
 

 

 

Regional Tribology Conference 

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

69 

 

Paper Reference ID: RTC 002 

 

MACHINING PERFORMANCE AND WEAR MECHANISM OF TiAlN-COATED INSERT 

 

R.J. Talib, H,M. Ariff & M.F. Fazira 
AMREC, SIRIM Bhd,.Lot 34, Jalan Hi-Tech 2/3 

 Kulim Hi-Tech Park, 09000 KULIM, Malaysia 

e-mail: talibria@sirim.my 

 

 

 

Abstract 

Titanium Aluminum Nitride (TiAlN)-coated cutting tool inserts were subjected to turning of carbon steel at two cutting 

speeds (75 mm/min and 120 mm/min), whereas depth of cut and feed rate is kept constant at  0.5 mm and 0.06 mm/rev, 

respectively. The objective of this work is to investigate; (i) the microstructural changes on the flank of the insert, and 

(ii) effect of cutting speed on the machining performance of the coated insert. Microstructural examinations revealed the 

following phenomenon during turning process; (i) two-way transfer of material on worn surfaces of the insert and 

workpiece, (ii) formation of mechanically alloying transferred material, (iii) plastic flow of coated material, and (iv) 

abrasion wear mechanism. Test results also show that the flank wear reduced as the cutting speed increased due to good 

oxidation resistance properties of TiAlN coating layer at high temperatures generated during turning process 

Keywords:  TiAlN-coated insert, turning, wear, performance, SEM 

 

  

1. Introduction 

 
Hard coating is used to increase microhardness, wear 

resistant, corrosion resistant, tool life properties of 

engineering components. Hard coating can be applied 

to cutting tool, mold and dies, machine elements, 

automotive parts, and electrical components. The 

commercial coatings of TiN, TiCN, TiAlN, Al2O3 are 

frequently used in tools industry for machining and 

drilling of metals [1–3]. Previous study by earlier 

researchers showed that an increase in tool life may be 

due to increase in hardness [4], greater bonding energy 

of the coating elements [5], and lower friction 

coefficient [6]. 

In case of TiAlN coating, Munz et al. (1986) and 

Leyendecker et al. (1991) (reported the improvement in 

the cutting performance is due to the oxidation 

resistance of TiAlN properties at higher temperature (7, 

8). High wear resistance even at high temperatures is 

the outstanding property of TiAlN (7), a characteristic 

that makes this coating appropriate to cut abrasive work 

piece material such as cast iron, aluminium silicon 

alloys and composite materials at high speeds. 

 The generations of thermal fatigue crack on the 

substrate are due to the phenomena of thermal cycling 

coupled with thermal shock during machining [9]. During 

machining process, wear mechanism also take place, 

depending on the machining parameters setting, coating 

materials employed, and type of work piece used. In their 

study on failure mechanisms of TiAlN-coated insert, 

Khrais and Lin identified that the micro-wear 

mechanisms in operation during machining of AISI 

4140 steel were edge chipping, microabrasion, micro-

fatigue, micro-thermal, and micro-attrition [10]. This 

work will discuss the wear mechanism operated on the 

tool insert during turning process and the effect of 

cutting speed on the performance of the tool insert. 

 

2. Method 

 
The investigations were carried out on the tool inserts 

made from the TiAlN coated on the tungsten carbide 

substrate. Cutting tests were carried out on a CNC 

milling machine model EXCEL SL 360/600I with 

cutting fluid of metal cut emulsion (SELSO). Cutting 

ability of the TiAlN coated insert was conducted at two 

cutting speed (75 mm/min and 120 mm/min), while 

feed rate of 0.06 mm/rev, and depth of cut 0.5 mm were 

kept constant (Table 1). The tests were conducted on 

100 mm diameter and 140 mm long medium carbon 

steel rod (1.25 % C, 0.23% Si, 0.12% Mn, 0.24 %, 

5.39% Cr, 0.47 % Mo, 0.93 % V, 0.011% W, 0.075% P 

and balance Fe) with hardness of 38 HRC. Figure 1 and 
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Figure 2 show the microstructure of the workpiece and  

TiAlN coating film deposited on WC substrate, 

respectively. 

 

After subjected to turning test, the cutting edges of the 

inserts were examined using a field emission scanning 

electron microscope (FESEM) model LEO 1525 

equipped with energy dispersive X-ray (EDX). FESEM 

operated at 15 kV, using secondary electrons mode. 

Sample for microstructural investigation were 

ultrasonically cleaned for 30 minutes.  
 

Table 1: Machining parameters 

 

Depth of cut 

(mm) 

Feed Rate 

(mm/rev) 

Cutting Speed 

(mm/min) 

0.5 0.06 75 

0.5 0.06 120 

 

 
Figure 1. Microstructure of work piece 

 

 
Figure 2. TiAlN coating  

 

 

 

 

3. Results and Discussion 

Wear mechanism 

 

Heat accumulated during turning process causes high 

surface temperature on both the cutting tool insert and 

work piece due friction between the two mating 

surfaces. High temperature generated on the cutting 

edge formed build-up edge (Figure 3), composed of 

elements shown in Table 1.EDX result revealed that the 

build-up edge mail composed of Fe which is a material 

transferred from the work piece. As the turning process 

progressed, the adhesion of TiAlN coating with the 

tungsten carbide substrate will weaken and finally the 

coating layer was disposed from the substrate material 

exposing the substrate material as shown in Figure 4.   

 

 

Figure 3. Build-up edge 

 

Table 1. Composition of build-up edge 

Element Weight% Atomic% 

C K 7.86 28.40 

Fe K 92.14 71.60 

Totals 100 100 

 

 

Build-up edge 

TiAlN  

WC  
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Figure 4. SEM image of cutting insert after disposal of 

TiAlN coating layer  

 

Figure 5 shows  the worn surface of insert flank on 

which the left side is the tungsten carbide substrate 

which has been abraded during machining, the middle 

part is the area in the process of exposing tungsten 

carbide surface, and the right side is a TiAlN coating. 

EDX analysis on the middle part shows that this area 

composed of magnesium and aluminum. Magnesium is 

probably came from the work piece material, whereas 

the aluminum is from the coating film. This is 

intermediate layer where the coating film is going to be 

disposed and finally will compose will be exposing the 

tungsten carbide as substrate material as the machining 

process progresses.  

 

 
 

 

Figure 5. SEM image of worn surface and EDX 

spectrum 

 
Figure 6 shows the worn surface of exposed WC.  It 

was observed that the worn WC surface has been 

abraded by the harder peak asperities, (most probably 

metal carbide) on the work piece material. This process is 

a manifestation of abrasion wear mechanism. The 

mechanism of edge chipping was also observed of the 

TiAlN-coated insert as shown in Figure 7. The cutting 

tool insert was finally unable to machine the workpiece 

due to catastrophic failure as shown in Figure 8. It 

appears from this figure that there is a good bonding 

between the TiAlN film with the WC substrate.    

 

 

Figure 6. abrasion wear 

 

 

Figure 7. Edge chipping 

 

WC 
TiAlN 

coating Edge chipping 
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Figure 8. SEM image of the catastrophic failure on the 

cutting edge  

 

 

Figure 9 and Table 2 point out that the transfer layers 

generated on the worn surface contain both materials 

from tungsten carbide substrate material, TiAlN coating 

layer and work piece. EDX results illustrate that all the 

four spot of analyses composed oxygen and carbon. 

Carbon most probably came from the workpiece material, 

WC substrate as well as from the absorbed carbon in the 

SEM chamber or exposed to atmosphere. The present 

of oxygen was probably due to residual oxygen in the 

chamber and formation of oxide layer. Figure 9a shows 

that this spot composed of only W, Fe and Ti, elements 

that of high melting point. This indicates that the 

temperature is quite high which resulting in evaporating 

of the lower melting temperature elements such 

phosphorous aluminium and manganese. W is the 

substrate material, Fe is the one being transferred from 

work piece and Ti is the coating film. This implies that 

there are materials transfer from the work piece as 

observed elsewhere (3, 11).   

Figure 9b shows that the coating film still protecting 

the work piece. However, it was noticed that the Al is 

not observed at this point which could be due to the 

high temperature at this contact point during turning 

process. During turning process the surface temperature 

increased due to friction between the mating surfaces. 

High surface temperature can soften the contact region 

and the transfer layer may behave like a fluid and result 

in the plastic flow of transfer layer as shown in Figure 

9c. At this spot it was also noticed the presence of Fe. 

Figure 9d illustrates this spot as TiAlN coating layer 

which composed high weigth percentage of Ti. Worn 

surface of the coated insert shows that the iron and carbon 

from work piece material have been mixed with titanium 

from the coated insert. This is due to process of 

mechanical alloying on transfer layers, a phenomenon 

observed by other researchers such as Chen et al and 

Talib et al. [3, 11]. This is a symptom of adhesion 

mechanism. 

 

Table 2. Composition of spectrum spot 

Element 
Weight % 

Spot 28 Spot 30 Spot 31 Spot 33 

CK 12.40 8.17 14.20 3.39 

OK 4.26 5.37 36.21 7.11 

NK - 5.25 - - 

AlK - - 35.55  

TiK 2.13 81.21 8.84 86.42 

FeL 28.48 - 5.21 3.08 

WM 52.73 - - - 

Total 100 100 100 100 

 

 

 

 

 

 

 

 a 

 c 

 b 

Fe, Mn, C WC 

TiAlN 
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Figure 9. SEM image of insert worm surface showing 

location of EDX spot; (a) edge chipping, (b) worm 

surface, (c) plastic flow of material, (d) coating layer 
Turning test 

 

Failure test results showed that the flank wear of 

machining at lower speed (75 mm/min) is almost two 

times higher than the machining at higher speed (120 

mm/min) (Table 3). Thus, it is concluded that TiAlN 

coated cutting tool insert is generally good for high 

speed machining. During turning process, the surface 

temperature of the cutting insert increases due to the 

friction between the two contact surfaces. The  

temperature increases much higher as the cutting speed 

increased. The flank wear reduced as the cutting speed 

increased due to good oxidation resistance properties of 

TiAlN coating layer at high temperatures. This can be 

seen at spot 3, where the oxygen weight percentage is 

the highest due to the formation of aluminum oxide 

layer.  

 

Table 2. Test results 

 

Cutting Speed 

(mm/min) 

Cutting Time 

(min) 

Flank Wear, VB 

(mm) 

75 30 0.48 

75 60 0.89 

120 60 0.32 

 
CONCLUSIONS 

 

In this work, the effect of cutting speeds on flank wear and 

wear mechanism of TiAlN-coated when turning of low 

carbon steel under lubrication have been studied. It found 

that the flank wear reduced as the cutting speed increased 

due to good oxidation resistance properties of TiAlN 

coating layer at high temperatures. Microstructural 

examination revealed that there are the two-way transfers 

of material on worn surfaces of the insert and work piece, 

followed with formation of mechanically alloying of 

transferred materials. As the temperature increased during 

turning, the phenomenon known as plastic plow of melted    

material was observed on the flank of the cutting insert. 

Micro-structural changes on the worn flank surface of 

cutting insert revealed that the wear mechanisms operated 

during turning process include edge chipping, adhesion and 

abrasion. The wear mechanisms operated during braking 

are rather complex with no single mechanism was found to 

be operating fully.   
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ABSTRACT 

 

SS440C martensitic stainless steel is one of the 

most widely studied engineering materials for 

its tribological properties. It is capable of 

attaining the best mechanical properties such as 

high strength and hardness among the others 

martensitic grades. Unfortunately, the corrosion 

resistance of this SS440C steel is the lowest 

among the stainless group. In this study, 

SS440C steel was coated with ZrO2 by 

electrolytic deposition in ZrO(NO3)2 aqueous 

solution. After annealing, the ZrO2 coated 

specimens were characterized by X-ray 

diffraction (XRD). Furthermore, increasing the 

annealing temperature for ZrO2 coated sample 

resulted in decreasing hardness properties. 

 

Keywords: SS440C, electrolytic coating, X-ray 

diffraction. 

 

1. INTRODUCTION 
 

SS440C steel been extensively used in 

automotive applications such as ball bearing, 

valve components, races and many other 

automotive components (Salleh et al., 2009). 

This martensitic steel is chosen primarily for 

mechanical strength. Unfortunately, their 

corrosion resistance is lower than the other 

grades of stainless steel (Salleh et al., 2009). 

The high carbon content steel such as SS440C 

steels are usually heat-treated during the 

manufacturing process.  The steel is quenched 

quickly to freeze the grain structure in a 

particular configuration. Under a microscope, 

the grain structure has a needle-like appearance. 

This makes the steel very hard but too brittle 

(Landolt 2003). Tempering the steel allows 

some of the martensite crystals to rearrange 

themselves into other grain structures which are 

not as hard or brittle. By carefully controlling 

the heat treatment and quenching process, the 

hardness and tensile strength of the steel can be 

fine tuned to attain the desired properties. 

 

Valve is one of the components that is exposed 

to constant wear, abrasion, corrosion and 

erosion processes, but mostly by abrasion. Wear 

is excessive when the valve system no longer 

has the ability to seal the combustion chamber 

resulting in loss of compression, power, fuel 

efficiency and engine performance. Therefore a 

number of exterior modification technologies 

are used to overcome these problems (Kwok et 

al., 2003). Ceramic coatings can provide 

improved corrosion and wear resistance to 

underlying substrate steels. Many studies on 

electrolytic deposition of ceramic coatings have 

been performed (Yen et al., 2006). However, it 

is generally very difficult to preserve their 

hardness and other mechanical properties.  

 

ZrO2 is a kind of ceramic and extremely 

refractory material. Recently, electrolytic ZrO2 

coatings on metal have been verified to improve 

the corrosion resistance (Hsu et al., 2006).  It 

offers chemical and corrosion inertness to 

temperatures well above the melting point of 

alumina. The material also has low thermal 

conductivity. It is electrically conductive above 

600°C. In the present study, the characterization 

and mechanical properties of electrolytic ZrO2 

layer coating on SS440C martensitic stainless 

steel has been carried out.  

 

2. METHODOLOGY 

2.1 Sample Preparation & Identification 

SS440C was cut into sheet 30 x 10 x 2mm. All 

samples were polished to a mirror finish then 

degreased by detergent cleaned in deionized 

water and dried. Chemical composition of the 

SS440C material used in this work was shown 

in Table 1. Figure 1 shows the equilibrium 

phase diagram of Fe-18wt%Cr-0.75wt%Mo-
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1.0wt%C alloy calculated using Thermo_calc 

software. Thermo-Calc is a software package 

used to perform thermodynamic and phase 

diagram calculations for multi-component 

systems of practical importance. Calculations 

are based on thermodynamic databases 

produced by expert evaluation of experimental 

data using the CALPHAD method.  

 

Table 1 The chemical composition of SS440C 

steel (all in wt.%) 

 

C Si Mn Cr Mo 

1.0 1.0 1.0 17.0 0.75 
 

 
 

Figure 1 The equilibrium phase diagram of 

SSSS440C 

 

 
 

Figure 2 Weight percent (wt%) as a function of 

heating temperature of SS440C steel 

 

Figure 2 shows the effect of temperatures to the 

SS440C steel phases, calculated using JMat_Pro 

software. JMatPro is a cross-platform 

programme which calculates a wide range of 

materials properties and is particularly aimed at 

multi-components alloys used in industrial 

practice. The figure shows the phase 

transformation of austenite, ferrite and two 

types of carbides, M7C3 and M23C6.   

2.2 Electrolytic Coating & Annealing 

The electrolytic ZrO2 layer coating was 

deposited on SS440C in 0.03125 M ZrO(NO3)2 

aqueous solution. Current had been applied 

using power supply and voltage had been 

controlled manually at -1.2V for 700s. The 

sample was responded as a cathode, graphite bar 

as anode and saturated Ag/AgCl was the 

reference electrode. The coated specimen were 

then dried in air and annealed for 3 h at 300, 

350, 400, 450, 500 and 550
o
C. 

2.3 Characterization 

After annealing, the ZrO2 coated samples were 

characterized by optical microscope and X-ray 

diffraction (XRD). Hardness of each samples 

were tested using Rockwell Hardness tester.  

 

3. RESULT AND DISCUSSION 

 

3.1 Microstructural Analysis 

 

Figure 3 shows the ZrO2 coated sample 

microstructure. It is essential to maintain the 

same coating thickness along the coated sample. 

From the figure, it can be seen that thickness of 

the sample was approximately 0.7µm. Besides, 

M7C3 carbides were clearly precipitated along 

the grain boundaries. 

 

 
 

Figure 3 The optical microstructure of ZrO2 

coated sample 

 

The phases present in as-received, coated and 

annealed sample indentified by using XRD 

spectra shown in Figure 4. It can be seen that 

ZrO2 phases present in SS440C coated and 

1 micron 
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annealed sample. Other than that, it can be 

observed that ZrO2 was obviously formed at 

400
o
C annealed sample compared to the as-

coated sample. This means that oxygen diffuse 

in ZrO2 and the oxidation of SS440C are 

apparent at 400
o
C temperature. Some studies 

had concluded that (Yen et al., 2006) , structure 

of ZrO2 is dependent on the annealing time and 

temperature.  

 

 
 

Figure 4 XRD result of as-received, as-coated 

and annealed sample 

 

3.2 Hardness 

 

Rockwell Hardness of annealed coated samples 

was present at Figure 5. Several of annealing 

temperatures were done towards the ZrO2 coated 

samples. Minor loads of 10 kgf were applied to 

the samples. At the lower temperature such as 

300
o
C and 400

o
C annealed samples shows the 

decrease in hardness value. This is due to the 

temper softening effect of alloying elements in 

SS440C steel.  

 

 
 

Figure 2 Hardness properties at different 

annealing temperature 

 

Although at 450
o
C annealed sample, the 

hardness value increase until 60.4 HRc.  It 

shows that the secondary hardening effect 

occurred to the sample even though the sample 

was coated. Some had been found the same 

effect to their samples at this temperature 

(Chang et al., 2004). However, increasing the 

annealing temperature for ZrO2 coated sample 

resulted in decreasing hardness properties. This 

is might due to the additional oxygen diffuse in 

SS440C steel. 

 

4. CONCLUSION 

 

SS440C martensitic steel has a very high 

mechanical strength. Unfortunately, their 

corrosion resistance is lower than the other 

grades of stainless steel. Ceramic coatings such 

as ZrO2 can improve corrosion and wear 

resistance to substrate steels. ZrO2 was 

obviously formed at 400
o
C annealed sample 

compared to the as-coated sample. This is 

because of the diffusion process in ZrO2. 450
o
C 

annealed sample still shows the secondary 

hardening effect even though the sample had 

been coated by ZrO2.  
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Abstract 

Machining is one of the most important processes in 

producing automotive components such as difficult to 

cut cast iron grade FCD700.  Trying to improve the 

machining technique, for the benefit of humanity and 

the environment, is a continuous process. This paper 

presents an environmentally-friendly method of turning 

FCD700 cast iron using a carbide tool without coolant. 

