
Jurnal Tribologi 24 (2020) 100-109 

 

  
 

 

Received 15 October 2019; received in revised form 19 November 2019; accepted 10 January 2020. 

To cite this article: Abdul Mutalib (2020). Evaluation of tool wear and machining performance by analyzing vibration 

signal in friction drilling. Jurnal Tribologi 24, pp.100-109. 

 

 

 

Evaluation of tool wear and machining performance by analyzing 
vibration signal in friction drilling 
 
Mohd Zurrayen Abdul Mutalib *, Mohd Idris Shah Ismail, Azizan As'arry, Nawal Aswan Abdul Jalil 
 
Department of Mechanical and Manufacturing Engineering, Faculty of Engineering, Universiti 
Putra Malaysia, 43400 UPM Serdang, Selangor, MALAYSIA. 
*Corresponding author: zurayyen@gmail.com 
 

KEYWORDS  ABSTRACT 

Tool wear 
Friction drilling 
Vibration 
Pattern recognition 

 

Tool condition plays an important role in machining 
performance. In machining processes, multiple 
phenomenon occurs during material cutting. To improve 
their robustness, the reliability pattern recognition 
techniques have been implemented in tool condition 
monitoring systems. This study demonstrates a tool 
condition monitoring approach in a friction drilling 
operation based on the vibration signal collected through 
accelerometer sensors. The experiment has been carried 
out on a CNC milling machine. In this present work, an 
optimal parameter in friction drilling has been used on 
medium carbon steel AISI 1045. The signals were 
collected by accelerometer sensors and Low-pass-filter 
was utilized to filter the raw data. Pattern recognition was 
identified and categorized into one of three clusters which 
are; tool at good, half-life and worn-out conditions. The 
results found that the vibration amplitude is directly 
proportional to tool wear and friction which support the 
nature of tool wear in drilling process. The hole size 
reduction on the workpiece can also be seen clearly with 
the increasing vibration on the process due to the tool 
wear. With the effectiveness of pattern recognition, the 
damages of the machine tool can be avoided to control the 
product quality consistently. 
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1.0 INTRODUCTION 
Hole-making process is one of the most important operations in manufacturing industry. As a 

new progressive non-conventional hole-making method, friction drilling process utilizes the heat 
generated from rotational friction of drilling tool to soften the thin-walled workpieces while 
simultaneously forming the bush and boss on the bottom and top sides of workpiece, respectively 
after the process is completed (Miller et al., 2005; 2006a; Boopathi et al., 2013). Since friction 
drilling do not produce chip or wastage of material and require no coolant fluids, this process can 
be defined as a green manufacturing process and is a dry machining process (Miller et al., 2006b; 
Ku et al., 2011).  
 

 
Figure 1: Friction drilling process. 

 
Figure 1 shows the friction drilling process with basic five stages. In the first stage, the tip of 

the conical drilling tool approaches and interacts with the workpiece (Figure 1(a)). The rotating 
drilling tool indents into the workpiece and guides friction drilling in both the axial and radial 
directions. Friction on the contacted surface that is caused by axial force and the radial velocity 
between drilling tool and workpiece generates heat and softens the work-material. As the drilling 
tool is extruded into the workpiece (Figure 1(b)), the rotational speed with friction thrust force 
produces heat and increases the softness of the workpiece. In third stage, the heated and softened 
workpiece changes to super-plastic phase and the conical part of drilling tool is able to pierce 
through the workpiece (Figure 1(c)). After the conical part of drilling tool fully penetrates the 
workpiece (Figure 1(d)), the cylindrical part of drilling tool moves further downward to force 
aside more work-material and form a straight bush at bottom side of workpiece. As drilling 
process is accomplished, the shoulder part of drilling tool contacts the top surface of workpiece 
to form a flat boss. The final stage, involves the drilling tool retracting, leaving a drilled hole with 
boss and bush on the workpiece (Figure 1(e)). Typically, the generated bush length is about two 
to three times the original workpiece thickness.  

Tool condition plays an important aspect in machining performance, since the tool wear affects 
the product characteristics and tolerances. Tool wear state classification has a critical role in 
ensuring the dimensional accuracy of the workpiece and prevention of damage to cutting tool in 
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machining process (Kalaichelvi et al., 2012). Vibration monitoring and analysis are conducted as 
the primary diagnostic method for most mechanical systems that are used to manufacture 
products. Vibrations are produced by cyclic variations in the dynamic components of the cutting 
forces. The nature of the vibration signal arising from the machining process is such that it 
incorporates facets of free, forced, periodic and random types of vibrations (Dimla, 2000). 
Mechanical vibrations resulting from the tool wear and the machining conditions are commonly 
periodic in nature. The tool breakage, process interruptions and other events during machining 
are the ultimate causes of random vibration motion in drilling process.  

