasing deviation from the target 

dimensions with higher wear levels. At the initial tool wear 

stage, the average deviation from the target dimensions was 

0.02 mm. However, at the maximum wear stage, the 

deviation increased to 0.08 mm. This suggests that wear-

induced changes in tool geometry contributed to greater 

dimensional errors, supporting the findings of Smith et al. 

(2008) on tool wear's impact on precision [9]. 

 
Table 2: Deviation from Target Dimensions at Different Tool 

Wear Stages 
 

Tool Wear Stage Deviation from Target (mm) 

Initial 0.02 

Medium 0.05 

Maximum 0.08 

 

 
 

Fig 2: Dimensional Deviation vs. Tool Wear 

 

Statistical Interpretation and Hypothesis Testing 
A regression analysis was conducted to test the hypothesis 
that tool wear has a direct effect on material deformation. 
The regression model showed a strong positive correlation 
between tool wear and material deformation (R² = 0.95). 
This indicates that as the tool wears, the amount of 
deformation in the material increases. The ANOVA results 
further confirmed that the interaction between tool wear and 
machining parameters (cutting speed and feed rate) is 
significant (P<0.05), suggesting that both factors should be 
considered when optimizing machining conditions for 
HTCMs [5]. 
 

Discussion 
The findings of this research demonstrate the significant 
impact of tool wear on the deformation characteristics 
during the machining of hard-to-cut materials (HTCMs), 
particularly titanium alloys. As tool wear progresses, it leads 
to increased cutting forces and thermal stress and surface 
roughness, which, in turn, cause dimensional inaccuracies 
and decreased surface quality. These results are consistent 
with previous studies that have also highlighted the critical 
role of tool wear in machining precision [1, 3]. The substantial 
increase in cutting forces and surface roughness with wear 
progression confirms that tool wear adversely affects the 
machining process, resulting in lower quality and higher 
operational costs. This is especially critical for industries 
such as aerospace and medical devices, where high 
precision is crucial. 

The experimental data also revealed that dimensional 
accuracy is significantly influenced by tool wear, supporting 
earlier research on the relationship between wear and 
material deformation [6]. The increasing deviation from the 
target dimensions as the tool wears emphasizes the need for 
careful monitoring and maintenance of cutting tools during 
machining. This insight is valuable for optimizing tool 
replacement cycles, which could improve machining 
efficiency and minimize costs. 
Moreover, the statistical analysis, including regression and 
ANOVA, reinforced the hypothesis that tool wear has a 
direct and statistically significant impact on material 
deformation. These findings align with the results reported 
in previous studies that have shown a correlation between 
wear progression and surface integrity, as well as cutting 
force magnitudes [2, 4]. By using regression models, this 
research quantitatively confirmed the severity of wear's 
impact on material deformation, enabling a better 
understanding of the underlying mechanisms involved in the 
process. 
This research highlights the necessity of considering tool 
wear as a critical factor in machining planning, particularly 
for HTCMs. Further exploration into advanced tool 
materials, coatings, and machining strategies is required to 
mitigate the effects of wear. Additionally, real-time 
monitoring of tool wear and material deformation could be 
implemented to optimize the machining process 
dynamically. 
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Conclusion 

The research clearly indicates that tool wear significantly 

affects material deformation during the machining of hard-

to-cut materials (HTCMs), leading to increased cutting 

forces and thermal stress, surface roughness, and 

dimensional inaccuracies. As tool wear progresses, the 

capacity for high-precision machining declines, 

emphasizing the need for frequent tool monitoring and 

adjustment of machining parameters. The research suggests 

that optimizing cutting parameters, such as feed rates and 

cutting speeds, can help mitigate the negative impacts of 

tool wear. Additionally, using advanced tool materials, 

coatings, and coatings with enhanced wear resistance is 

critical for improving tool life and machining efficiency. As 

industries increasingly rely on HTCMs for high-

performance components, investing in improved tool 

technology and predictive maintenance strategies will be 

essential to maintaining cost-effectiveness and precision. 

A practical recommendation based on the findings is the 

implementation of an adaptive maintenance strategy, where 

tool wear is continuously monitored, and tools are replaced 

or serviced based on their wear rates rather than at fixed 

intervals. This would not only improve cost efficiency but 

also reduce downtime and extend the overall lifespan of 

tools. Furthermore, adopting real-time sensor technology 

and machine learning models for predictive tool wear can 

help enhance the process by predicting wear patterns and 

adjusting machining parameters automatically. Training 

machinists to understand the effects of tool wear and the 

importance of its management can also significantly 

improve operational outcomes. In conclusion, integrating 

these strategies would not only optimize the machining 

process but also improve the overall quality and 

sustainability of manufacturing in industries relying on 

HTCMs. 
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