The turning process was carried out in three types of 

dry conditions, i.e. without air, in chilled air and in 

normal air. The turning parameters studied were 

cutting speed (100-300 m/min), feed rate (0.1-0.4 

mm/rev), and depth of cut (0.2-2.0 mm). Results show 

that the average surface roughness (Ra) was greatly 

affected by the feed rate, while the effect of depth of 

cut was negligible. A low Ra value was produced at a 

high cutting speed, especially at a medium air 

temperature of 10 deg C.  The Ra obtained deteriorated 

with cooler chilled air at -2 deg C, when compared to 

cutting in an environment without air. A high feed rate 

produced a coarser surface finish at the beginning of 

the cut, but as the tools wore out the machined surface 

topography remained similar, regardless of the value of 

the feed rate used. 

 

Keywords: dry turning, FCD700 cast iron, carbide 

tool, surface roughness, surface topography 

 

 

1. INTRODUCTION 

Generally, machinability is defined as a combination of 

optimum machining parameters such as low cutting 

force, high metal removal rate, good surface integrity, 

accurate and consistent workpiece geometry 

characteristics, low wear rate, and acceptable chip 

formation [1]. Cast iron usually refers to grey cast iron 

which is widely used in automotive industries. Due to 

its availability and low cost, it remains competitive 

with the newly developed and advanced materials in 

this industry. Casting of grey cast iron has relatively 

few shrinkage cavities and little porosity [2]. 

Generally, white cast iron is hard and brittle, and so 

difficult to machine [3]. In addition the casting process 

is never perfect, especially when dealing with large 

components [3]. 

Goodrich [4] suggested that the machining 

problems of cast iron are not necessarily foundry-

related. Problems encountered were drilling, milling, 

turning and other machining processes. Most of the 

problems were due to changes in the microstructure 

formation during the machining process itself. As an 

example, during a high pressure drilling operation, the 

matrix structure of the cast iron was actually being 

changed due to stress transformation of the high 

carbon-retained austenite in the matrix into martensite 

[5]. This transformation produces much greater wear, 

and machining-resistant matrix martensite. 

Surface roughness and dimensional accuracy play 

an important role in the performance of a machined 

component. In actual machining processes however, 

the quality of the workpiece (either roughness or 

dimension) is greatly influenced by the cutting 

conditions, tool geometry, tool material, machining 

process, chip formation, workpiece material, tool wear 

and vibration during cutting [2]. Since tool wear 

influences the surface roughness and vibration, the 

propagation of wear also influences the value of 

surface roughness and cutting tool vibration. 

This paper examines the effects of a dry cutting 

environment and turning parameters on a machined 

surface when turning ductile cast iron FCD700 using a 

coated carbide tool. 

 

2. EXPERIMENTAL WORK 

The machining trials were carried out on a Colchester 

model Tornado 600 CNC turning machine in a dry 

environment. The FCD700 (JIS) grade ductile cast iron 

with spherical graphite and ferrite was prepared in a 

D100mm x 160mm round bar. The Brinell hardness 

and tensile strength were in the range of 241 HB and 

845MPa respectively with elongation of 6%. Table 1 

shows the composition of cast iron grade FCD700 used 

in the experiment. 
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An AC700G grade coated Al2O3 carbide cutting 

insert was used in these experiments. The technique of 

CVD coating used for the insert is suitable for 

machining ductile grey cast iron [5].   Table 2 shows 

the mechanical properties of the coated carbide insert 

AC700G.  

 

 

Table 1 Composition of cast iron grade FCD700 [6] 

Element percentage (%) 

C Si Mn P S Cu Mo Mg 

3.32 2.68 0.46 0.028 0.018 0.85 - 0.09 

 

Table 2 Geometry and coating of coated carbide insert 

Nose radius 

 rε 

Clearance angle  

   

Rake angle  

   
Coating material 

0.8 3o -5o Al2O3 + TiCN 

 

For the purpose of a detailed study of the effects of 

different turning parameters, especially the effect of the 

cutting environment on the surface roughness of the 

machined part, ten machining tests were selected from 

the previous experiment [7-9] as shown in Table 3. 

Table 3    Turning parameters used in the experiment 

Cutting 

speed 

(m/min) 

Feed rate 

(mm/rev) 

depth of 

cut 

(DOC) 

(mm) 

Dry condition 

(deg C) 

120 0.15 0.8 without air 

120 0.15 1 without air 

120 0.4 1.6 without air 

120 0.4 0.6 without air 

120 0.3 1.2 without air 

100 0.15 0.2 -2 

300 0.3 2 -2 

300 0.3 2 without air 

200 0.15 0.5 25 (normal air) 

300 0.15 0.8 10 

Surface roughness was measured using a Mahr 

perthometer portable roughness tester, and the surface 

topography was captured using a Leica confocal 

microscope.  

 

3. RESULTS AND DISSCUSSION 

Machined Surface 

The surface roughness measured at the beginning of 

the cut for various turning conditions is shown in Table 

5. The table clearly shows that low Ra values are 

obtained at a low feed rate of 0.15 mm/rev, such as in 

experiments 1and 2 in dry cutting conditions without 

air. But when chilled air and normal air are applied at 

the same feed rate, the Ra tends to increase, as in 

experiments 6, 9 and 10. Therefore, cutting in a chilled 

air environment will adversely affect the machined 

surface produced, and so is not recommended for the 

finishing process. This contradicts previous findings by 

Kamaruzzaman and Dhar [10]. They claimed that 

surface finish is improved, and dimensional deviation 

decreased, with the use of a high pressure coolant. In 

this study the air pressure is considered low, i.e. only 

0.02 MPa. Due to this, the effect of chilled air on the 

machined surface is different to that found by 

Kamaruzzaman and Dhar [10]. 

 

Table 5   The surface roughness measured at the 

beginning of the cut for various turning conditions 

Experim

ent no 

Cutti

ng 

speed

, v 

(m/mi

n) 

Feed 

rate, f 

(mm/r

ev) 

dep

th 

of 

cut, 

DO

C 

(m

m) 

Dry 

conditi

on (deg 

C) 

Surface 

roughn

ess, Ra 

(μm) 

1 

120 0.15 0.8 

without 

air 1.81 

2 

120 0.15 1 

without 

air 1.78 

3 

120 0.4 1.6 

without 

air 6.40 

4 

120 0.4 0.6 

without 

air 6.32 

5 

120 0.3 1.2 

without 

air 3.93 

6 100 0.15 0.2 -2 4.48 

7 300 0.3 2 -2 3.90 

8 

300 0.3 2 

without 

air 2.32 

9 

200 0.15 0.5 

normal 

air 3.01 

10 300 0.15 0.8 10 2.57 

 

Surface Roughness 

Cutting speed vs. surface roughness, at a constant feed 

rate of 0.15 mm/rev and with various depths of cut and 

cutting environments, is shown Fig. 1. A high cutting 

speed is believed to produce a better surface finish, 

especially at the cool temperature of 10 deg C. At the 

much cooler temperature of -2 deg C, even with a 

lower cutting speed and depth of cut, a coarser Ra 

value of 4.48 micron was produced. A similar result 

was obtained by Davim et al. [11] and Gusri et al. [12].  

They found that the surface roughness parameters are 

highly sensitive to both cutting speed and feed rate. 

Varying the depth of cut had the least effect, producing 

no noticeable improvement in surface roughness at 

high cutting speeds, except when operating within the 

built-up edge range [13]. In addition, a decrease in 

depth of cut improves surface roughness when 

operating with a low cutting speed combined with a 

high feed rate. Ghani et al [14] found that the role of 

depth of cut is minimal in obtaining a good surface 

finish. This indicates that in order to achieve good 

surface finish, a high cutting speed and low feed rate 

should always be used. Furthermore, low values of 

surface roughness and cutting force were obtained 
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VB 

=0.0 

mm 

VB 

=0.3 

mm 

VB =0.0 
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VB =0.3 

mm 

 

VB 

=0.0 

mm 

VB 

=0.3 

mm 

when the feed rate and depth of cut were kept at low 

values [15]. Increasing the feed rate value also resulted 

in higher cutting force, which requires more power 

consumption to remove the material, and consequently 

generates more heat at the tool edge, which in turn 

promotes tool wear and shortens tool life [15]. 
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Figure 1 Cutting speed vs. surface roughness  

 

Fig. 2 shows surface roughness vs. depth of cut at 

various feed rates. It clearly shows that the Ra 

measured depends mainly on the feed rate and not 

on the depth of cut used in the turning operation. 

Generally speaking, the Ra value doubles when 

feed rate is doubled. Bhattacharyya [16] found 

that surface roughness is primarily dependent on 

the feed rate and the nose radius of the tool. 

According to Korkut et al. [17] feed rate is the 

most important factor controlling the surface 

roughness, and not the depth of cut.   

Furthermore, low values of surface roughness and 

cutting force were obtained when the feed rate 

and depth of cut were kept at low values [15]. A 

low surface roughness value is necessary to 

ensure the part is within the permitted tolerance. 
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Figure 2 Surface roughness vs. depth of cut 

 

Surface Topography 

Böhm et al [18] studied and compared three different 

methods of analysing topographies and roughness on 

machined metal surfaces using an atomic force 

microscope (AFM), a confocal white light microscope, 

and a scattering light system. They found that the 

different methods led to different roughness parameters 

of the same surface. 

Fig 3 and Fig 4 show the machined surface topography 

analysed using a confocal microscope at a cutting 

speed of 120 m/min, feed rate of 0.15 mm/rev and 

depth of cut of 0.8 mm, and then at a cutting speed of 

120 m/min, feed rate of 0.4mm/rev and depth of cut of 

1.6 mm, at various wear lands without any changes to 

air conditions. The machined surface topography 

clearly shows that the machined surface is controlled 

by the feed rate at the beginning of the cut, i.e. when 

the tool is still sharp (in good condition). As the tool 

wears out, i.e. VB = 0.3 mm, the lay of the machined 

surface is adversely affected regardless of the feed rate 

used. This is due to the cutting edge no longer being 

fully in contact with the machined surface, and changes 

in the nose radius. The radius of the nose increases 

unevenly with the progress of wear, and this influences 

the machined topography, as can be seen in Fig 3 and 

Fig 4 when VB reached 0.3 mm. This is similar to the 

findings of Bhattacharyya [16] where the surface 

roughness depends primarily on the feed rate and the 

nose radius of the tool. Jaharah et al [7, 19] found that 

the Ra produced is most significantly affected by the 

feed rate, followed by the cutting speed and depth of 

cut.  

 

 

 

 

 

 

  

 

 

 

 

 

Figure 3 Machined surface topography at a cutting 

speed of 120 m/min, feed rate of 0.15 mm/rev and 

depth of cut of 0.8 mm at various wear land without 

any changes to air conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Machined surface topography at cutting 

speed of 120 m/min, feed rate of 0.4mm/rev and depth 

of cut of 1.6 mm at various wear lands without any 

changes to air conditions. 

 

 

4. CONCLUSION 

The Ra measured depends mainly on the feed rate and 

not on the depth of cut used in the turning operation. 
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Generally speaking, the Ra value doubles when feed 

rate is doubled. A high cutting speed is believed to 

produce a better surface finish, especially at the cooler 

temperature of 10 deg C. The Ra obtained at a cooler 

air temperature of -2 deg C was lower than when 

cutting in a normal air environment. A high feed rate 

produced a coarser surface finish at the beginning of 

the cut, but as the tools became worn out the machined 

surface topography remained unaffected by the value 

of feed rate used. 
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ABSTRACT 

 

This paper presents the extensive review of 

microtribology especially as encountered in 

microforming. Microforming is one of the most 

frequently used mass production processes by 

replication. Micro injection moulding, micro 

deep drawing, micro casting, and hot embossing 

are the examples of microforming. These 

processes are suitable for near net shape or even 

net shape production. One of the main problems 

encountered in microforming is the scaling 

effect that occurs in the tribological aspects; for 

example, the friction coefficient increases with 

decreasing specimen size. Scaling effects occur 

not only within the process but also throughout 

the forming chain. So, the microforming process 

can be simplified if the tribological problem is 

minimized. In this paper a methodology for the 

investigation and minimization of 

microtribological issues through the control of 

micromachining processes has been proposed. 

 

Keywords: Tribology, microtribology, 

microforming, micromachining. 

 

1. INTRODUCTION 
 

Tribology is applied in almost all the aspects of 

modern technology such as in bearing design 

forming and replication. In metal forming, 

friction increases tool wear and the power 

required to complete the process. This results 

higher cost due to more frequent tool 

replacement, loss of tolerance as tool 

dimensions shift, and higher forces are required 

to shape a piece. A layer of lubricant which 

eliminates surface contact virtually eliminates 

tool wear and decreases driving power by one 

third (Braunovic et al., 2007). 

In micromanufacturing photolithographic 

processes have led to the development of 

microelectromechanical systems (MEMS) for a 

wide range of electronic applications. Surface 

micromachining, bulk micromachining, and 

microforming are the most possible process for 

fabricating such microscale movable 

mechanical elements (Rymuza, 1998). In 

MEMS devices, various forces associated with 

the device scale down with the size. When the 

length of a component decreases from 1 mm to 

1 μm, the area decreases by a factor of a million 

and the volume decreases by a factor of a 

billion. As a result, the resistive forces such as 

friction, viscous drag, and surface tension that 

are proportional to the area decrease a million 

times less. Because of the increase in resistive 

forces and the fact that these devices produce 

relatively low power, tribological concerns 

become more important.  

 

2. TRIBOLOGICAL ISSUE 

 

The tribological issues become critical because 

friction / stiction (static friction), wear, and 

surface contamination that affect device 

performance and, in some cases, can even 

prevent devices from working (Bhushan, 1999; 

Guo et al., 2009). In the following subsections 

microwear and microfriction are discussed in 

details. 

 

2.1 Microwear 

 

The wear rate of different substrate materials 

and coatings have been determined as a function 

of film thickness, type of coating and load 

parameters. The best results (i.e. lowest wear) 

could be obtained by amorphous carbon 

coatings. Using the scratch test it could be 

shown that the wear protective effect of the 

coatings depends on their elasticity. Due to the 

elastic behaviour of the coating the wear 

resistance can partly reach to depths deeper than 

the coatings thickness. For nonrecurring loads, 

like uniquely occurring scratches, a high wear 

resistance can be obtained by the application of 

amorphous carbon (diamond like carbon) 

coatings. Aside from the inherent layer 

parameters, the tribological characteristics of 

micro contacts are also influenced strongly by 

the substrate material (Kuster et al., 2006). 
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2.2 Microfriction 

 

The nanoscratch experiments under single 

asperity contact showed that the coefficient of 

friction depends on the tip radius. Generally, the 

smallest coefficients of friction could be 

obtained with the smallest tip radii. Therefore, a 

further reduction of friction can be obtained by 

a specific structuring of the surface, which 

reduces the contact area. The influence of the 

structure size, the effective contact area, and 

relative humidity was investigated for micro 

structured silicon coated samples. Several 

previous researchers had done the investigations 

using a square matrix of circular dots. The 

spacing of the dots was varied to study the 

influence of the resulting contact area. The 

coefficient of friction was reduced, when the 

contact area decreased. Moreover, an influence 

of the environmental conditions was observed. 

For the relat ve hum d ty up to   50% the 

friction coefficient of a C-layers shows an 

almost constant level, and is slightly increasing 

when the humidity rising over 50% (Kuster et 

al., 2006; Guo et al., 2009). There are two types 

of methods to measure the tribology in 

miniaturization devices. The first one is off-chip 

measuring method and the second one is on-

chip measuring method (Bistac et al., 2004). 

Off-chip measuring method uses the installation 

and clamp of the specimens are performed by 

the device installed on the external equipment to 

test the microtribology (Guo et al., 2009). There 

are three types of off-chip measuring methods 

which are explained below. 

 

Pin-on-disc testing method is constantly used 

in tribology experiments. The device, as shown 

in Figure 1, is mainly composed of a rotary 

stage and the force testing system. Figure 1b 

shows that the pin-on-disk tester is equipped 

with a commercial optical frictional force sensor 

in order to measure the frictional force (Guo et 

al., 2009; Brinksmeier et al., 2010). 

 

 
 

Figure 1 Testing equipment of the pin-on-disc 

measuring method (a) equipment, (b) enlarged 

testing portion (Guo et al., 2009). 

Atomic force microscope testing method is 

one commercial high precision measuring 

equipment to measure microtribology. The 

working principle is shown in Figure 2 which 

uses the weak interaction (Van Der Waals 

Force) between the tip and the surface of the 

specimen to be measured. The sample is tested 

using the tip of the AFM which is fixed on the 

V-shaped micro cantilever is sensitive to micro 

force. Frictional force and normal force will be 

measured by optical measuring system. This 

method is a very useful since the material real 

contacting area reduced. This made the 

influence of ploughing effect to frictional force 

greatly weakened. Besides that, the increment of 

the normal force applied on the contact pair, the 

frictional coefficient is gradually close to that in 

micro condition. Damage of the contacting 

surface is also greatly aggravated 

correspondingly. Although there is a large 

progress in the study of the friction and wear for 

micro devices with AFM, there are some 

difficulties in this method. First, it is only a 

point-surface contact because of the contact 

between the tip and the surface. This is not 

successfully simulating the real contacting 

condition of MEMS devices. Secondly, is 

because the real contacting surfaces of MEMS 

devices are fabricated with MEMS technology. 

It is not totally correct to think the measured 

data can successfully represent the real data of 

MEMS devices. Thirdly, the stiffness of the 

t p’s cant lever may influence the results (Guo 

et al., 2009; Bhushan, 2005) 

 

Special testing method uses the contacting 

surfaces fabricated with MEMS technology to 

simulate the contacting condition. One surface 

of the contact pair is made of unprocessed 

single crystal silicon while the other is single 

crystal silicon chip with top surface is fabricated 

with a series of columns by MEMS technology. 

It also found that the crystallographic direction 

of single crystal silicon had great influence on 

frictional coefficient. It can simulate the real 

 

 
 

Figure 2 Working principle of the atomic force 

microscope (Guo et al., 2009). 
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contact condition of MEMS devices. However, 

dimension of the specimen is so little (several 

micrometer) that it is hard to precisely fix the 

frictional pair. (Guo et al., 2009; Bistac et al., 

2004). Meanwhile, in on-chip measuring 

method two contacting surfaces of the frictional 

pair are fabricated on one chip by MEMS 

technology. This measuring method has the 

advantages of easy fabrication, high resolution 

of micro force, and displacement compared to 

the off-chip measuring method. The contacting 

situation can successfully simulate the real 

contact condition of MEMS devices. So, that is 

why this type of measuring method has become 

important for microtribology. There are two 

types of on-chip measuring methods. 

The plane-plane testing methods based 

on two contacting surfaces are planes during the 

course of the experiment. On the other hand, 

plane-cylinder testing method refers to one 

surface in contacting pair is a plane while the 

other is a semi-cylinder. It focuses on the 

tribology characters on the sidewall contacting 

pairs of MEMS devices. Meanwhile, the plane-

sphere contact testing method is a method which 

have the contacting surfaces formed the contact 

is a plane and hemisphere surface. This type of 

method can measure the static frictional 

coefficient of the contact pair. The line-line 

contact testing method measure the microwear 

characters of the micro-gear or the micro rotary 

axis in MEMS. 

On-chip microfriction testing method 

using the mechanism characters of the bimorph 

material. This structure is actuated by a lateral 

micromotor. In this micromotor, a large curled 

cantilever serves as the fundamental drive 

mechanism. The cantilever is composed of the 

gold-polysilicon bimettalic material which may 

result in high precision sensitivity of the 

temperature (Guo et al., 2009). 