Tool wear measurements are divided into direct and indirect methods (Painuli et al., 2014; 
Chelladurai et al., 2008). Direct methods are based upon direct measurements of the tool wear 
using optical, radioactive, electrical resistance proximity sensors or vision system. The direct tool 
wear methods have the advantage of capturing actual geometric changes arising from the wear of 
tool. However, direct measurements are less accurate when a large workpiece is used as distance 
between sensor and tool can influence the measurement results (Ambhore et al., 2015). Obtaining 
an accurate result utilising this method is almost impossible if coolant fluids are used. In contrary, 
indirect methods are based on parameters measured during the machining operation that can be 
related to wear state. Through the indirect method, tool condition is not captured directly but is 
derived from the measurable parameters through sensor signal output to predict the condition of 
cutting tool (Ambhore et al., 2015). Due to the difficulties involved in direct measurements the 
indirect method can establish a relationship between tool wear and process parameters (Alonso 
and Salgado, 2008).  

In general, the captured signals are raw signals that undergoes signal processing to extract 
significant features out of them. During the feature extraction stage, the most appropriate 
features, which correlate well with tool wear and not affected by process conditions are extracted 
from the captured signals (Siddhpura and Paurobally, 2013). The overall signal represents the 
total energy content of all vibration sources at all frequencies. The overall vibration can be 
quantified in mathematical or statistical approach in terms of the values such as peak, peak-to-
peak, root means square and average. Then the values can be determined so as to identify the 
machining condition (Hassan et al., 2018). Although this approach is useful in terms of its 
simplicity, it ignores the dynamic information contained in the signal. An alternative is to 
investigate the frequency distribution of the signal. Many researchers investigate the tool wear 
based on vibration signal analysis for multiple conventional machining processes that includes 
drilling, milling, lathe and grinding (Hassan et al., 2018; D’Addona et al., 2016; Zhang et al., 2008; 
Chen and Li, 2007). The concept and the method to analyse the signal is similar among the 
reaserchers. The filtering carried out from the raw signal eliminates noise from the machining 
process. The filtering signal were plotted into time domain and frequency domain to analyse the 
raw data signal from the machining process. Allowing the identification and categorization of the 
tool state i.e. sharp tool and worn tool from the vibration signal of the machining process. 
Subsequently, feature extraction is conducted on the signal for further application in tool 
condition monitoring (TCM).  

In this present work, an attempt has been made to analyse the vibration signals collected 
through accelerometer sensors in friction drilling for evaluating tool condition and machining 
performance by identification and classification of pattern recognition. The paper is organized as 
follows: Section 1 covers the background and motivation of this work. In Section 2, the 
experimental setup and feature extraction are explained. Then, the evaluation of tool wear and 
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machining performance based on vibration signals in friction drilling are described in Section 3. 
Finally, the paper concludes with a summary of this study in Section 4.  
 
 
2.0 METHODOLOGY 

The drilling experiments were carried out using a three-axis computer numerical controlled 
(CNC) milling machine. This machine has maximum spindle speed of 7000 rpm. The MasterCam 
CAD/CAM software has been employed to create CNC part program on a personal computer. In 
this study, the work-material was medium carbon steel of AISI 1045. The dimensions of each 
workpiece were 60 mm in length and width, and 3 mm in thickness. The chemical composition of 
the work-material is shown in Table 1. The drilling tool was fabricated from tungsten carbide 
(WC), the chemical composition of WC and dimensions of the drilling tool are shown in Table 1 
and Figure 2, respectively. The drilling tool was held by a standard collet tool holder. The shank 
length is 35 mm with the diameter of 8 mm. The tip angle of the drilling tool is 90° and followed 
by conical region with 37° to allow the contact area between the conical region and the workpiece 
for producing enough friction in the hole-making process. In addition, the length of cylindrical 
region is 10 mm to ensure a formation of straight bush at the end of the friction drilling process. 

 
Table 1: Chemical composition of workpiece and drilling tool (wt.%). 

 C Mn P S Ni Cr Fe W 

AISI 1045 0.42-  0.5 0.6-0.9 0.04 0.05 _ _ Bal. - 
WC 4.8-5.6 - - - 8.5-11.5 4.4-5.6 <0.3 Bal. 

 

 
Figure 2: Dimension of drilling tools. 

 
Figure 3 shows the schematic diagram of experimental setup. The main process parameters, 

spindle speed and feed rate were fixed at 3000 rpm and 50 min/min, respectively. The vibration 
signal data was collected using accelerometer-piezoelectric sensor, mounted on the spindle head 
of the CNC milling machine. The accelerometer sensor has a frequency range from 50 to 400 kHz.  
A data acquisition module, NI 9234 was used as a medium to convert the analog signal from the 
sensor input into a digital input. Signal noise reduction was done through a low-pass-filter and 
recorded using Labview software. The filtered vibration signals are finally amplified and digitized 
before storing for further processing. 
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Figure 3: Schematics diagram of experimental set-up. 

 
The relationship between the signal patterns and the tool wear was analysed using two 

different kinds of feature extraction methods, i.e. time series analyser and frequency analyser. 
Time series contained signal patterns obtained from sensor. For frequency analyser, the Fast 
Fourier Transform (FFT) was used to transform the time series data into the frequency domain. 
One peak value of frequency data point was selected as the feature after evaluating the spectrum. 
MATLAB software was used for the analysis of raw signal data. A total 200 runs were carried out 
because the tool condition become worst and lost the ability to drill due to severe deformation. After 
each friction drilling process, the dimension and profile of drilling tool, and the diameter of the 
drilled hole were observed and measured using a digital microscope that was integrated with the 
measurement system. 
 