 

3. FABRICATION BY MICROFORMING 

 

Microforming refers to the shaping technologies 

with at least two dimensions under the 

millimetre range, particularly appropriate for 

mass production of metallic parts. Cold forging, 

bending, punching, deep drawing, and extrusion 

are some of the examples of microforming. In 

this field, metal forming takes up quite a special 

position due to its well known advantages of 

high production rates, minimized or zero 

material loss, excellent mechanical properties of 

the final product. Close tolerance makes this 

process suitable for near net shape or even net 

shape production (Allen, 2006). 

Microforming processes, which are 

based on plastic deformation, require a research 

to address issues related to size, shape, 

orientation, and grains of the material to be 

formed. Flow stress, ductility and forming limit, 

forming forces, spring back, and tribology are 

some of the many factors that need further study 

for increasing the performance of microforming 

processes. One of the main problems 

encountered in microforming is the scaling 

effect that occurs in the tribological aspects; for 

example, the friction coefficient increases with 

decreasing specimen size. Scaling effects occur 

not only within the process but also throughout 

the forming chain (Rajukar et al., 2007). 

(i) The material behaviour changes with 

miniaturization. It is caused by the size 

effects that occur when a process is scaled 

down to micro scale. The flow stress, 

anisotropy, ductility, and forming limit of 

materials are influenced by these size 

effects, which has to be considered in 

designing a microforming tools. 

(ii) Fabrication of microtools with less 

tribological issues is main challenge in 

microforming. New manufacturing 

methods are required to develop to 

overcome these difficulties (Engel et al., 

2002; Qin at al., 2010). 

 

3.1 Micro Massive Forming 

 

Micro massive forming has yet wide 

applications as the raw part can easily be 

produced by wire drawing down to diameters of 

several ten micrometers and cutting the wire 

into small cylinders. But the handling of such 

parts in an appropriate time and precision is 

limited to a certain extent. Parts of 0.5 mm in 

diameter and 50 µm in wall thickness were 

produced by micro extrusion. Other 

investigations dealt with size effects, which 

occur if the part is miniaturised to a certain 

point. The existence of open and closed 

lubricant pockets could be proved by a 

measurement of the roughness of the 

macroscopic part after the extrusion. The 

roughness at the border areas was significantly 

less than the roughness of the middle area. It is 

very important to choose a lubricant in forming 

process and clarify the friction coefficient 

(Vollertsen et al., 2006). 

 

3.2 Micro Deep Drawing 

 

There are several parameters, which affect deep 

drawing process. The most important one is the 

friction at the flange and radius of the die. This 

friction is also affected by size-effects when 

transferring the forming technology from macro 

to micro forming. The friction coefficients at the 
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flange and at the die radius were calculated 

from the punch force and the punch stroke of 

the deep drawing process. Instead of blank deep 

drawing strip drawing was applied for this 

investigation, so that the tangential pressure at 

the flange area is avoided, which makes the 

calculation easier (Vollertsen et al., 2006; 

Brinksmeier et al., 2010; Gong et al., 2010). 

Friction between the billet and the die plays an 

important role in metal forming and affects the 

forming energy, forming limit, surface quality, 

tool life, etc. (Gong et al., 2010).  

The degree of the deformation increased 

with the increase of the drawing ratio, which 

results in the increase of the tangential 

compressive stress and wrinkles. Another 

reason is that the width of the deformation area 

increased with the increase of the drawing ratio, 

which results in the decrease of the resistance 

ability of buckling and increase of the wrinkles. 

There were wrinkles in the micro cups in the 

existing studies with drawing ratio of 1.8 and 

2.0 (Vollertsen et al., 2006; Gong et al., 2010). 

 

3.3 Micro Sheet Forming 

 

This process is suitable to manufacture micro 

products because of high production rate, 

minimized material loss and excellent 

mechanical properties. The main problem is the 

friction between die and workpiece which can 

lead to erroneous results. It can be tested using 

the ring compression test which is used as 

calibration and validation. Researchers have 

found a new way to create the modelling 

friction in forming processes by introducing a 

relation  ( )    (   ) where   is amplitude 

and   is period describe an equivalent ellipse 

profile. This enables a new type of model to be 

incorporated into simulation software to give a 

realistic interpretation of friction effect. This 

approach has been determined for dry condition 

(Jeon et al., 2010). 

 

 
 

Figure 3 Laser supported part heating in micro 

deep drawing (Vollertsen et al., 2006). 

 
 

Figure 4 Metal forming (Presz et al., 2006). 

 

The speed dependence of the coefficient 

of friction was examined to search the 

possibility of micro-hydrodynamic lubrication 

mechanism to merge low friction and smooth 

surface finish in metal forming operations. 

Figure 4 (a) and (b) shows the schematic 

diagram of bulk metal forming process and 

sheet metal forming process. 

 

3.4 Laser Microforming 

 

Non-thermal laser microforming is a fairly new 

process, which uses the optical low-threshold 

surface breakdown and results shock waves. 

The laser induced shock wave can be used for 

all micro sheet metal forming processes. The 

mechanism (Figure 5) is that the sheet metal is 

wet by a water film of several millimetres in 

height in order to generate confined plasma and 

then placed on a circular die and clamped by a 

blank holder. In a next step, one short laser 

pulse hits the sheet metal and causes ablation at 

the surface. If enough energy is applied on the 

plasma, a chain reaction of the plasma 

formation will cause a shock wave, which then 

stretch-forms the specimen (Vollertsen et al., 

2006). This process becomes very attractive 

mainly due to very small heat-affected zone, 

enhanced mechanical properties and corrosion 

resistance, and the possibility of forming novel 

surface alloys. 

 

 
 

Figure 5 Non-thermal laser stretch forming 

(Vollertsen et al., 2006). 

a 

b 
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3.5 Injection Molding Process 
 

Injection molding process can be adapted to the 

microscale by employing a variothermal 

process. The steps of the process; the mold 

cavity equipped with a microstructured tool 

(mold insert) is closed, evacuated, and heated 

above the glass transition temperature of the 

polymer; an injection unit heats the polymer and 

presses the viscous polymer into the mold; and 

the polymer (and the tool) is cooled down below 

its glass transition temperature and demolded 

from the tool. In general, cycle times are 

shortest (few minutes) (Schneider et al, 2008). 

Microinjection molding is proving to be 

a very economical procedure for reproducing 

high-quality and complex plastic microparts. 

However, small dimensions and high-aspect 

ratios of components prompt high demands on 

tools and machines as well as on process control 

(Rajukar et al, 2007). 

Microtribological investigations 

showed that tribological knowledge from the 

macro world is not transferable to microsystems 

without substantial restrictions. The friction and 

wear behaviour of self mated Si3N4 ceramic and 

WC-Co hard metal has been characterized in 

laboratory micro tribometers. Experiments 

under unidirectional sliding and rolling 

conditions were carried out in air of 50% 

relative humidity as well as lubricated with 

water. The laboratory tests indicated that WC-

Co as well as Si3N4 is applicable for 

microsystems running in water, due to their high 

wear resistance and low friction coefficient. 

Friction coefficient for sliding and rolling under 

water lubrication was also on a low level and 

almost independent of the applied normal load 

and slip (Kurzenhauser, el al., 2008). 

 

3.6 Hot Embossing 

 

Hot embossing is one of the widely used 

microforming process where a thermoplastic 

film is heated close to certain temperature and a 

microstructured tool (mold insert) in an 

evacuated condition is pressed into the film. The 

mould insert is filled by the plastic material, 

which replicates the microstructures in detail. 

The process is shown in Figure 6. 

During hot embossing, the polymer 

flows a very short way from the foil into the 

microcavity. As a result, very little stress is 

produced in the polymer, and the moulded parts 

are well suited as optical components, such as 

wave guides and lenses. Hot embossing is 

particularly suited for forming plane plates or 

foils. With increasing area, shrinkage of the 

plastic component is become more critical. 

 
 

Figure 6 Selected micro hot embossing steps 

(Worgull, el al., 2006) 

 

A sophisticated execution of the process 

is required to prevent deformation, such as 

overdrawn edges of the components or even 

damage to the mold insert. Microinjection 

moulding and hot embossing enable mass 

reproduction plastic microproducts at low cost 

(Rajukar et al., 2007). 

Microtribology is a main concern in 

demolding process in order to avoid damages of 

the structures. During the demolding process, 

the interaction between the polymer and the 

mold insert leads to some plastic material 

sticking to the tool. It can deform even destroy 

the structures the replicas and may affect the 

wear of mold insert. There are two main sources 

of the demolding forces which are friction force 

whose contact stress is caused by surface 

adhesion and the other is thermal stress due to 

shrinkage between the mould insert and 

polymer. The thermal stress can be directly 

calculated by FEM and the friction force can be 

simulated based on a theoretical analysis. The 

FEM analysis about the friction force caused by 

surface adhesion can be based on adhesive 

friction theory and microtribology about micro 

contact and adhesive phenomena. For 

microstructure, the surface adhesion force is 

greater than the inertia force such as gravity and 

becomes the main interaction force between 

surfaces. The process parameters such as the 

molding and demolding temperature, embossing 

pressure, cooling time, and the polymer material 

behaviour need to be taken into account. So, the 

demolding process plays a key role which is 

related with the quality of polymer replica and 

the lifetime of mould insert (Guo et al., 2007). 

 

4. SUMMARY 

 

Tribology plays a significant role in 

microforming. So, research on the tribology of 

MEMS devices has been important because of 

the size effect. Studies on how to obtain 

minimum microtribology during manufacturing 

process is vital. This review showed that: 

(i) Conventional frictional law is no longer 

possible for the microforming processes 

due to size effect. So, it is a necessary to 
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investigate in new micro tribology theory 

for these micro manufacturing processes. 

(ii) The development of the off-chip and on-

chip measuring methods are the effective 

methods use for tribology measurement.  

(iii) Microwear and microfriction are common 

tribology issues that affects the 

performance and event prevent devices 

from working. 
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ABSTRACT 

 

This paper discusses the fractography observation in 

crack propagations of Al6061 under a fatigue spectrum 

loading. Most of the real components and engineering 

structures are subjected to stress of variable amplitude. 

The load sequences in variable amplitude loading 

condition can have a very significant effect on the 

fatigue crack propagation rate. Fatigue crack 

propagation tests were performed according to ASTM 

E647 standard using a 100 kN servo-hydraulic fatigue 

testing machine. Random loading signals were 

obtained from the engine mount bracket of an 

automobile while driven at almost constant velocity 

onto different surface conditions, i.e. on the residential 

area and highway road. These random loadings were 

converted to constant amplitude loading (CAL), high to 

low and low to high spectrum loadings in order to 

study the effect of loading sequence on the crack 

propagation rates. The fatigue fracture surfaces were 

then analysed using a high magnifying tabletop 

microscope to identify the fracture behaviour under 

particular load sequences. Results showed that the 

fatigue fractography behaviours were influenced 

significantly by the load interaction and the sequence 

effect, which can be related to the crack propagation 

rate of Al6061 under fatigue spectrum loadings. 

 

Keywords: Fatigue, Fractography, Spectrum loading, 

Variable amplitude loading. 

 

1. INTRODUCTION 
 

In the field of metallic or light structures, the failure of 

structural components is difficult to assess, particularly 

under variable loading condition. Furthermore, most of 

the structural components are practically subjected to a 

complex loading that is accompanied by a change in 

the stress amplitude. The prediction of fatigue life of 

the component under variable amplitude loading 

(VAL) conditions is becomes a complex subject 

(Carvalho et al., 2010). A significant acceleration or 

retardation in crack propagation rate can occur as a 

result of these load interactions. An accurate fatigue 

life prediction requires an adequate evaluation of these 

load interaction effects (Borego et al., 2008). 

 

The linear cumulative damage rule, which 

known as Palmgren-Miner’s rule is probably the most 

commonly used method to calculate the amount of 

fatigue damage. On the other hand, Palmgren-Miner’s 

rule takes no account of the load sequence effect, 

which often prolongs the fatigue life under VAL 

conditions (Yamada et al., 2000). By neglecting the 

effect of cycle load interaction in the fatigue life 

calculations under VAL can lead to a complete invalid 

life prediction (Beden et al., 2010).  

 

The most three common fracture mechanisms in 

metal and alloy are ductile fracture, cleavage and 

intergranular fracture. Fractography analysis lead to the 

studies focused on fatigue failure modes and fracture 

mechanisms which relates to the fracture surface 

examination (Tchuindjang et al., 2006). The 

fractography techniques by using a high magnifying 

microscope, including the uses of scanning electron 

microscopy (SEM) are extensively used in the fatigue 

study to identify mode of failures that correlates the 

material behaviours and properties. On the other hand, 

Wei et al. (2001) reported that the random loading 

produced different fracture surface features compared 

to the CAL. Thus, it is needed to investigate further the 

fractography observation under both high to low and 

low to high spectrum loadings in correlating to the 

fatigue crack propagation rate. 

 

The purpose of this paper is to analyse 

fractography behaviour of an aluminium alloy that 

subjected to fatigue spectrum loadings.  For that 

reason, three types of block loading sequences were 

used, i.e. the CAL, high to low and low to high 

spectrum loadings have been designed from the 

original time histories strain signal of the engine mount 

bracket. The fatigue crack propagation tests were 

performed on Al6061 specimens according to an 

ASTM E647 standard. The fractography observations 

were made on all specimens in order to investigate the 

feature of fracture surface. It is expected that the 

fractographies will be explained the crack growth 

behaviour of Al6061 which can be used to determine 

the local crack growth rates under fatigue spectrum 

loadings. 

 

2. METHODOLOGY 

 

The compact tension (CT) specimen is made of 

aluminium alloy, Al6061. All dimensions were 

conformed to an ASTM E647 standard with width of 

50 mm and the thickness of 12.5 mm. After machining 

process, the specimens were polished using SiC paper 

at the grit scales of 300, 500, 1000 and 1200. It was 

done in order to achieve a good surface finish, and also 
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to avoid stress concentration occurrence from the 

irregular surface finish. Experiments were performed 

using a 100 kN servo-hydraulic fatigue testing 

machine, and the test were conducted at the room 

temperature. The specimens were initially pre-cracked 

to the minimum length of 0.1B or h or 1.0 mm, 

whichever is greater (Dreyfuss et al., 2003), and 

growing the pre-crack under a given loading condition. 

B was the thickness of specimen and h was the height 

of pre-crack size. The crack length was measured at the 

front and back surfaces of the specimen by using a 

travelling microscope with 20 X magnification. During 

the test, the average crack length and the corresponding 

number of loading cycles were recorded.  

 

Fractography analysis is important to describe 

the crack propagation behaviour from the appearance 

of a fracture surface. The fractographic observation 

were analysed after each test to describe the crack 

propagation behaviour under both constant and 

spectrum loadings. The specimens were sectioned and 

inspected using a high magnifying tabletop 

microscope, TM-1000 at a voltage of 15 kV. The task 

was accomplished by using the image magnifications 

ranging from 1,000 X to 5,000 X. 

  

On top of that, the variable amplitude time 

histories strain signal was collected from the engine 

mount bracket of 1300 cc automobile. The automobile 

was driven onto the residential area and highway road 

surfaces with almost at a constant velocity of 15-25 

km/hr and 80-90 km/hr, respectively. The VAL was 

captured using a strain gauge that fixed on the top of 

engine mount bracket. The size of strain gauge used in 

this study was 2.0 mm gauge length with 200  

resistances. This size was selected as it is suitable to fix 

on the limited space of the bracket. The strain gauge 

was then connected to a fatigue data acquisition system 

to record the time histories strain signals as shown in 

Figure 1. 

 

 
(a) 

 
(b) 

 

Figure 1 Original time histories strain signals collected 

at different road surfaces: (a) residential area road, (b) 

highway road 

Six types of loads were derived from the 

original time histories strain signal in order to study the 

effect of loading sequences on the fatigue crack 

propagation rate. CAL was designed using 

Glyphwork
®
 software represented the residential area 

and highway road loading, respectively. Strain life 

analysis of the original strain signals was performed to 

calculate the fatigue damage and was then compared to 

the designed loading, as shown in Figure 2. The 

designed CAL shall contribute to the same total fatigue 

damage value as the original strain signal.  Similar 

method was used to design the high to low and low to 

high spectrum loadings. All cases of loading used in 

this study were summarised in Table 1 and their load 

spectrums were exhibited in Figure 3. 
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Figure 2 Flow chart of designing the spectrum loadings 

 

Table 1: Types of loading used in the analysis 

 

    No.  Load Case  Description 

   1.      Case 1 CAL for residential area road 

   2.      Case 2 High to low spectrum loading for 

 residential area road 

   3.      Case 3 Low to high spectrum loading for 

  residential area road 

   4.      Case 4 CAL for highway road 

   5.      Case 5 High to low spectrum loading for 

  highway road 

   6.      Case 6 Low to high spectrum loading for 

  highway road 
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                     Case 1                                 Case 2  

 

   
                    Case 3                              Case 4 

 

   
      Case 5                                 Case 6  

 

Figure 3 Spectrum loadings arranged in different block 

sequences  

 

3. RESULT AND DISCUSSION 

 

Figure 4 and 5 shows the trend of normalised crack 

length as a function number of cycles for both 

residential and highway road loadings. The crack 

propagation rate under the CAL (case 1 & 4) was 

found higher than the VAL. From both figures,  a 0.5 

normalised crack length was produced by 120 x 10
3 

cycles for case 1 compared to 255 x 10
3 

cycles for case 

2 and 370 x 10
3
 cycles for case 3. Meanwhile, a 0.5 

normalised crack length was produced by 370 x 10
3 

cycles for case  4 compared to 1700 x 10
3 

cycles for 

case 5 and 2600 x 10
3
 cycles for case 6. The load 

interaction in both high to low and low to high 

spectrum loadings were reduced the fatigue crack 

propagation rate. This finding was found agreement 

with Yamada et al. (2003), which suggested the crack 

propagation rate under the VAL was slightly lower 

than the corresponding CAL. It was due to plastic 

deformation that tends to be greater in this region, 

which intensified the crack closure effect which 

consequently reduced the fatigue crack propagation 

rate.  

 

It was further noticed that the crack propagation rate 

under high to low spectrum loadings (case 2 & 5) were 

higher compared to low to high spectrum loadings 

(case 3 & 6). The total crack growth rate was about 30 

% higher in case 2 compared to case 3 and about 35 % 

higher in case 5 compared to case 6, as shown in both 

Figure 4 and 5, respectively. These results may be 

influenced by the magnitude and position of the load 

steps. In both cases, load interaction effect led to crack 

retardation and acceleration throughout the process. 

For low to high spectrum loading, there were some 

patterns of overload at transition cycle from step 1 to 

step 2 and at each of the following steps. The fatigue 

crack propagation would be decreased or arrested after 

experiencing overload one or many times (Huang et al., 

2005). 

 

By comparing the results in Figure 4 and 5, it shows 

that the total numbers of cycles for highway road are 

about 3 to 7 times higher than the residential area road 

loadings, for all load cases. It was indicated that crack 

propagation rates were lower for highway compared to 

residential area road loadings. It was due to smooth 

condition of the highway road surface. On the other 

hand, the condition of residential area road surface was 

found rougher compared to highway road and 

consequently produced higher strain range amplitudes. 

Furthermore, the presence of road bumpers in 

residential area road also causes the engine move up 

and down more rapidly. As a result, the crack 

propagation rate become more accelerates. 

  

Macroscopic observation on fracture surface of 

the specimens can be clearly distinguished by two 

discrete regions. These two distinct regions are shown 

by the optical micrograph in Figure 6. The boundaries 

of these regions were well identified between the 

fatigue fracture region and rapid fracture region. The 

crack propagation direction was perpendicular to the 

loading direction and was indicated from top to bottom 

of the images. Fatigue crack initiated from the notch of 

specimen and propagated parallel on both sides. The 

fatigue fracture region with regular flat surface 

indicated the gradual crack propagation due to fatigue 

while the rapid fracture region with irregular surface 

topography showed the unstable crack propagation and 

characterised by fast crack features. 

 

 

 
Figure 4 A comparison of normalised crack length 

using different loading sequences (residential road) 
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Figure 5 A comparison of normalised crack length 

using different loading sequences (highway road) 

 

 
  Case 1    Case 2     Case 3    Case 4    Case 5    Case 6 

 

Figure 6 Overview of fracture surface for all cases 

 

Microscopic observation of the fatigue fracture 

region is shown in Figure 7. The images were taken at 

the specimen centre that subjected to the residential 

area road loading. The fractography observations 

indicated significant striations as shown in Figure 7(a) 

- (c). The occurrence of striations on the fracture 

surface confirmed the presence of the fatigue failure. 

Detailed observations of the striations are shown in 

Figure 7(d) - (f). The striations can be observed clearly 

in the CAL with well defined regular local spacing’s. 

However, under high to low and low to high spectrum 

loadings, the striations were found to be irregular with 

repeated deeper grooves. The striation width will be 

depended on the increased of the stress range. Local 

crack propagation rate can be estimated by measuring 

the average of striation spacing’s (Schijve et al., 2004). 

The striation spacing’s over one block of loading (40 

cycles) were marked by `x’, `y’ and `z’ as shown in 

Figure 7(d) - (f). In these cases, the local crack 

propagation rate was equivalence to 1/40 of spacing’s. 

Thus, local crack propagation rate for CAL was 

estimated at 0.525 µm/cycle compared to 0.288 

µm/cycle and 0.250 µm/cycle for high to low and low 

to high spectrum loadings, respectively. The results 

confirmed that crack propagation rate was the highest 

under the CAL and the lowest under low to high 

spectrum loadings. 

 

The micrographs in Figure 8 illustrate the 

features of the rapid fracture regions. The fracture 

surface was covered by uniform and equiaxed dimples. 

Fracture surface under the CAL presented relatively 

smaller size of dimples and consisted of higher number 

of voids compared to the spectrum loadings. The 

presence of equiaxed distribution of voids, indicated a 

predominantly Mode I type of failure (De et al., 2008). 

For the case of spectrum loadings, the size of dimples 

was relatively bigger and slightly elongated. Elongated 

dimples indicated that some fractures were in shear 

state (Jogi et al., 2008), implying higher plasticity 

which is induced during the crack propagations.  

 

    
             (a)            (b) 

 

    
      (c)            (d) 

 

    
      (e)           (f) 

 

Figure 7 Striations on fracture surfaces under fatigue 

spectrum loadings at two magnification levels: (a) 

CAL at 1000 X, (b) High to low loading at 1000 X, (c) 

Low to high loading at 1000 X, (d) CAL at 5000 X, (e) 

High to low loading at 5000 X, (f) Low to high loading 

at 5000 X.  
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(a) 

 

   
       (b)           (c) 

 

Figure 8 Fracture surfaces on rapid fracture areas at 

1000 X magnification:  (a) CAL, (b) High to low and 

(c) Low to high spectrum loading 

 

4. CONCLUSION 

 

This paper discussed the crack propagation rate of 

Al6061 under fatigue spectrum loadings. The crack 

propagation rate of Al6061 was influenced 

significantly with the CAL, high to low and low to 

high spectrum loadings.  Fatigue crack propagation rate 

was found to be the highest under the CAL and the 

lowest under low to high spectrum, for both residential 

area and highway road loading. Besides that, the 

striation spacing’s were found in good agreement with 

the recorded visual crack propagation. The features of 

fracture surfaces exhibited plastic deformation in the 

VAL. Thus, it is very important to take into account the 

load sequence effect, which often prolongs the fatigue 

life under the VAL condition. 
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Abstract 

 
JIS FCD 700 cast iron is a common material used in 

automotive application and machining is an important 

secondary process in the modern automotive components 

production. For this reason, the machinability of JIS FCD 

700 cast iron by using chemical vapour deposition (CVD) 

coated titanium nitride (TiN) carbide cutting insert was 

investigated. The turning tests were carried out with two 

set of cutting parameters and performed under flood 

lubrication condition with two types of lubricants. 

During the cutting process, the wear on the cutting 

inserts were studied and analysed. Chips produced in the 

machining were also collected and analysed. This study 

revealed that, within the cutting parameter under 

investigation, abrasion is the predominant wear 

mechanism, and was followed by attrition, built up edge 

(BUE) and plastic deformation,. The cutting insert was 

subjected to three stages of tool wear, i.e. (i) rapid wear, 

(ii) uniform wear and (iii) drastic wear that led to tool 

failure. Cutting insert had longest tool life when 

performed with 120 m/min of cutting speed, 0.3 mm/rev 

of feed rate and 0.6 mm of depth of cut under 

commercialised emulsified water-based coolant, and had 

shortest tool life when carried out with 220 m/min of 

cutting speed, 0.2 mm/rev of feed rate and 2.0 mm of 

depth of cut under palm oil based MWF 67 coolant.  

 

Keywords: wear mechanism; turning; cast iron 

 

1. INTRODUCTION 

 

The cutting of metal is the major metal shaping process 

in the production of engineering components and 

machining process affected the surface quality and 

dimension accuracy of the products (Bisu et al., 2009; 

Groover, 2007; Juneja & Sekhon, 2003; Kalpakjian, 

1995). In turning, the ease of the process and quality of 

the products were affected by the cutting parameters, tool 

geometry, material of the tool, material of the workpiece, 

tool wear and chatter (Cakir et al., 2007; Luo et al., 2005; 

Senthilkumar et al., 2006; Zhong et al., 2006). Several 

researchers also had reported that suitable combination of 

the geometry of cutting tool, cutting parameter and 

cutting fluid may improved the quality of the machined 

surface, prolong the tool life and enhance the machining 

process (Choudhury & Rao, 1999; Ghani et al., 2002).  

 

A thin layer of hard coating can be deposited on 

the surface of a cutting tool to prolong the tool life (Cakir 

et al., 2007). Physical vapour deposition (PVD) and 

CVD are the most common methods use to produce 

coating layer on a carbide substrate. TiN is a popular 

hard coating in cutting tool application, where it has low 

coefficient of friction, high strength, good wear 

resistance, and high adhesivity to carbide substrate. As a 

result, TiN coating (gold colour) is able to improve the 

tool life of high speed steel and carbide cutting tool in 

high cutting speed and feed rate, where the tool wear is 

significantly lower than uncoated cutting tool 

(Kalpakjian & Schmid, 2006). 

  

In the past, cutting fluid had been widely used in 

the machining process to lubricate the cutting zone 

(Baradie, 1996a, 1996b; Bartz, 2001; Brinksmeier et al., 

1999). Traditionally, copious amount of coolant was 

flooded over the chips and rake face of cutting tool. 

However, dry machining and nearly-dry machining had 

become more attractive to the metal cutting industry in 

the past decades. The lubrication methods such as dry 

machining, chilled air lubrication, and minimum quantity 

lubrication had minimizing the usage of traditional 

coolant where tradition coolant had negative effects to 

the operator’s health and environment (Alves & De 

Oliveira, 2008; Ko et al., 1999; Sreejith & Ngoi, 2000). 

 

 Cast iron is a popular material in engineering 

components production due to its good machinability, 

where it is also a common material used in automotive 

application (Benedicts, 1997; Creese, 1999). In this study, 

the wear progression and wear mechanism of TiN coated 

carbide tool in turning of FCD 700 cast iron was 

investigated in flood cutting condition. 

 

2. METHODOLOGY 

 

In this study the commercialised TiN coated carbide 

insert (DNMG 432 EUX or DNMG 150408N-UX) 

obtained from Sumitomo (Sumitomo, 2009) were used. 

Figure 1 shows the cross-sectional of the insert and 

sequential layers of the coating. The outmost layer of the 

coating was a TiN layer, followed by a layer of Al2O3 

and finally, a layer of TiN/TiCN on the substrate. The 

carbide inserts used were a 55° diamond shape insert 

with 4.76 mm of thickness. The nose radius of the insert 

was 0.8 mm, the inscribe circle and insert hole diameter 

were 12.7 mm and 5.16 mm respectively. The tool holder 
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used was DDJNR 2020K 15. The geometries of the 

carbide insert and tool holders are shown in Figures 2 

and 3 respectively.  

 
Figure 1: cross-sectional of the insert and sequential 

layers of the coating 

 

 
55° diamond shape insert 

Thickness (s) is 4.76 mm 

Inscribe circle (d)  is 12.7 mm 

Nose radius (Re) is 0.8 mm 

Insert hole diameter (d1) is 5.16 mm 

 

Figure 2: The geometry of the tool insert. 

 

 
 

Figure 3: The geometry of the tool holder. 

 

 The workpiece used in this study was JIS 

(Japanese Industrial Standard) FCD 700 cast iron. The 

composition of the workpiece is wt% 3.0-4.6 % C, 1.6-

2.5% Si, 0.2-0.6 % Mn, 0.02-0.05% Mg, 0.0004-0.090 % 

Zr, 0.01-0.06 % Sn and Cu, balance Fe (SOOM, 2008). 

The minimum tensile strength and minimum yield 

strength of this cast iron were both 700 N/mm
2
 and the 

ductility of the cast iron was 2%. 

 

All machining tests were carried out using 

Colchester 600 Tornado T4 lathe machine in flood 

cutting condition. Two types of lubricant were used, i.e. 

(i) a commercialised emulsified water-based coolant with 

9% concentration of Shell Dormus BL oil (D) and (ii) a 

palm oil based MWF 67 cutting fluid (P). Two set of 

cutting parameter were used; (i) 120 m/min of cutting 

speed, 0.3 mm/rev of feed rate and 0.6 mm of depth of 

cut, and (ii) 220 m/min of cutting speed, 0.2 mm/rev of 

feed rate and 2.0 mm of depth of cut. 

 

 The width of wear on the flank face (VB) was 

measured after every 20 seconds of cutting times. The 

width of wear on the flank face of the insert was 

determined using Mitutoyo Toolmakers Microscope. The 

wear mechanism of the insert was examined under 

scanning electron microscope (SEM) after the flank wear 

was exceeded 0.3 mm. The machining tests will be 

stopped if the tool is subjected to catastrophic failure or 

after the flank wear was exceeded 0.3 mm. The 

determination of the tool life and procedures to carry out 

this study was based on ISO 3685. 

 

3. RESULT AND DISCUSSION 

 

The TiN coated carbide insert experienced the longest 

tool life when turning FCD 700 cast iron using 

emulsified water-based coolant at 120 m/min of cutting 

speed, 0.30 mm/rev of feed rate and 0.6 mm of depth of 

cut. The shortest tool life encountered when turning of 

FCD 700 cast iron using palm oil based MWF 67 coolant 

at 220 m/min of cutting speed, 0.20 mm/rev of feed rate 

and 2.0 mm of depth of cut. The tool life of the TiN 

coated carbide inserts were tabulated in table 1.  

 

Table 1: The tool life of the TiN coated carbide inserts. D 

indicating that the cutting tests were carried out using 

commercialised emulsified water-based coolant with 9% 

concentration of Shell Dormus BL oil and P indicating 

that cutting tests were carried out using palm oil based 

MWF 67 cutting fluid. 

 

 
 

3.1 Progression of Wear 

 

The progression of the wear on cutting insert initiated 

with the delamination of the coating on the tool edge. 

Initially, in the early stage of machining, the layer of TiN 

coating on the tool edge was worn out, and this will lead 

to the formation of carbo-nitride (CN). The carbo-nitride 

will then form a harder layer of TiN/TiCN coating. The 

layer of TiN/TiCN was the last layer of coating and 

removal of this layer of coating would then expose the 

carbide substrate (Venkatesh, 1980). The wear of the 
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cutting insert in turning FCD 700 cast iron can be 

divided into three stages; (i) rapid wear on cutting edge 

at the beginning of the cutting process, (ii) uniform wear 

and (iii) drastically wear leading to failure of the insert, 

as show in Figures 4 and 5. Similar finding had been 

reported by Che Haron et al.( 2001).  

 

 
 

Figure 4: The wear progression in experiments D1 and 

P1.  

 

 
 

Figure 5: The wear progression in experiments D2 and 

P2.  

 

During the machining process, the chips showed 

various different of colours. The colour of the chips is 

very depending on the degree of oxidation, and the 

degree of oxidation is affected by the cutting temperature. 

Heat is generated during cutting process and this 

increased the cutting temperature. The generated heat 

would then transfer into chips produced and increased 

the temperature of the chips. Oxidation would take place 

on the surface of chips when the chips were exposed to 

atmosphere at high temperature, creating a purple-blue 

oxide layer on the chips’ surface (Zhang & Guo, 2009). 

In flood lubrication, the coolant prevented the chips from 

dation in atmosphere (Rahman et al., 2003), thus the 

colours of the chips were silver-black, which are 

consistent with the colour of the workpiece material. All 

chips collected in this study were silver-black as shown 

in Figure 6, which similar with the colour of the 

workpiece material. This showed that surface oxidation 

does not occur on the chips. Therefore, indicating that 

flood lubrication could effectively prevent the oxidation 

on the chips surface. 

 

 
 

Figure 6: Samples of the chips collected, showing its 

shapes and colours. 

 

 It was found that the chips produced in 

experiments D1 and P1 were smaller than chips produced 

in experiments D2 and P2. This was due to lower the 

depth of cut used in experiments D1 and P1 than in 

experiments D2 and P2. In all the experiment conducted, 

the desired full-turn chips were produced. According to 

Nelson & Schneider (2001), the production of this type 

of chip is almost as good as the production of half-turn 

chip.  

 

3.2 Wear Morphology of the cutting tool 

 

Worn out cutting inserts were examined using SEM to 

characterise the wear mechanism occurred on the cutting 

edge after reaching the limits of wear criterion (VB =0.3 

mm) as shown in Figures 7-10. Generally, the formation 

of grooves was observed, and dominant for the caused of 

the wear mechanism on the flank face. Grooves formed 

were due to abrasion wear. During the machining process, 

rubbing of hard particles and work material will abrade 

the cutting tool, and consequently segregate the carbide 

particles from the substrate, which lead the formation of 

grooves (Stephenson & Agapiou, 1996).  Beside abrasion, 

adhesion (attrition), built-up-edge (BUE) and plastic 

deformation had also governed the wear mechanism on 

the insert.   

 

Figures 7 and 8 show the adhesion of the work 

material at the edge of the cutting tool which lead to the 

formation of BUE. BUE was commonly occurred when 

machining ductile material at low cutting speed, and may 

promote edge chipping when it was detached from the 

tool (Stephenson & Agapiou, 1996). During machining, 

small particles would be welded and adhered on the tool 

surface. The detached of these tiny particles from the tool 

surface will remove the carbide particles and responsible 

for cavities formation. The phenomenon of the formation 

of cavities was known as attrition wear (Stephenson & 

Agapiou, 1996). High temperature and high stress were 

generated during the machining process had weakened 

the tool edge and hence led to plastic deformation at the 

tool edge (Ghani et al., 2004). Plastic deformation 
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changed the shape of the cutting tool and thus the 

dimensional accuracy. 

 The thermal stress and abrasive wear caused the 

layers of coating to be cracking and subsequently 

delaminated (Che Haron et al., 2001).  Oxidation and 

diffusion wear would take place at the cutting zone 

where high temperature was generated. This is confirmed 

when numerous amount of ferrous (Fe) and oxygen (O) 

elements were detected on the substrate using EDX 

analysis as shown in Figure 11. The diffusion of the 

ferrous material into substrate and oxidation of the cobalt 

binder had weakened the bonding of the carbide substrate. 

The weakened tool edge caused the edge chipping more 

likely to take place (Stephenson & Agapiou, 1996). 

 

 
 

Figure 7: SEM of the cutting insert used in Test D1 after 

reaching the limits of tool life criterion. 

 

 
 

Figure 8: SEM of the cutting insert used in Test P1 after 

reaching the limits of tool life criterion. 

 

 
 

Figure 9: SEM of the cutting insert used in Test D2 after 

reaching the limits of tool life criterion. 

 

 
 

Figure 10: SEM of the cutting insert used in Test P2 after 

reaching the limits of tool life criterion. 

 

 The commercialised emulsified water-based 

coolant contains sodium sulphonate with 1-5 % of 

concentration (Shell Material Safety Data Sheet, 2006). 

After the removal of coating, the free sulphur particles 

from the sodium sulphonate may induce chemical 

reaction with the cobalt binder of the substrate. The 

chemical reaction between cobalt and sulphur produced 

cobalt sulphite that weakened the bonding of the 

substrate, leading to more pronounce and rapid wear. 

This was proved when sulphur elements had found in the 

substrate when EDX was performed after the cutting test. 
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Figure 11: Spectrum of the EDX analysis of the cutting 

tool used to carry out test P1. 

 

 

4. CONCLUSION 

 

The TiN coated carbide insert wear progression can be 

divided into three stages in the turning of FCD 700 cast 

iron, started with rapid wear, followed with uniform wear 

and finally drastic wear which lead to tool failure. The 

colour of the chips reflected the degree of surface 

oxidation on the chips, and in this study silver-black in 

colour chips were collected, which indicate flood 

lubrication could effectively prevent the chips surface 

form oxidation. It was that the abrasion wear had 

governed the wear mechanism, followed by attrition 

wear, BUE, and plastic deformation. Edge chipping, 

surface fracture, oxidation and diffusion wear had least 

influences on the tool wear. Cutting insert had the 

longest tool life when turning FCD 700 cast iron with 

120 m/min of cutting speed, 0.3 mm/rev of feed rate and 

0.6 mm of depth of cut using commercialised emulsified 

water-based coolant, and had the shortest tool life when 

turning FCD 700 cast iron with 220 m/min of cutting 

speed, 0.2 mm/rev of feed rate and 2.0 mm of depth of 

cut under palm oil based MWF 67 coolant. The 

commercialised emulsified water-based coolant was 

found better in prolong the tool life compare to palm oil 

based MWF 67 coolant. 
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ABSTRACT 

 

To date, plasma sprayed alumina titania have 

been widely used as wear resistance coatings in 

textile, machinery and printing industries. 