 
3.0 RESULTS AND DISCUSSION 

Figure 4 indicates the tool condition that can be classified into three categories, i.e. good 
condition, half-life condition and worn-out condition under the same drilling condition. At good 
condition (n=1), the drilling tool sustained the tool profile as new tool especially for center and 
conical regions. However, thin oxidation layer was present with dark burned appearance on the 
surface of drilling tool. The drilling tool started losing its ability in terms of cutting at half-life 
condition (n=80). It can be identified that adhesive wear had occurred through the presence of 
white adhesion materials, and abrasive wear occurred at conical region (Mutalib et al., 2018) as 
there is a reduction of 6.7% from the tool length. In addition, the dark burned oxidation layer is 
covered by adhesion material and the area of adhesion material increases with the number of 
runs. For worn-out condition (n=160), the drilling tool became dull leading to shortened service 
life, during this stage the tool length has been reduced by 12.6%. 

The dimensional accuracy of the drilled hole in friction drilling is affected by the use of a worn 
tool. Figure 5 shows the hole diameter at the number of run n=1 until n=200, measured using 
digital microscope. This confirmed that the diameter reduction of drilled hole was significantly 
affected from the deformation of drilling tool. As the reference diameter of 8 mm was based on 
the diameter of cylindrical region of the drilling tool, it can be observed that there is a general 
trend of reduction of hole diameter. The first drilled hole was 8.168 mm and then it ultimately 
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changed to 8.063 mm for the 200th drilled hole. This change was due to the lower tool wear in 
the cylindrical region, where the drilled hole was fully formed at the fourth stage of the friction 
drilling process. Although the tool wear occurred mostly at the conical and center regions, the 
hole diameter was significantly affected by the cylindrical region of the drilling tool.  

 

 
Figure 4: Tool condition. 

 

 
Figure 5: The hole diameter. 

 
The benchmark signal data was determined by the amplitude signal produced by the sensor. If the 

vibration gets higher it shows the tool was dull and did not performed sufficiently. Figure 6 shows the 
three patterns of vibration signal amplitude at different tool conditions that were captured during 
the friction drilling process and categorised in Figure 4. Good condition tool had the amplitude value 
below than 0.5 V showing less vibration. If the vibration rose up to 1 V and went past 0.5 V then tool 



Jurnal Tribologi 24 (2020) 100-109 

 

 106 

was in half-life condition. Meanwhile, a worn-out condition tool produced the amplitude value 
between 1.5 V to 2.0 V. The increase of vibration shows the tool became dull and loses the ability to 
cut and increases the friction between drilling tool and workpiece simultaneously deteriorating 
machine performance.  
 

 

 
Figure 6:  Patterns of vibration signal amplitude at different tool conditions. 

 
The fast Fourier transform (FFT) of the filtered vibrations for the drilling process are shown 

in Figure 7. The harmonic frequency is consistent at 30.27 Hz, where the vibration signals exhibit 
different characteristics in the frequency domain, according to the wear condition. Good condition 
tool produced a 0.08885 magnitude reading, half-life condition produced 0.1496 magnitude 
reading and 0.2215 magnitude reading for worn-out tool. Based on the tool condition trend, the 
vibration signal magnitude of these curves presented different features in the frequency domain. 
It is easy to note that, in a defined range of frequencies, the vibration magnitude increases as the 
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tool gets worn according to the selected significant differences in magnitudes of the three tool 
conditions observed. In addition, the reduction of hole size on the workpiece can be seen clearly 
with the increasing vibration magnitude on the process due to the tool wear. 

 

 

 
Figure 7: The fast fourier transform (FFT) of the filtered vibrations for the drilling process. 

 
 
4.0 CONCLUSION 

The evaluation of tool condition and relationship with machining performance on friction 
drilling of medium carbon steel by analyzing vibration signal were experimentally investigated. 
The tool condition can be characterized into three categories namely good, half-life and worn-out 
conditions. The vibration amplitude in time domain is crucial for understanding the tool condition 
stage. The increment of vibration amplitude can represent the drilling tool becoming dull and lose 
cutting ability. For friction drilling of AISI 1045 steel using WC drilling tool, the harmonic 
frequency occurred consistently at 30.27 Hz for tool wear occurrences. The vibration magnitude 
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increased with the increase of tool wear through the reduction of tool profile, i.e. tool length 
reduced by 6.7% during half-life and 12.6% at worn condition, subsequently affected the quality 
of drilled hole. The optimum condition for friction drilling occurs when the tool is in good 
condition, i.e. vibration amplitude is below 0.5V. For further research, the efficient pattern 
recognition can be used in tool condition monitoring system (TCM) to achieve the industrial 
demand by reducing the process cost and standardizing the product quality. 
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