Previous studies showed that the coating 

microstructures and properties were strongly 

depended on various parameters such as 

ceramic composition, grain size powders and 

spray parameters, thus, affecting the melting 

degree of the alumina titania during the 

deposition process. This paper discusses the 

effect of Al2O3-13% TiO2 particle size powders 

and the presence of Ni-Al as a bonding layer on 

commercial marine grade mild steels using a 

plasma spray technique. The optimum plasma 

spray parameters were identified for both 

nanoparticle and microparticle powders in order 

the get the best coating properties in term of 

microhardness, surface roughness, coating 

porosity and specific wear rate. It was found 

that microparticle powders exhibited better 

surface roughness than the nanoparticle 

powders. On the other hand, the nanoparticle 

powder coating gave an excellent 

microhardness, with less coating porosity and 

better wears resistance than those of 

microparticle powders, which was likely due to 

the microstructure that consisted of bi-modal 

structures, resulting greater strengthening effect 

on both fully and partially melted regions. By 

sacrificing the surface smoothness, the presence 

of Ni-Al bonding layer on the other hand, was 

able to generate a good quality coating with less 

porosity percentage. 

 

Keywords: Al2O3-13%TiO2, bonding layer, 

plasma spray. 

 

1. INTRODUCTION 
 

Atmospheric plasma spraying is an 

important industrial technique for depositing 

protective coatings to improve component 

performance in wear, corrosion, thermal barrier 

and electrical insulation. Plasma sprayed 

alumina titania has been widely used as wear 

resistance coatings in textile, machinery and 

printing industries (Wang et al, 2007). 

Attractive properties associated with ceramic 

coating have been documented for bulk 

materials. It is also anticipated that if properly 

deposited, ceramic coating could also provide 

improved properties for various applications.  

 

Early researches on these kind of coatings 

were only limited to the microstructure and 

phase transformation studies. The focus was 

more on the mechanical properties and their 

relationship with the microstructures (Tian et 

al., 2009). Previous studies have shown that the 

coating microstructure and properties were 

strongly depended on various parameters such 

as ceramic composition, grain size powder, 

spray parameters and powder manufacturing 

method of the ceramic (Habib et al., 2006; 

Jordan et al., 2001; Zhang et al., 2007) thus, 

giving great influence on its melting degree. 

 

In recent years, nanoparticle powders were 

used in plasma spray. These powders could 

form coatings with both partially and fully 

melted regions. This bi-modal structure could 

provide better mechanical properties 

particularly in wear and crack growth resistance, 

as well as increasing the adhesion strength 

between substrates and coating (Wang et al., 

2009a; Zhang et al., 2008). However the process 

must be carefully controlled in order to retain 

the nanostructure in the final coating. 

 

The aim of this study focuses on the particle 

size of alumina-13%wt titania and the presence 

of a bonding layer on the mechanical properties. 

The effect of the microstructures on the wear 

resistance, the microhardness and the average 

surface roughness were also discussed.  
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2. EXPERIMENTAL PROCEDURE 

 

Two types of Al2O3-13%TiO2 powders were 

used in this study. They were Al2O3-13%TiO2 

microparticles with grain size of 10 to 25 µm 

from HAI Advanced Material and nanoparticles 

powder with the agglomerated size of 20 to 60 

µm obtained from Inframat Advanced 

Materials. The steel substrates with a dimension 

of 50 mm x 30 mm x 4 mm were sectioned in 

accordance to an ASTM A36 type steel. The 

surface of the substrate was sandblasted prior to 

coating. The Al2O3-13%TiO2 powders in this 

study were deposited on the substrates by using 

a SG 100 Plasma Gun from Praxair spray 

systems that was mounted on a programmable 

robot. The spray parameters for the coating 

process were shown in Table 1. 

 

The hardness of the coatings was 

measured using a HMV-2T Vickers 

microhardness tester by applying a 300 g load 

on the cross section of samples for 15 s. The 

readings were taken at 15 different locations for 

an average value.  Abrasive wear test was 

conducted by using a pin on disc tester model 

TR-20LE from Ducom. The samples also 

known as pins with 10.0 mm in diameter, slide 

on 120 grit SiC sand paper under 5 N load in a 

dry condition. The test was conducted for 20 m 

sliding distance. After the test, samples were 

ultrasonically cleaned with ethanol, dried and 

were then measured for weight loss. The surface 

roughness was measured by a SV-C3100 

(Formtracer) from Mitutoyo with the length of 

15mm with a pitch of 0.001 mm and a speed of 

2.0 mm/sec.  

 

3. RESULTS AND DISCUSSION 

 

3.1 Coating Microstructure and Surface 

Morphology 

 

Figure 1 shows the backscattered SEM image of 

Al2O3-13%TiO2 micro and nanoparticles. The 

agglomerated nanoparticles were spherical in 

shape with lengths from 20 to 60 µm while the 

microparticles were irregular with length from 

10 to 25 µm. The difference in the powder 

morphology is due to the different powder 

manufacturing processes (Wang et al., 2007). 

Even though they have different morphologies 

alumina and titania were seen evenly distributed 

as shown in Figure 1. 

 

 

Table 1: Spray parameters for bonding layer and Al2O3-13%TiO2 coating. 

 

Spray parameters Unit Bonding 

layer 

Al2O3-13%TiO2 layer 

   M1 M2 N1 N2 

Plasma power  kW 30 35 35 30 30 

Primary gas pressure Psi 50 100 100 40 40 

Secondary gas pressure Psi 60 60 60 60 60 

Carrier gas pressure Psi 30 40 40 20 20 

Powder feed rate Rpm 1 1 1 3 3 

Coating speed mm/s 250 250 250 250 250 

Layer Cycle 2 10 10 10 10 

Pre-heat Cycle 2 2 2 2 2 

Spray distance mm 100 100 100 100 100 

 

*M1 - Microparticle powder without bonding layer. 

    M2 - Microparticle powder with bonding layer.  

  N1 - Nanoparticle without bonding layer. 

  N2 - Nanoparticle with bonding layer. 
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Figure 1: SEM images of (a) microparticles and 

(b) agglomerated nanoparticles 

The SEM micrographs of coating surfaces were 

shown in Figure 2. It was proven that the Al2O3-

13%TiO2 coatings exhibited splat shapes. The 

structure was formed during the plasma spray, 

whereby the molten droplets hit the substrate at 

a high velocity resulting splat morphology 

(Singh et al., 2011). The splat size of the 

microparticle was found slightly smaller than 

the nanoparticles due to density difference. By 

having small droplet splats, microparticles 

showed an increase in voids and pores due to 

the splat boundaries which appeared dark areas 

as shown in Figure 2 (a). This finding was in a 

good agreement with Dejang et al. (2010) and 

Wang et al. (2009b).  

 

Figure 3(a) and (b) show the cross 

sections of the of micro and nanoparticle 

coatings. The microparticles exhibited greater 

randomly distributed pores within the partially 

melted region. This was most likely due to an 

imperfect contact within partially melted 

ceramic particles or gas entrapment formation 

(Du et al., 2005). In contrast, the nanoparticle 

powders posessed coatings with little pores in 

which the partially melted and fully melted 

regions were alternately piled-up. In some areas 

the two regions were mixed together without 

distinct boundaries as shown in high 

magnification SEM images in Figure 3(c). 

     

 
Figure 2: SEM images of plasma sprayed (a) 

micro particle and (b) nanoparticle powders. 

According to previous studies, the bi-

modal microstructure was formed due to 

selective melting of TiO2 nanoparticles during 

plasma spray (Hassanuddin et al., 2011). With 

low conductivity and high porosity of 

agglomerated nanoparticle powders, the heat 

surface during plasma spray was difficult to 

transfer into the powder’s interior (Wang et al., 

2009a) making the nanoparticle remained inside 

the coating structure. This microstructure gave a 

better coating performance and was consistant 

with several established studies on 

nanostructures coatings produced by the 

nanoparticle powders (Gell et al., 2001; 

Hassanuddin et al., 2011; Jordan et al., 2005; 

Zhang et al., 2008). The decreasing percentage 

of pores contributed by both micro and 

nanoparticle powders were confirmed based on 

image analysis measurement as shown in Table 

2. Coatings from microparticle powders 

exhibited 8.6% of porosity, while nanoparticle 

coatings exhibited 5.0% of porosity. The 

presence of the bonding layer decreased the 

coating porosity as shown in sample M2 and N2 

(Table 2) as a result of better thermal expansion 

between the bonding layer and Al2O3-13%TiO2 

coating. These pores and micro cracks were 

formed due to the tensile residual stress 

(quenching stress) that generated during a rapid 

cooling process of the droplets when spreading 

out over the substrate (Wang et al., 2009b). The 

(a) 

(b) 

(a) 

(b) 
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presence of the bonding layer increased the 

surface roughness of the coating either by using 

microparticle or nanoparticle powders. This was 

due to the particle size of the bonding layer that 

relatively large and produced coarser surface 

(Yilmaz et al., 2009).  

 

 
    

 
 

 
 

Figure 3: SEM images of coatings by using (a) 

microparticle powders (b) nanoparticle powder 

sand (c) high magnification of nanoparticle 

coating.  

 

 

 

Table 2: Percentage of pores, surface roughness 

and microhardness of the coating prepared with 

and without Ni-Al bonding layer. 

 

 
%  

Pores 
Ra  (µm) 

Microhardness 

(HV) 

M1 8.6 3.70 1013.2 

M2 6.3 4.30 1015.9 

N1 5.0 6.83 1054.7 

N2 3.9 7.70 1082.5 

 

3.2 Mechanical Properties of The Coating 

 

The nanoparticle coating with microhardness of 

1054.7 HV gave greater hardness than the 

microparticle coating with 1013.2 HV. The 

presence of the bonding layer increased the 

microhardness value for both coatings as shown 

in Table 2. From previous studies, most 

researchers believed that the microhardness of 

the coatings was strongly influenced by the 

microstructures. The ratio of a bi-modal 

structure could affect this property due to the 

bonding and strengthening effect of the coating 

structures (Song et al., 2008). 

 

Specific wear rate (K’) of coatings 

prepared by using optimum parameters of 

plasma spray showed no significant change in 

the values as shown in Figure 4. This was due to 

the wear behaviour of coatings that was 

influenced by several factors such as 

microhardness, porosity and fracture strength. 

The increase in the microhardness and the 

fracture strength of the coatings could reduced 

the K’ value. On the other hand an increase in 

the porosity could also increase the K’ as 

discussed by Liu et al. (2003).  

 

Fig. 5 shows the coefficient of friction 

(μ) evolution as function of sliding distance. 

The plot can distinguish two regions called 

running-in and stabilization regions which 

related to different wear mechanisms. As the 

roughness of the materials is reduced in the 

running-in period, the friction coefficient 

increases due to increase of the contact surface. 

Then, the value of the coefficient of friction 

stabilizes representing the wear behavior of the 

considered material couple (Guessasma  et al. 

2006). The running and stabilization regions 

were similar when varying each of the samples 

which demonstrate that friction mechanisms 

were the same for all the samples. However, in 

the beginning of the test, the coefficient of 

friction of the microparticle coating was about 

(c) 

(a) 

(b) 
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0.8, whereas the coefficient of friction of 

nanoparticle powders was about 0.7. The value 

was then stabilized as the sliding distance more 

than 0.5 m for nanoparticle coating. While 

microparticles coating was then stabilized after 

sliding distance 2.5 m. This results were 

probably due to coating microstructure and 

porosity level as describe by Bounazef et al. 

(2004). 

 

 

 
Figure 4 Specific wear rates (K’) of optimised 

plasma sprayed coatings.  

 

 

 
 

Figure 5 The coefficient of friction of the 

coating prepared by using the optimum 

parameters of plasma spray. 

 

4. CONCLUSION 

 

The microparticle powder was found to 

produce coatings with small droplet forming 

splats compared to the nanoparticles, thus 

increased the voids or pores of the splat 

boundaries. The cross sections of the coatings 

showed that the microparticles produced higher 

pores with 8.6% compared to the nanoparticle 

coating which only generated 5% pores. The 

presence of bonding layer had reduced the pores 

and voids of both microparticle and nanoparticle 

coatings. Besides that, microparticle coatings 

also gave better surface roughness than the 

nanoparticle coatings. In contrast, the presence 

of the bonding layer exhibited rougher surfaces.  

 

Using the best plasma spray parameters 

on both types of powder coatings showed that 

the agglomerated nanoparticle powders (N1) 

coatings posessed higher microhardness  than 

the microparticle powder (M1) coatings. 

However, the wear rate of the coatings did not 

show any significant difference on all types of 

coatings. The coefficient of friction also 

suggested that friction mechanisms were the 

same for both nanoparticle and microparticle 

coatings.  
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ABSTRACT 

 

In general, drum brake squeal is excited by 

friction induced vibration at the drum-shoe 

interface. The instability of the vibration 

depends on various parameter especially friction 

coefficient. This paper shows the development 

of minimal model of a drum brake squeal under 

binary flutter instability which is caused by the 

velocity independent friction coefficient. The 

vibration of the brake shoes is considered as the 

primary unstable component which  contributed  

to the drum brake system squeal. Experimental 

work is carried out to indentify the value of 

parameters of this model and also verified the 

critical value of unstable vibration for squeal. 

The binary flutter instability occurs when two 

initially separated and different natural 

frequencies of the system coupled at a common 

frequency to produce one unstable mode. The 

coupling of the modes in this model is between 

the first torsion mode and the second torsion 

mode of the leading brake shoe. The effect of 

the friction coefficient, damping coefficient and  

the location of centre of contact pressure are 

investigated. 

 

Keywords: Friction, vibration, binary flutter, 

instability, squeal 

 

 

1. INTRODUCTION 
 

The occurrences of automotive brake noise has 

been studied since the 1920s (Lee, Yoo et al. 

2001) and yet none was able to completely 

eliminate brake noises although large 

improvement has been made. Brake noise is 

annoying to vehicle passengers and greatly 

influence the customers comfort level in the 

vehicle. According to manufacturers of brake 

pad materials, up to 50% of their engineering 

budget was spent on noise, vibration and 

harshness issues (Abendroth and Wernitz 2000). 

 

 

 

 Drum brake squeal is defined as a self-

excited friction induced vibration with 

frequency exceeding 1000Hz. Typically, drum 

brake squeal is excited at low speed and high 

friction condition when the brake shoes are 

pressed against the rotating drum (Hulten 1995). 

The occurrence of the brake squeal is sensitive 

to the change of friction coefficient, speed, 

location of centre of pressure, stiffness, 

damping coefficient and also the geometry of 

brake assembly (Ouyang, Nack et al. 2005).  

  

 Based on the previous studies on 

stability of brake squeal, there are four possible 

mechanisms to excite brake squeal. These are 

binary flutter instability of mode coupling 

(Hoffmann, Fischer et al. 2002; Teoh and Ripin 

2010), negative friction-velocity characteristic 

that cause negative damping (Shin, Brennan et 

al. 2002), sprag-slip (Sinou, Thouverez et al. 

2003) and follower of friction force (Popp, 

Rudolph et al. 2002). Some researchers studied 

the effect on brake squeal with more than one 

mechanism. (Kang, Krousgrill et al. 2009; Teoh 

and Ripin 2011). 

 

 The critical friction coefficient to 

excite binary flutter instability of drum brake 

squeal can also be predicted by using reduced-

order characteristic equation to compute the 

complex eigenvalue of the system (Huang, 

Krousgrill et al. 2009). A drum brake shoe with 

non-uniform cross section is used to study the 

effective method to reduce drum brake squeal 

by partially changing the contact area and the 

shapes of the shoes (Lee, Yoo et al. 2001). The 

results showed that the occurrence of drum 

brake squeal is highly dependence on the 

dynamics characteristics of the drum brake 

system. The slightly modification of the cross-

section area of the brake shoe able to quench the 

drum brake squeal.  
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 Although a lot of publications of the 

analysis drum brake squeal can be found, none 

has verified the model of mode coupling 

mechanism experimentally. In this paper, 

experimentally verified model of the drum 

brake shoe is developed to study the 

characteristic of mode coupling mechanism. 

Besides, the numerical and experimental results 

are compared to provide better association with 

the model of the real drum brake system.  

 

 

2. METHODOLOGY 

 

2.1 Experimental modal analysis 

 

Experimental modal analysis is carried out to 

determine the mode shapes and natural 

frequencies of the brake shoe. Twelve 

accelerometers (Dytran, 3224A2) are installed 

on each brake shoe. The brake shoe is knocked 

using impact hammer (Kistler, 9724A5000) to 

produced input force in order to construct 

frequency response function (FRF) using LMS 

Data acquisition system. Besides, the Operating 

Deflection Shape (ODS) analysis is carried out 

on brake shoe during squealing condition and 

the squeal noise frequency recorded using 

microphone. 

 

 According to the modal analysis results 

shown in Figure 1, the first two natural  modes 

of the brake shoe are the first and second torsion 

mode of the brake shoe with frequency of 

1231Hz and 2420Hz. These modes have the 

damping ratio of 0.52% and 0.67% respectively. 

 
Mode 1 

 

Mode 2 

 
 

 

ωn1=1231 Hz  

ζ=0.52% 

ωn2=2420 Hz  

ζ=0.67% 

 

Figure 1 The first two modes of the brake shoe 

in free-free condition 

 

Spectrum analysis is carried out to investigate 

the excited frequency and mode shape of the 

pair of brake shoes as shown in Figure 2. By 

comparing the squeal frequency in Figure 3(a) 

and the vibration frequency of the leading brake 

shoe in Figure 3(b), the squeal frequency is 

identical with the excited frequency of the 

leading brake shoe. Both have the highest 

amplitude at frequency of 1850Hz. Thus, the 

leading brake shoe is believed to have the 

greatest contribution to the occurrences of brake 

squeal. Based on the ODS result shown in 

Figure 4, the excited mode of leading brake 

shoe during squealing is a torsion mode with the 

frequency of 1850Hz. This mode has the 

frequency between first and second torsion 

mode as in Figure 1. Thus, we suggested that 

the occurrence of drum brake squeal is excited 

by mode coupling between the first and the 

second torsion mode of the leading shoe. 

 

 

 
 

Figure 2 Experiment setup for spectrum analysis 

 

 

 
(a) 

 
(b) 

Figure 3 Fast Fourier Transform (FFT) during 

squealing. (a) Sound Pressure Level of squeal 

(b) Vibration level of leading shoe. 
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Figure 4 ODS of the trailing brake shoe during 

squealing at 1850Hz 

 

2.2 Modeling of drum brake shoe 

 

(a)  

 
 

 

(b) 

 
 

Figure 5 (a) The leading drum brake shoe;  

(b) Model of leading drum brake shoe 

 

The two degree-of freedom model shown in 

Figure 5(b) is modeled based on the leading 

drum brake shoe as shown in Figure 5(a). This 

model consist of rotation about θ1-axis and 

rotation about θ2-axis. The rotation about each 

axis represent first and second torsion mode of 

the drum brake shoe. This model can be easily 

associated with the real drum brake system 

where the relationship between coupling mode 

can be shown and the effect of friction force is 

included in the system. The angle between two 

axis is denoted by α. The moment of inertia for 

each modes are represented as Iθ1 and Iθ2 due to 

the different moment of inertia. Meanwhile, the 

torsion stiffness and damping coefficient of 

each modes are represented as Kr1, Kr2 and Cr1 

Cr2. The contact stiffness of the shoe on the 

rotating drum is denoted by k with sliding 

velocity of VB. The contact force acted on brake 

shoe is denoted by N and the friction force Ff. 

The location of centre of contact pressure is 

denoted by d. 

  

 The equation of motion of the model is 

derived as in Eq. (1-2). Meanwhile, the friction 

force which is acting on the brake shoe is 

derived as in Eq. (3). Transient analysis is 

carried out to investigated the stability of the 

system with different parameters using 

Dormand-Prince method (Dormand and Prince 

1980). The values of torsion spring stiffness, 

torsion damping coefficient, contact stiffness 

sliding velocity and contact force are extracted 

from experiment results. The moment of inertia 

for each axis is generated from Finite Element 

model of brake shoe. Meanwhile, the other 

parameters are subjected to change in order to 

investigate their effect on system stability. 

 

    ̈     (  ̇    ̇     ) 

    (         )                                            (1) 

 
    ̈     (  ̇    ̇     )     (         ) 

      ̇                 (     )         (2) 

 

Where friction force,  

           [   (         )]            (3) 

 

 

3. RESULT AND DISCUSSION 

 

3.1 Influence of friction coefficient to the 

occurrence of drum brake squeal 

 

The friction coefficient is known to has the most 

influence on mode coupling mechanism. 

Therefore the transient analysis carried out for 

different value of friction coefficient, µ ranged 

from 0 to 0.5, while the location of centre of 

pressure, d remain unchanged at 0.010m.  Since 

the brake squeal is a self-excited friction 
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induced vibration, the growing oscillations on 

the graph rotation-time  represent unstable or 

squealing condition. In the other hand, the 

damped oscillations represent stable or non-

squealing condition.  

 

 Based on time history results as shown 

in Figure 6(a)-(c), the oscillations damped with 

time which represented the stable non-squealing 

condition. The damping rate of these 

oscillations decreases when the friction 

coefficient increases from 0 to 0.40. When the 

friction coefficient is larger than 0.45, the 

system vibration increases with time which 

represented the unstable or squealing condition 

as shown in Figure 6(d). The limit cycle of the 

unstable torsional vibration is 0.26rad when 

friction coefficient, µ is 0.45. This self-excited 

vibration able to overcome the system damping  

and maintain the limit cycle if the condition 

remain unchanged. 

 

 The graph of power spectral density in 

Figure 6(a) shows that the brake shoe have two 

modes during contact and static condition with 

frequency of 1415Hz and 2659Hz respectively. 

These modes represent the first and second 

torsional mode of the brake shoe. The power 

spectral density results in Figure 6(a)-(d) show 

that the two initially separated modes come 

closer to each other when friction coefficient 

increases until they coalesced to produce a 

single high magnitude unstable mode at µ=0.45 

with frequency of 1767Hz. The unstable mode 

has a magnitude 1.0 ×10
5 

time greater than the 

stable mode.  

 

 

 
Time History 

 

Power Spectral Density 

(a) µ=0 (static)  

  
 

(b) µ=0.20 
 

  
 

 

 

 

 

 

(c) µ=0.40 

  
 

(d) µ=0.45 
 

  
 

Figure 6 Time History and Power Spectral 

Density results for different value of friction 

coefficient, µ. 

 

3.2 Influence of location of centre of pressure 

to the occurrence of drum brake squeal 

 

In addition to the friction coefficient, the 

location of centre of pressure also influences the 

mode coupling instability of drum brake squeal. 

Since the brake shoe's lining of the typical 

passenger car is 0.03m in width (0.015m from 

CG), the stability analysis is carried out for 

location of centre of pressure 0 < d < 0.015m 

from CG. The fiction coefficient, µ is set as 0.50 

for this analysis. 

 

 The time result in Figure 7(a) shows 

that the vibration of the brake shoe remain 

stable (damped oscillation) for d=0.005m 

although the friction coefficient is increased 

above it critical value. The power spectral 

density showed the two modes with frequencies 

of 1478Hz and 2550Hz. These frequencies are 

almost identical as the modes 1415Hz and 

2659Hz at static condition (Figure 6(a)). 

Although these modes come closer to each other 

when µ increases to 0.50, but their affect is still 

insufficient to couple them together since they 

are still far away from each other. This result 

indicated that the coupling of torsional modes is 

impossible if the location of centre of contact 

pressure is near to the centre of gravity (CG) of 

the shoe. 

 

 When the location of centre of pressure 

is 0.010m from CG as shown in Figure 7(b), the 

unstable vibration is excited at frequency of 

1767Hz with limit cycle of 0.90rad. This 

frequency is identical to squeal frequency as in 

Figure 6(d) which indicated the unstable 

vibration is excited by mode coupling 

mechanism. However, when the value of d 

increase to 0.015m as in Figure 7(c), the 
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unstable vibration detected with higher limit 

cycle (2.2rad) at frequency of 1760Hz and 

2733Hz. The sudden increase of the limit cycle 

of the unstable vibration is caused by another 

mode which is excited at frequency of 2733Hz 

which is different from the coupled mode of 

1760Hz. Due to the higher torque produced by 

the contact force at d=0.015m, the frictional 

contact produced another unstable mode which 

at the same time is superimposed on the coupled 

mode. Fortunately, the mode 2733Hz is very 

difficult to produce in real condition since the 

contact will have to be only at the edge of the 

lining of the brake shoe. 

 

 
Time History 

 

Power Spectral Density 

(a) d=0.005m  

  
 

(b) d=0.010m 
 

  
 

(c) d=0.015m 
 

  
 

Figure 7 Time History and Power Spectral 

Density results for different location of centre of 

contact pressure at µ=0.50. 

 

 

3.3 Comparison of experiment and 

simulation results. 

 

Table 1 listed the frequencies of mode of the 

experiment and simulation. The first and second 

torsion mode of the brake shoe generated from 

the model in Figure 6(a) is 1415Hz and 2659Hz 

respectively. These modes are 14.9% and 9.9% 

different from the experimental modal analysis. 

The natural frequencies from the model are 

slightly higher than the experiment value, since 

the experimental modal analysis was carried out 

in free-free condition while the model was 

simulated in contact condition. Thus, the gap 

between them is contributed by the contact 

stiffness between the drum and the brake shoe. 

The squeal frequency recorded from both 

methods are different by only 4.5%. Thus, this 

model is proven to have the characteristics of 

actual mechanism of drum brake squeal. 

 

 

Table 1 Comparison of experiment and 

simulation results 

 

 Experiment Simulation 
Error 

(%) 

 

1st torsion 

mode 

1231 Hz 1415 Hz 14.9 

 

2nd torsion 

mode 

 

2420 Hz 2659 Hz 9.9 

Squeal 

mode 
1850 Hz 1767 Hz 4.5 

 

 

4. CONCLUSION 

 

a) The drum brake squeal is modelled after 

the instability of the brake shoe and 

excited by the mode coupling mechanism 

between first torsion mode (1231Hz) and 

the second torsion mode (2420 Hz) of the 

leading brake shoe with frequency of 

1850Hz. 

b) The mode coupling mechanism between  

first and second torsion mode is excited 

when the value of friction coefficient is 

higher than 0.45. This indicated that the 

drum brake squeal is detected only when 

the friction coefficient is higher than 

0.45.  

c) The location of centre of contact pressure 

influence the system stability if it is 

away from centre of gravity of the shoe. 
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NOMENCLATURE 

 

Cr1 Torsional damping coefficient respect to 

θ1-axis, 0.24 kg.m
2
.s

-1
.rad

-1 

Cr2 Torsional damping coefficient respect to 

θ2-axis, 0.39 kg.m
2
.s

-1
.rad

-1 

d Location of centre of contact pressure from 

C.G, 0.005m to 0.015m 

Ff Friction force between rotating drum and 

leading brake shoe, N 

I1 Moment of inertia respect to θ1-axis, 

2.00×10
-4

 kg.m
2
 

I2 Moment of inertia respect to θ2-axis, 

3.13×10
-4

 kg.m
2 

k Contact stiffness between the rotating 

drum and leading brake shoe, 

2.00×10
8
N.m

-1 

Kr1 Torsional stiffness respect to θ1-axis, 

2.50×10
4
 N.m.rad

-1 

Kr2 Torsional stiffness respect to θ2-axis, 

5.50×10
4
 N.m.rad

-1
 

N Contact force acting on leading brake 

shoe, 500 N 

Vb Sliding velocity between leading brake 

shoe and rotating drum, 1.0 m.s
-1

 

α Angle between θ1-axis and θ2-axis,45° 

θ1 Angular displacement respect to θ1-axis, 

rad 

θ2 Angular displacement respect to θ2-axis, 

rad 

  ̇     Angular velocity respect to θ1-axis, rad.s
-1 

  ̇     Angular velocity respect to θ2-axis, rad.s
-1

 

  ̈  Angular acceleration respect to θ1-axis, 

rad.s
-2 

  ̈  Angular acceleration respect to θ2-axis, 

rad.s
-2 

µ Coefficient of friction, 0 to 0.50
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ABSTRACT 

 

Round solid cylindrical-shaped bars 

have great important applications in 

power transmission and cracks normally 

occurred on the surface due to several 

factors such corrosions and material 

defects. Therefore, the failure 

predictions on the cracked components 

have a major safety issue. In this work, 

an elastic-plastic finite element analysis 

is conducted to investigate the failure 

behaviour of cracked round bars under 

tension stress. Different crack aspect 

ratio, a/b and relative crack depth, a/D 

are selected ranging between 0.6 to 1.2 

and 0.1 to 0.3 respectively. Two strain 

hardening exponents, n are used 5 and 

10 in order to simulate higher and lower 

hardening behaviour of the material and 

the material stress/strain are assumed to 

follow the Ramberg-Osgood relation. 

During the loading, the J-integral are 

calculated for several points along the 

crack fronts, x/h. Then, the limit load of 

the components are computed according 

to the reference stress method and it is 

strongly depend on the a/b, a/D, x/h and 

n. Subsequently, the limit load is 

validated whether it is capable to predict 

the J-integral along the crack fronts. 

According to the results, the present 

limit load capable to predict the J-

integral under tension force. However, 

the predictions are limited within 

certain crack geometries. 

 

Keywords: Surface cracks, elastic-

plastic analysis, finite element analysis, 

fracture 

 

1. INTRODUCTION 
 

A shaft is a highly stressed component 

particularly in transmitting power from 

one point to another. The shaft is 

generally designed to reach an infinite 

life that is subjected tension, bending, 

torsion and combinations of such 

loadings. Sometimes, catastrophic 

failure of the components due to the 

formation  of cracks occurred due to 

several factors such as improper design 

(Ismail et al 2011), material defects 

(Luke et al 2011) and corrosion 

(Mahmoud 2007). Finite element 

analysis is generally used to model and 

predict the reliability of the cracked 

component where the initiated cracks 

are modeled as a semi-elliptical shape 

(Lin and Smith, 1999).  

 

Linear-elastic fracture 

mechanics (LEFM) approach has 

successfully used to characterize the 

crack behavior under loadings. 

However, this analysis is constrained by 

significantly assumed plastic 

deformation around the crack tip. 

Therefore, an elastic-plastic fracture 

mechanics (EPFM) is then used instead 

of LEFM in order to characterize these 

cracks. The later analysis is called J-

integral is used as a driving fracture 

mailto:emran@uthm.edu.my
mailto:kamal@eng.ukm.my
mailto:shahrum@eng.ukm.my
mailto:mariyam@eng.ukm.my
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parameter. This is because the influence 

of plastic deformation has already taken 

into the consideration in the J-integral 

analysis (Rice, 1968). Therefore, J-

integral is exclusively used to study the 

component made of ductile materials or 

any component experienced large 

plastic deformation. 

 

In order to analyze the J-integral 

response of the bars under tension 

loadings, ANSYS finite element 

analysis are conducted. The fracture 

parameters along the crack fronts are 

calculated for both stress intensity 

factors (SIF) and J-integral. Lack of J-

integral analysis available (Findley et 

al., 2007) for this type of crack 

geometries, therefore, SIFs are used to 

validate the present model. Then, limit 

load solution will be determined from 

the elastic-plastic FEA using reference 

stress method. According to literature 

survey (Lei, 2008), lack of information 

are available in discussing the J-integral 

and limit load responses for the surface 

cracks in round bars. Finally, the 

developed limit load will be evaluated 

for its capability to predict J-integral 

along the crack front for different crack 

geometries. 

 

2. FINITE ELEMENT 

MODELLING 

 

A circular cross-section of a component 

with a surface crack is shown in Figure 

1 (Toribio et al., 2008). The geometry 

of the crack can be described by the 

dimensionless a/D and a/b, the so-called 

relative crack depth and crack aspect 

ratios, where D, a and b are the 

diameter of the bar, the crack depth and 

the major diameter of the ellipse, 

respectively. Any arbitrary points on the 

crack front can also be normalized as 

x/h, where h is the crack width, and x is 

the arbitrary distance of P from the 

symmetry axis.  The outer diameter of 

the cylinder was 50 mm and the total 

length was 200 mm.  Due to the non-

symmetrical analysis involved, a full 

finite element model was constructed, in 

which the surface crack was situated at 

the centre of the cylinder.   

 

 
Figure 1 Nomenclature of a semi-

elliptical surface crack 

 

A finite element model was developed 

using the ANSYS software with special 

attention given to the crack tip by 

employing 20-node iso-parametric 

quadratic brick elements. The square-

root singularities of stresses and strains 

were modeled by shifting the mid-point 

nodes to the quarter-point locations 

around the crack-tip region. The detail 

of the finite element model is shown in 

Figure 2(a) with the associated singular 

finite elements around the crack tip.  

 

 

 

Figure 2 (a) Symmetrical finite element 

model and  

(a) 
(b) 
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(b) Remotely applied moments 

 

To remotely apply loadings to the 

structural component, a rigid element or 

multi-point constraint (MPC) elements 

was used to connect the nodes at a 

circumferential line at the end of the 

component, to an independent node.  

Figure 2(b) shows a technique for 

constructing the independent node 

connected to the model using rigid 

beam elements. The bending moment, 

My was directly applied to this node, 

whereas the axial force was directly 

applied in the direction-x on the cross-

sectional area of the bar. At the other 

end, the component was constrained 

appropriately in all degrees of freedom. 

To obtain a suitable finite element 

model, it was necessary to compare the 

proposed model with other published 

models (Carpinteri and Vantadori, 

2009; Carpinteri et al., 2006; Toribio et 

al. 2008). In this work SIFs results are 

used for the validation purposes. Since, 

it is hard to find the J-integral results for 

these particular crack geometries.  

Figure 3 shows a comparison of the 

dimensionless SIFs under bending 

moment, FI,b and axial force, FI,a. The 

findings of this study are in good 

agreement with those of previous 

models.   

 

 
Figure 3 Validation of finite element 

model under bending moment 

 

In this present work, both linear 

and non-linear are conducted using 

ANSYS finite element analysis. For the 

linear FEA, modulus of elasticity, E = 

210 MPa and Poisson’s ratio, υ = 0.3 

are used. While for modelling plastic 

behaviour of the component, multilinear 

isotropic hardening (MISO) is used. 

MISO used von Mises criterion 

associated with isotropic hardening with 

a flow rule. The material stress-strain 

followed the Ramberg-Osgood relation 

as this expression   

 
n

o o o

  


  

 
   

                                                    

                     
(1) 

where o = Eo is a 0.2% of proof 

stress,  is a material constant and n is a 

strain hardening exponent. Two values 

of n are used, 5 and 10 represent the 

higher and lower strain hardening 

material models, respectively.  

 

3. RESULTS AND 

DISCUSSION 

 
3.1 Elastic-Plastic J-integral  

 

Figure 4 shows the linear relationship 

between Jp-FE and Jp-normal for the case of 

crack aspect ratio, a/b = 0.6 and the 

relative crack depth, a/D = 0.2 with a 

An independent node 
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strain hardening exponent, n = 5 under 

tension stress. The slopes of these 

curve-fitted lines are determined and it 

is represented a h-function. 

 

 
Figure 4 Relationship of curve-fitted 

data of Jp-FE and Jp-normal for 

a/b = 0.6, a/D = 0.2 

 

 

 
Figure 5 Effect of x/h on function hI,a 

for, (a) a/b = 0.6 and (b) a/b = 0.8 under 

tension 

 

Figure 5 shows the function-hI,a 

plotted against normalized coordinate, 

x/h for relative crack depth, a/D = 0.1, 

0.2 and 0.3. It is found that this function 

decreased when a/D is increased and the 

maximum values of function-hI,a have 

attained at the deepest crack location 

(x/h = 0.0) and it is also strongly related 

to a/D, x/h and n. No significant 

contribution of a/D ≤ 0.2 (shallow 

cracks) and strain hardening exponent, n 

on the function-hI,a can be observed. 

When the cracks become deeper (a/D  

0.2), a/D and n have factors played an 

import role in determining the function-

hI,a. Figure 5 also shows that higher 

values of function-hI,a can be obtained 

with deeper cracks. This is related when 

a deeper crack is used lower resistance 

of bar is obtained and therefore higher 

values of J-integral is produced. Findley 

et al. (2007) used global approach to 

analyze J-integral however the analyses 

is limited to a/D = 0.246. 

 

3.2 Limit Load 

 

Normalized limit load, a can be 

determined using Eq. (2) and plotted 

against normalized load, a/o for 

various locations on the crack front. 

Figure 6 shows the behavior of a 

obtained using a crack aspect ratio, a/b 

= 0.6 and strain hardening exponent, n = 

5. Due to the typical limit load curves 

have been observed therefore the case 

of a/b = 0.6 is considered in this 

analysis. It is found that the limit load 

curves asymptotically decreased when   

a/o is increased. A case of a/b = 0.6 is 

considered in this analysis due to the 

typical distribution of limit loads can be 

observed.  

 

( , , ) a o

a

r

a a x

b D h L

 
 

        
(2) 

 

Generally, the limit load can be 

divided into two regions which are 

a/o < 1.0 (lower load level) and 

a/o >1.0 (higher load level). In the 

region a/o <1.0, limit load obtained 

(a) 

(b) 
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from different locations along the crack 

front seem to shift away from each 

other and therefore producing higher 

distribution of limit load in this region. 

This is because under lower load levels, 

elastic J-integral dominated the vicinity 

area around the crack front.  

 

In limit load analyses, Lr is Eq. 

(2) represents the fully plastic 

parameter. Consequently, an elastic J-

integral is reduced as minimum as 

possible in order to avoid its irrelevancy 

in the calculation of limit load. 

Normalized limit loads, a obtained at 

the outer surface (x/h = 1.0) are isolated 

among other limit loads. This is due to 

the fact, at that location the constraint 

along the crack front is less compared 

with the points situated around the 

deepest cracks (x/h = 0.0). 

 

It is noticed that from Figure 6 

show the result of limit loads obtained 

using n = 5. The bar resistances are 

decreased when the deeper cracks are 

used. These circumstances caused 

higher J-integral along the crack front 

and therefore reducing the limit loads. 

In the same time, the influences of 

plastic J-integral become increased and 

affected the distribution of limit load 

curves where all the curves have closed 

to each others as shown in Figure 6(b). 

An obvious behavior of can be seen if n 

= 10 is used.  

  

 

 

 

 
Figure 6 Effect of a/o on the limit 

load, a for a/b = 0.6 (a) a/D = 0.1 and 

(b) a/D = 0.2 bagi n = 5 

 

The characteristics of limit loads in 

Figure 6 may be described by 

examining the J/Je pattern along the 

crack front which is can be expressed as 

follows 

  

 

1

,

2 2

,

2

1

1

n

a

I a

o

e I a

x x
J h

h h

x a x
J F

h R h






 



      
     

       
      

      
                                                  

(3) 

 

where, J = Je + Jp and it is found that 

the parameter x/h change and others are 

assumed as constant parameters. 

Therefore, J/Je is determined by the 

hI,a/F
2

I,a for the various type of crack 

geometries under considerations. The 

behavior of hI,a/F
2

I,a are plotted against 

x/h using n = 5. In the region x/h ≤ 0.6, 

the curves of hI,a/F
2

I,a are almost 

flattened along the crack front. It is 

indicated that a single limit load can be 

used to estimate J-integral for all a/b 

with a/D ≤ 0.2. However for the region 

x/h > 0.6, there are some reductions of 

limit load as the x/h approach to the 

outer edge before converge at x/h = 1.0.   

  

4. CONCLUSION 

An elastic-plastic and elastic finite 

element analysis has been used to 

investigate fracture behavior of surface 

(a) 

(b) 
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cracks in round bars. These bars were 

subjected to an axial tension stress. J-

integral is used as a fracture parameter 

and it is calculated along the crack front 

for various crack geometries. It is found 

that the J-integral is strongly related to 

a/b, a/D, x/h and n. Then, references 

stress approach is used to determine the 

limit load of the bar. Consequently, the 

limit load were verified for its capability 

to predict the J-integral and it is found 

that the estimations of J-integral using 

the reference stress approach is 

dependent on the a/D where J-integral 

can be predicted almost along the crack 

front except in the vicinity edge area of 

the cracks. 
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ABSTRACT 

 

The machinability of MMCs have been 

extensively focused and investigated by the 

scientific community not only due to their 

superior mechanical properties but also because 

of the potential application in automotive and 

aerospace industries. Since these materials are 

classified as difficult-to-machine material due to 

the hardness and abrasiveness, the selection of 

particles reinforcement’s volume and selection 

of cutting tools are essential in order to obtain 

better surface finish and reduce tool wears. In 

this paper, attention is focussed on the 

experimental study of 5% aluminium nitride 

(AlN) reinforced aluminium MMC 

manufactured via stir casting method and been 

heat treated purposely to increase the 

mechanical properties. Cutting tool insert used 

for this end milling experiment was single layer 

coated carbide. Machining parameters; cutting 

speed, feed rate and cutting time are considered 

and the machining characterization; flank wear 

and surface roughness are examined. 

Furthermore, some solutions to reduce tool 

wears, and obtain better surface finished are 

discussed. 

  

 

Keywords: Metal matrix composite (MMC), 

Aluminium nitride (AlN), tool wear, surface 

roughness   

 

1. INTRODUCTION 
 

Aerospace and automotive industries is going 

through tremendous evolution in introducing 

new generation materials having low density 

and very light weight with high strength, 

hardness and stiffness. Material matrix 

composites (MMCs) are designed to suit the 

requirements. These materials are new 

generation of composite materials which 

combines the tough metallic matrix with a hard 

ceramic. The reinforcement of ceramic material 

in metallic matrix will affect the properties of 

these materials; high in strength, hardness, wear 

resistance and strength to weight ratio are the 

properties that makes these materials as a 

potential in automotive and aerospace industries 

(Kennedy et al., 1997). 

The structure and properties of MMCs 

are affected by the type and properties of the 

matrix, reinforcement, and interface. 

Aluminium, titanium and magnesium are the 

various types of lightweight materials 

commonly used as matrix phase and aluminium 

and its alloys are the most popular. Ceramic 

reinforcements mostly used are silicon carbide 

and aluminium oxide (M. Seeman et al., 2010). 

However, others ceramic are also capable of 

being  used as reinforcement particles such as 

boron nitride and aluminium nitride. Compared 

with other ceramic materials, Aluminium 

Nitride (AlN) is one of the lowest densities, 

high specific modulus, and lowest thermal 

expansion. Its thermal expansion 4.6 x 10-6 

m/ºC was close to Si offer a potential use for 

both monolithic and composites materials 

(Kuramoto et al., 2003).  

MMCs are classified as difficult-to-

machine material. The difficulty in machining 

these materials is one of the major problems that 

are preventing its wide spread in engineering 

application (Cronjager et al., 1992) (Schwartz et 

al., 1997). It is due to the hardness and 

mailto:sharyani@ump.edu.my
mailto:jaharah@eng.ukm.my
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abrasiveness of the materials. To overcome or 

minimized the problems, attention should be 

given to the volume of particles reinforcement 

and selection of cutting tools in order to obtain 

lower surface roughness and tool wear. 

Among the different forms of tool wear, 

flank wear is the significant measure because it 

affects the dimensional tolerance of workpieces.  

The main wear mechanism of the tools which 

had been investigated by the researchers was 

abrasion wear of the tool face. This is due to the 

reinforcement particles, with the greatest wear 

on the flank face of the tool (W. Pedersen et al., 

2006). Flank wear occurs due to the rubbing of 

the tool along the mechanical surfaces of 

workpiece material, caused by abrasive, 

diffusive, and adhesive wear mechanisms 

(Reddy et al., 2009). 

In machining of MMCs, flank wears of 

cutting tool (VBmax) increases with the 

increase in the cutting speed (M. Seeman et al., 

2010). At lower cutting speed, tool wear is 

reduced, which can be attributed to formation of 

larger size unstable BUE due to high contact 

pressure and friction. The different abrasive 

wear grooves on the flank face can be seen 

while turning Al/SiCp metal matrix composite 

material at low cutting speed (50 m/min). This 

phenomenon happened due to the abrasive 

nature of the hard SiC particle present in the 

workpiece materials. In the meantime, when the 

cutting speed increased to 150 m/min, abrasive 

and adherence of work material on to the flank 

face is seen which is mainly due to the 

generation of high contact pressure and 

temperature between work and tool (Seeman et 

al., 2010). Flank wear also increases with the 

increase of feed (Sornakumar et al., 2010) and 

depth of cut (Schwartz et al., 1997). 

In meantime, surface roughness of 

machined material plays an important role in the 

evaluation of machining accuracy. Many factors 

affect the surface condition and machining 

parameters such as cutting speed, feed rate, and 

depth of cut have a significant influence. When 

machining Al2O3 particle-reinforced aluminium 

alloy composites with different cutting tool, it 

was found that the surface roughness increased 

with increasing volume fraction of particles 

(Sahin et al., 2002). Surface roughness value 

increased with increasing of cutting speed. This 

is due to the generation of narrow grooves on 

the workpiece. With the increasing of cutting 

speed, the cutting temperature increased and 

leads to weaken the binding between the 

particles and alloy matrix. It tended to move 

them rather than cutting or breaking. Therefore, 

the particles are generated grooves on the 

surface of the workpiece when the tool edge 

came in contact with hard and brittle particles 

(Reddy et al., 2008).  

Cutting tools based on polycrystalline 

diamond (PCD) had also been used successfully 

for machining MMCs. PCD showed better wear 

resistance and produced better surface finish 

than carbide or alumina tools (Muthukrishnan et 

al., 2008). With diamond tools, the tool wear is 

very low but the price is very high and the 

shaping of the tool is very limited (Kök et al., 

2010).  

In this paper, attentions are given to the 

machinability of 5% AlN reinforced aluminium 

MMC machined by end milling process and 

using single layer coated of cutting insert. 

Machining characterization is focused in term of 

tool flank wear and surface roughness of 

workpiece material.  

 

2. METHODOLOGY 

 

2.1 Materials 

 

The reinforcement material in the experiments 

was 5 wt% of AlN and was reinforced with 

aluminium silicon (Al-Si) alloy as a matrix. 

Table 1 shows the chemical composition of Al-

Si alloy. This composition was determined by 

Glow Discharge Profiler (Model-Horiba Jobin 

Yyon). The mean size of the reinforcement 

particle was <10 μm and the purity of >98%. 

The machined material was fabricated through 

stir casting method as shown in figure 1. Heat 

treatment was conducted to increase the 

mechanical properties.  

 

Table 1 Chemical composition of Al-Si alloy 

 

Element Wt% 

Fe 0.42 

Si 11.1 

Zn 0.02 

Mg 0.0107 

Cu 0.02 

Ni 0.001 

Sn 0.016 

Co 0.004 

Ti 0.0085 

Cr 0.008 

Al Balance 
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Figure 1 Stir casting process in producing 

machined material 

 

2.2 End Milling Experiment 

 

Machining tests was conducted by using single 

layer of coated carbide (P10); ISO catalogue no:  

ADKT103504PDFRLC milling tool insert (The 

PVD TiB2 coating) on the tool body diameter 

12mm. The machining experiment was 

conducted in DMC635V eco DMGECOLINE 

vertical milling machine at dry cutting 

conditions. The cutting speed used was 200 and 

250m/min with a various feed rate; 0.2, 0.6, 0.8, 

and 1.0mm/tooth and a constant depth of cut of 

1mm. The flank wear was measured using a 

Three Axis Travelling Microscope. Surface 

roughness of the machined surface was 

observed using Roughness Tester Mpi mahr 

Perthometer. 

 

3. RESULT AND DISCUSSION 

 

3.1 Effect of Machining Parameters on Flank 

Wear (VBmax)  

 

The effect of time on wear has three stages: 

initial, steady-state, and worn-out regions. The 

experiment was done in a constant cutting speed 

(s); 250m/min. In fig. 2, an increase of flank  

wear is observed which only takes 0.5min 

(30sec) to wear when the feed rate (f) fixed to 

f=1.0mm/tooth. For f=0.2mm/tooth, flank wear 

is the least range. It shows a better tool life with 

insert still in a good condition even with the 

machining time exceeding 2.5min. For 

f=0.6mm/tooth and f=0.8mm/tooth, the three 

stages that shows the effect of time on wear can 

be seen clearly. It started with the increasing of 

flank wear until reached 25sec and gone through 

steady state region for a certain period of time. 

When the VBmax is around 0.15mm, it wears 

sharply  after 25sec leaving steady state region.   

 

 
 

Figure 2 Effect of feed rate (f) and machining 

time (t) on flank wear (VBmax)  

 

From the observation, it is clear that the 

flank wear (VBmax) increases with the increase 

in feed rate (f). The increasing of feed rate may 

increase the flank wear due to BUE formed on 

flank face that changes the geometry of the tool 

(Seeman et al., 2010) (Hung NP et al., 1996).    

Fig. 3 indicates the flank wear (VBmax) 

at different cutting speed (s); 200 and 

250m/min. The increase of cutting speed by 

25% is intentionally used to observe the VBmax 

towards machining time. The experiment was 

done in a constant feed rate (f); 0.8mm/min. It is 

clearly shows that the flank wear (VBmax) is 

increases with increase of cutting speed. The 

values of VBmax when machining time exceeds 

0.75min (45sec) are approximately similar for 

cutting speed 200 and 250m/min. But as the 

machining time is increased, the tool wear for 

cutting speed 250m/min unfortunately goes up 

to 0.33mm. In a mean time, for cutting speed 

200m/min, the value of tool wear remains 

within steady-state region even with the 

machining time exceeding 1.5min (90sec).  

 

 
 

Figure 3 Effect of cutting speed (s) and 

machining time (t) on flank wear (VBmax)  
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It can be concluded that as the cutting 

speed is increased, abrasive and adherence of 

work material on to the flank face is seen 

clearly. This phenomenon happens mainly due 

to generation of high contact pressure and 

temperature between work and tool; the main 

wear mechanism of carbide tool is abrasive and 

adhesive wear (El-Gallab et al., 1998) (Seeman 

et al., 2010).  

 

3.2 Effect of Machining Parameters on 

Surface Roughness (Ra) 

 

To study the effect of cutting speed and 

machining time on surface roughness (Ra), the 

experiment was done in a constant feed rate (f) 

0.8mm/tooth and depth of cut 1mm. From fig. 4, 

it shows that as the cutting speed (s) increases, 

the roughness decreases. This is due to the fact 

that the BUE vanishes and chip fracture also 

decreases. (Palanikumar et al., 2007). With the 

increasing of cutting speed, the cutting 

temperature increased and leads to weaken the 

binding between the particles and alloy matrix 

(Seeman et al., 2010). It tended to move them 

rather than cutting or breaking. Therefore, the 

particles are generated grooves on the surface of 

the workpiece when the tool edge came in 

contact with hard and brittle particles (Seeman 

et al., 2010). 

 

 
 

Figure 4 Effect of cutting speed (s) and 

machining time (t) on surface roughness (Ra) 

 

From Fig. 5, the increase in feed rate (f) 

increases the surface roughness (Ra) and the 

value of surface roughness (Ra) is low at low 

feed. This is because of the increase in 

maximum chip thickness due to the increase in 

feed rate, which results in an increase of surface 

roughness (Reddy et al., 2008).  

 
 

Figure 5 Effect of feed rate (f) and machining 

time (t) on surface roughness (Ra) 

 

4. CONCLUSION 

 

The experiment results of end milling on of AlN 

reinforced aluminium metal matrix composite 

(MMC) using coated carbide insert (P10) were 

presented. The effect of cutting speeds and 

machining time on tool wear and surface 

roughness was measured. 

The flank wear (VBmax) increased with 

the increases of feed rate (f) and decreased 

when the value of feed rate is lower. The 

increasing of feed rate may increase the tool 

wear due to BUE formed on flank face that 

changes the geometry of the tool. When the 

values of cutting speed were varied, it is clearly 

shown that increase in cutting speed will 

increase the flank wear (VBmax). As cutting 

speed is increased, abrasive and adherence of 

work material on to the flank face is seen 

clearly. This is due to generation of high contact 

pressure and temperature between work and 

tool. 

The surface roughness (Ra) increases 

with the increase in feed rate (f) and decreases 

with the decrease in feed rate (f). This is 

because of the increase in maximum chip 

thickness due to the increase in feed rate, which 

results in an increase of surface roughness. The 

situation is different with the variation of cutting 

speed (s). As cutting speed increased, the 

surface roughness is decreased and vice versa. 

This is due to the; increasing the cutting speed 

will increase the cutting temperature and leads 

to weaken the binding between the particles and 

alloy matrix. It tended to move them rather than 

cutting or breaking. 
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ABSTRACT 

 

This study focuses on correlating the signals gained by 

two different sensors i.e. strain gauges and AE 

piezoelectric transducer in order to assess fatigue 

failure of metallic components.  Both sensors were 

attached to the SAE 1045 steel specimen during fatigue 

cyclic test at constant loading condition to collect 

signals waves. Three different loads were applied to 

the specimen during the test to observe the signals 

differences captured by the sensors. The measured 

strain loadings were analysed in order to obtain the 

predicted fatigue life values experienced by the 

specimens using the three strain-life fatigue models; 

Coffin-Manson, Morrow and Smith-Watson-Topper. 

The experimental fatigue lives were based on the 

number of cycles to failure from the servo-hydraulic 

fatigue testing machine during the test.  In addition, the 

obtained AE signals were analysed using the global 

statistical values of the root mean square (r.m.s) and 

the kurtosis. Thus, a correlation between experiment 

and predicted value of fatigue life was established.  

Apart of that, a good correlation between the AE 

parameters (r.m.s and kurtosis) and the value of 

predicted fatigue life was also established to confirm 

that AE technique can be one of tool to predict 

structural life besides other methods. 

 

Keywords: AE, fatigue life, statistical approach, 

correlation 

 

1. INTRODUCTION 
 

Acoustic emission technique has been used many 

decades ago in performing the condition monitoring 

practice especially in oil and gas industries. The 

capability of the piezoelectric AE transducer in hearing 

and collecting very high frequency signal waves makes 

it possible to detect and monitor the signals emitted 

inside the materials during the fatigue crack 

mechanism.  Previous study have proved that this 

method can be used in detecting, locating as well as 

monitoring the fatigue crack initiation in metallic 

component such as rotating elements, pressure vessels 

and others [Jamaludin et al., 2001, Ennaceur et al., 

2006].      

 

Since AE have been recognized in detecting the 

fatigue crack initiation, it is worthy to use this 

technique to assess other fatigue failure mechanism.  

This paper is carried out to investigate the relationship 

between two different signals ie.; strain and AE signals 

in order to predict the fatigue life of the metallic 

specimens.  In order to achieve the goal, the relation 

between the AE signal and the fatigue life has to be 

determined.  Therefore, both AE transducer and the 

strain gauge were used to collect the signal waves 

during the test.   

 

 The analysis to be performed for the purpose 

of this paper is the fatigue failure assessment of the 

metallic component using the AE technique.  The 

assessment is based on the value of the predicted 

fatigue life calculated using the strain-life approach.  

Thus, the global signal statistical approach is selected 

to be used as the analysis tool of the data collected.  

Previous study showed that this approach has been 

widely used in fatigue failure assessment (Lennie et al., 

2010, Abdullah et al., 2010, Loman et al., 2008).  The 

root mean square (r.m.s.) and the kurtosis values were 

used as the statistical parameters as it have been shown 

as the common parameter in detecting fault of 

engineering application (Nopiah et al., 2008).   

 

   

2. METHODOLOGY 

 

The material used in both tensile and cyclic fatigue test 

was SAE 1045 steel since it has been used widely as 

the piping materials in oil and gas industries.  It has 

been designed according to ASTM E8 (Anon, 2000) 

with 146 mm, 20 mm and 3 mm of length, width and 

thickness, respectively, as shown in Figure 1. In order 

to get the monotonic properties of the material, tensile 

test was run according to ASTM E8 procedure using 

the 100 kN servo-hydraulic universal testing machine 

with the 1.2 mm strain rate.  The obtained monotonic 

properties are shown in Table 1. 
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Figure 1 Detail drawing of standard axial fatigue 

specimen 

 

Table 1 Monotonic properties of the SAE 1045 steel 

 

Properties Values 

Ultimate tensile strength, Su (MPa) 798 

Modulus of Elasticity, E (GPa) 196 

Static yield stress 0.2%, Sy (MPa) 414 

 

The cyclic fatigue test was then performed 

using the 25 kN servo-hydraulic fatigue testing 

machine with the fully reversed load ratio, R= -1 at 

three different loading condition; 75%, 80% and 85% 

of the UTS value.  These values were chose because of 

the limitation of the data acquisition systems that are 

not being able to record longer failure time.  The test 

was conducted as stated in ASTM E466-96 (Bailey et 

al., 2003) which is based on the stress control 

procedure.  The test was carried out at the loading 

frequency of 8 Hz as larger value of loading frequency 

will contribute vibration to the machine.  Both strain 

gauge and AE piezoelectric sensor were attached to the 

specimen during the test to collect signal waves.  The 

strain signals were collected at sampling frequency of 

100 kHz (Yamaguchi et al., 2007) since it was enough 

to record the data because of the strain gauges 

sensitivity in recording the changes of the strain 

response that exist during the test.  As for AE, a wide 

range sensor of 100-2000 kHz was used and the 

selected sampling frequency for the test was 5000 kHz 

The sampling frequency has to be greater than twice of 

the maximum frequency range of the sensor to avoid 

alias effect.  It is because the Nyquist Theorem states 

that  the frequency should be half of the sampling 

frequency of a discrete signal processing system 

(Loman, 2010).  Figure 2 shows the overall experiment 

process flow throughout the research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Experimental process flow throughout the 

research 

The fatigue life of the spesimen was then 

determined from the strain response meanwhile, the 

global signal statistical approach was used to analyse  

AE signatures.  The fatigue life was determined based 

on the strain-life fatigue models i.e., Coffin-Manson 

(CM), Morrow and Smith-Watson-Topper (SWT). For 

the statistical analysis, the kurtosis was selected to 

present the AE data because of its sensitivity to the 

spikiness of the signal while the r.m.s represents the 

overall energy of the AE signals. 

 

The statistical analysis was used for the 

analysis in order to determine the signal behaviour for 

both the strain and AE data.  Statistical analysis 

converts a long time signal into numerical values that 

describes the signal characteristics.  Root mean square 

(r.m.s) and kurtosis were selected as the research 

parameter since a very close correlation found between 

the r.m.s and kurtosis of both strain and AE signals in 

previous research done by the author (Mohammad et 

al., 2011).  

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Global Statistical Analysis 

 

The sample of original collected time history data plot 

of strain responses and AE signatures are shown in 

Figure 3.  Table 2 shows the global statistical 

parameter for both strain and AE data.  The normalised 

value for both data was calculated to show the even 

point between the data.   

 

It is clearly seen in Figure 4 that the value of 

r.m.s increases with the increment of the applied load 

for both types of data.  Since the r.m.s is also said as 

the vibration signal energy in time series, it can be said 

that higher applied loads create more energy content in 

the specimens compared to lower applied loads.  As the 

specimen approaches the failure zone, the value of the 

the r.m.s will increase (Mohammad, 2007). Thus, 

higher r.m.s shows that more damage is created in the 

specimen. In the meantime, the kurtosis values also 

increase when the applied loads increased.  The 

increment of the kurtosis value shows that the numbers 

of peak accelerations in the test are also increased. 

These peak accelerations are the accelerations that are 

primarily responsible for the damage that a product 

experiences in the field.  Hence, higher kurtosis value 

exposes the component to more damage or more 

fatigue (Baren et al., 2007). 

 

 

 

Specimen preparation 

Tensile test 

Cyclic fatigue test; 

a x UTS; 

0 < a <1; 

a = coefficient 
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Strain signal and 
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(i) 

 
(ii) 

Figure 3 Time history data plot for: (i) strain (ii) AE 

 

 

Table 2 Global statistical parameter value  

 

 Statistical 

Parameter 

 

Applied loads (kN) 

  6.0 6.4 6.8 

Strain r.m.s (µε) 1770.95 1792.48 2146.60 

  Normalised 

r.m.s 

0.82 0.83 1.00 

  Kurtosis 1.51 1.53 1.70 

  Normalised 

Kurtosis 

0.88 0.90 1.00 

AE r.m.s (µε) 27.72 28.05 32.17 

  Normalised 

r.m.s 

0.86 0.87 1.00 

  Kurtosis 26.31 30.41 36.46 

  Normalised 

Kurtosis 

0.72 0.83 1.00 

 

 
 

 
 

Figure 4 Trends for the statistical parameters for 

different applied loads 

 

 

3.2 Strain-based Fatigue Life Prediction 

 

The results of both experiment and predicted 

fatigue lives determined using different applied loads 

are tabulated in Table 3. The experiment fatigue lives 

were determined from the number of cycles prior the 

failure while the experiment was running due to AE 

time. It was then plotted in Figure 5, showing the 

correlation of the fatigue lives between the 

experimented AE value and all three strain-life models; 

CM, Morrow and SWT.  Most of correlation points 

produced by all models were distributed around 1:1 

line and within the range of ± a factor of 2.  Almost 

66.7 % of points scattered around 1:1 line shows an 

acceptable correspondence between the predicted 

fatigue lives using all three fatigue models and the 

experimental fatigue lives. 

 

Table 3 Experimental and calculated fatigue life value 

for different applied loads 

 

Applied 

loads 

(kN) 

Fatigue life, Nf (number of cycles to 

failure) 

Experiment 

(due to AE 

time) 

CM SWT Morrow 

6.0  123926 141915 83807 112823 

6.4  46263 29971 50336 35776 

6.8  19296 9180 6422.4 7596 

 

 
 

Figure 5 Fatigue lives correlation of different applied 

loads between prediction methods and experimental 

results 

 

 An acceptable correlation values between 

calculated and experimental fatigue lives shows that a 

strong relationship relation exist between the AE 

signals and the fatigue life values.  Therefore, the 

analysis was expanded to find any relation that lies 

between the AE signals and the calculated life 

determine from the strain signals. Table 4 shows the 

value of predicted life using different three fatigue 

lives models, as well as the global statistical value of 

the AE.  From the table, it is observed that higher 

applied load will shorten the life.  It is because higher 
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loads will supply more strain and its conduct towards 

higher vibration to lesser the life of the specimen 

(Abdullah et al., 2010).  Apart of that, the value of the 

AE’s r.m.s and kurtosis seem to be increased with the 

increment of applied loads and deterioration of the 

calculated life.  Since the r.m.s is also said as the 

vibration signal energy in time series, it can be 

understood that higher applied loads create more 

energy content in the specimens and thus reduce their 

remaining life.  As for the kurtosis value, higher 

kurtosis will lead to higher failure of the specimen 

because higher kurtosis is responsible to higher peak in 

the signals that translates to more damage experienced 

by the specimen.  

 

Table 4 Value of predicted fatigue life and AE 

parameters for different applied loads 

 

  
Applied loads (kN) 

  
6.0 6.4 6.8 

Predicted 

fatigue life 

CM 141915 29971 9180 

SWT 83807 50336 6422 

Morrow 112823 35776 7596 

AE 

parameter 

r.m.s 27.72 28.05 32.17 

Kurtosis 26.31 30.41 36.46 

 

  The correlation between the r.m.s and the 

kurtosis of the AE towards the number of cycles to 

failure, Nf have also been performed and they are 

shown in Figure 6.  From both plots, AE parameters 

have been found to be indirectly proportional towards 

the number of cycles to failure.  It can be noticed that, 

when the value of r.m.s and kurtosis of AE increases, 

the number of cycles to failure decrease.  Since r.m.s is 

also said as the vibration signal energy in time series, it 

can be understood that higher applied loads created 

more energy content in the specimens compared to 

lower applied loads.  In the meantime, the kurtosis 

values also increased when the applied loads increased.  

It leads to higher failure of the specimen because 

higher kurtosis responsible to higher peak in the signals 

that translates to more damage that experienced by the 

specimen.  These phenomenons shorten the fatigue life 

in the specimen.  As for the r.m.s AE graph (Figure 6) 

it is clearly seen that the SWT model exhibits the 

highest value of R
2
 which is 98.5 % as compared to 

86.8 % for the Morrow model and 74.0 % for the CM 

model.   In the meantime, the kurtosis of the AE graph 

(Figure 6) shows a very good correlation of 99.9 %, 

96.5 % and 95.0 % of R
2
 value for the calculated life 

using Morrow, CM and SWT, respectively.  The good 

correlation indicates that either r.m.s values or kurtosis 

of AE can be used in predicting specimen life 

especially for the SAE 1045 steel specimen.  

 

 

 

  

 
 

Figure 6 Correlation between the AE parameters and 

the number of cycles to failure 

 

 

4. CONCLUSION 

 

This paper presents the AE capability in detecting and 

monitoring the signals emitted during the fatigue 

failure mechanism in metallic specimen.  Using the 

global signal statistical approach technique, the trends 

of the signals collected by both sensors were 

determined and able to be monitored while the 

specimen is experiencing the failure mechanism.  It can 

be noticed that, higher applied loads will contributes 

higher values of the r.m.s and kurtosis value for both 

strain and AE data.  In other words, as the value of the 

r.m.s and kurtosis are increases, more damage is 

experienced in the specimen.  In addition, the statistical 

techniques are also able to relate the signal observed 

using the AE to the fatigue life of the specimen.  From 

the result, it was found that the correlation between the 

AE r.m.s and the fatigue life calculated using the three 

models were tabulated from 74.0 % to 98.5 %.  As for 

the correlations of the AE kurtosis to the fatigue life 

were seem more accurate which is exist between 95.0 

% to 99.9 %.  It is suggested from this study that 

higher r.m.s and kurtosis values lead to the reduction in 

life of a component. 

 

 

 

 

 

 

R² = 0.7399 

R² = 0.9852 

R² = 0.8683 

20

25

30

35

40

5000 50000 500000

r.
m

.s
 A

E
 

Nf, Cycles to Failure (log) 

R² = 0.9648 

R² = 0.9504 

R² = 0.9994 

20

25

30

35

40

5000 50000 500000

K
u

rt
o

si
s 

A
E

 

Nf, Cycles to Failure (log) 



Regional Tribology Conference  

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

126 

 

ACKNOWLEDGEMENT 

 

The authors would like to thank Universiti Kebangsaan 

Malaysia and the Ministry of Higher Education for 

providing the funding (UKM-KK-03-FRGS0118-2010) 

for this research works. 

 

REFERENCES 

 

Jamaludin N, Mba D and Bannister RH.  2001.   

Condition monitoring of slow-speed rolling 

element bearings using stress waves. Proc 

IMECHE Part E J Process Mech. Eng.  

215(4):245–71. 

C. Ennaceur, A. Laksimi, C. Herve´ and M. Cherfaoui.  

2006. Monitoring crack growth in pressure 

vessel steels by the acoustic emission 

technique and the method of potential 

difference.  International Journal of Pressure 

Vessels and Piping 83 : 197–204. 

A.Lennie, S.Abdullah, Z.M.Nopiah and M.N. Baharin.  

2010. Behavioural investigation of fatigue 

time series using the statistical approach, 

Journal of Applied Sciences.  ISSN 1812-

5654. 

S.Abdullah, N. Ismail, M.Z.Nuawi and M.Z.Nopiah.  

2006.  Using the hybrid kurtosis-based 

method to correlate strain and vibration 

signals, WSEAS Transaction on Signal 
Processing.  Vol 6 : 79-90. 

Miminorazeansuhaila Loman, Shahrum Abdullah and  

Nordin Jamaluddin.  2008.  Fatigue analysis 

of piping system using acoustic emission 

technique.  International Conference on 

Science & Technology: Applications in 

Industry & Education. 

Z. M. Nopiah, M. I. Khairir, S. Abdullah and C. K. E. 

Nizwan.  2008.   Peak-Valley Segmentation 

Algorithm for Fatigue Time Series Data. 

WSEAS TRANSACTIONS.  Vol 7: 698-707 

Anon: ASTM Book of Standard.  2000.  Vol. 03.01: 

56. 

Sean J.Bailey et. al.  2003.  Annual Book of ASTM 

Standard.  Section 3, Metals Test Methods 

and Analytical Procedures. 

K. Yamaguchi et. al.  2007.  Gigacycle fatigue data 

sheets for advanced engineering materials.   

Journal of Science and Technology of 

Advanced Materials.  545–551. 

Miminorazeansuhaila Loman.  2010.  A Study of 

Fatigue Crack Initiation using Acoustic 

Emission Technique.  Thesis of Master 

Degree ( Department of Mechanical and 

Materials, Universiti Kebangsaan Malaysia). 

M.Mohammad, S.Abdullah. N.Jamaludin, M.Z. Nuawi.  

2011.  Correlating Strain and Acoustic 

Emission Signals of Metallic Component 

Using Global Signal Statistical Approach.  

International Conference on Advances in 

Materials and Processing Technologies. 13-16 

July 2011, Istanbul. 

Mazian Mohammad.  2007. A study of acoustic 

emission signatures for a flow through smooth 

and rough surface pipes and check valve. 

Thesis of Master Degree (Department of 

Mechanical and Materials, Universiti 

Kebangsaan Malaysia. 

 John Van Baren and Philip Van Baren.  2009.  The 

fatigue damage spectrum and kurtosis control. 

Vibration Research Corporation Jenison, MI.   

Shahrum Abdullah, Ahmad Kamal Ariffin,  Che Ku 

Eddy Nizwan,  Mohamad Faizal 

Abdullah,Azman Jalar, Mohd Faridz Mod 

Yunoh. 2010.  Failure Analysis of a 

semiconductor packaging leadframe using the 

signal processing approach. International 

Journal of Modern Physics B. Vol. 24, Nos. 1 

& 2 175-182. 

 

 

 



Regional Tribology Conference  

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

127 

 

Paper Reference ID: RTC 071 

 

TOOL WEAR IN END MILLING OPERATION WHEN MACHINING OF 

HASTELLOY C-2000 USING UNCOATED CARBIDE INSERTS  

 

N.H. Razak
1
, M.M. Rahman

1,2*
and K. Kadirgama  

 
1
Faculty of Mechanical Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia  

email: mustafizur@ump.edu.my 
2
Automotive Engineering Centre, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia 

 

ABSTRACT 

 

This paper presents an experimental study of the 

tool wear propagation and cutting force 

variations in the end milling of Hastelloy C-

2000 with uncoated carbide inserts. Design of 

experiments (DOE) was implemented with the 

aid of the statistical software package. The 

experimental results showed that significant 

flank wear was the predominant failure mode 

affecting the tool life. The tool flank wear 

propagation in the end milling process was 

growth rapidly. Notching, plastic lowering at 

cutting edge, catastrophic and wear at nose were 

also found. Moreover the attrition wear, and 

oxidation mechanism were operating on the 

uncoated cutting. The dominant wear 

mechanisms in tool failure were a combination 

of alternating occurrence of galling and 

progressive chipping and/or plucking and, to a 

lesser degree of abrasion. Scanning electron 

microscope (SEM) and energy dispersive x-ray 

(EDX) analyses were performed in different 

cutting conditions. 

    Keywords: Hastlelloy C-2000, uncoated 

carbide insert, flank wear, SEM, EDX. 

 

1. INTRODUCTION 

Nickel-based alloys (Ni-Co-Cr, Ni-Fe-Cr or Ni-

Co-Fe) are very popular in the industry due to 

their advantages over titanium-based alloys. The 

main strengths of the nickel-based alloys are 

being heat-resistant, retaining their high 

mechanical and chemical properties at high 

temperatures, and having high melting 

temperatures, high corrosion resistance, as well 

as resistance to thermal fatigue, thermal shock, 

creep, and erosion (Wu, 2007; M'Saoubi et 

al.,2008; Guo et al., 2009). Nickel based alloys 

have the ability to retain most of their strength 

even after long exposures to extremely high 

temperatures and are the only material of choice 

for turbine sections of the jet engines. Nickel-

base super alloys have some characteristics that 

are responsible for its poor machinability. They 

have an austenitic matrix, and like stainless 

steels, work hardens rapidly during machining. 

Moreover, localization of shear in the chip 

produces abrasive saw-toothed edges which 

make swarf handling difficult. These alloys also 

have a tendency to weld with the tool material at 

the high temperature generated during 

machining. The tendency to form a BUE during 

machining and the presence of hard abrasive 

carbides in their microstructure also deters 

machinability. These characteristics of the 

alloys cause high temperature (>1000°C) and 

stresses (>3450 MPa) in the cutting zone 

leading to accelerated flank wear, cratering and 

notching, depending on the tool material and 

cutting conditions used (Ezugwu et al., 1991). A 

short tool life is a basic problem to impair the 

machinability of nickel-based alloys and limits 

their machining efficiency. Many studies 

focused on the tool materials and their wear 

mechanism (Costes et al., 2007; Devillez et al., 

2007; Ezugwu et al., 2004, 2005 and Deng et 

al., 2005). Another important consideration in 

machining nickel-based alloys is poor surface 

integrity. The surface cavities, plucking and 

residual stress on the machined surface reduce 

the wear resistance of part surfaces, and result in 

the stress-corrosion cracking and distortion of 

components as well. It is difficult to machine 

superalloys. Machinability of superalloys did 

not improve as much as cutting tools in spite of 

new improvements in the field of cutting tools 

nowadays. Another method is to provide 

minimum heat extraction, and slow down 

cutting speed and feed rate in order to ease the 

machining of superalloys (Aykut, 2005).There 

are several studies on surface milling (Alaudin 

et al.,1998 and Diniz and Filho, 1999). These 

studies show that the bigger are the feed rate 

and cutting depth, the bigger are the cutting 

forces. Cutting forces are directly related to 

increase of cutting speed. Cutting speed is 

parameter directly affecting tools wear and tool 

life. The aims of this paper to investigate the 

tool wear of end milling operation when 

machining of Hastelloy C2000 using uncoated 

carbide inserts. 
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2. EXPERIMENTAL DETAILS 

 

2.1A. Design of Experiment 

Design of experiment (DOE) is used to reduce 

the number of experiments and time. The study 

uses the Box-Behnken design because it has 

fewer design points and less expensive to run 

than central composite designs with the same 

number of factors. Three levels of cutting 

parameters were selected to investigate the 

machinability of this alloy which is covering the 

feed rate range for Hastelloy C-2000 workpiece, 

0.1 mm/tooth, 0.15 mm/tooth, 0.2 mm/tooth, 

different values of depth of cut, such as 0.4 mm, 

0.7 mm and 1.0 mm and various cutting speed, 

15 m/min, 23 m/min and 31 m/min were 

selected. The selected inputs were chosen due to 

suggested for the Hastelloy C-2000 workpiece 

supplier. Various input parameters in the 

conduct of the experiments are listed in Table 1 

and design of experiment in Table 2.  

 

Table 1: Machining parameters and their levels 

 

Process  

Parameters 

Level 

-1 0 1 

Feed rate (mm/tooth) 0.1 0.15 0.2 

Axial depth  (mm) 0.4 0.7 1 

Cutting speed (mm/min) 15 23 31 

 

Table 2: Design values  

 

Experi

ment 

No. 

Feed rate 

(mm/toot

h) 

Axial 

Depth 

(mm) 

Cutting 

speed 

(m/min) 

1 0.15 0.4 31 

2 0.15 1 15 

3 0.1 0.7 15 

4 0.2 1 23 

5 0.2 0.7 31 

6 0.15 0.7 23 

7 0.15 0.7 23 

8 0.2 0.7 15 

9 0.1 0.4 23 

10 0.15 1 31 

11 0.15 0.4 15 

12 0.1 0.7 31 

13 0.1 1 23 

14 0.15 0.7 23 

15 0.2 0.4 23 

 

2.2 Workpiece and Cutting Tool Material 

The chemical and physical properties of the 

workpiece material Hastelloy C-2000 are given 

in and respectively. The constituents of the 

workpiece chromium (23%) and molybdenum 

(16%) being high, the material is hard to 

machine. Nickel consists of approximately 50%, 

which makes the alloy suitable for high 

temperature applications. The test specimen 

used in the conduct of the experiments was 

46 mm × 120 mm × 20 mm. The test block was 

annealed and has Rockwell B 90 hardness. 

 

Table 3: Chemical composition of workpiece 

material (Hastelloy C-2000), Haynes 

International catalogue book 

 

Chemical 

Composition 
(%) 

Cr 23.00 

Mo 3.00 

Cu 1.60 

Al 0.50 

Mn 0.50 

Si 0.08 

C 0.01 

Ni Balance 

 

Table 4: Physical properties of workpiece 

material (Hastelloy C-2000 at room 

temperature),Haynes International catalogue 

book 

 

Parameters and unit Value 

Density (g/cm
3
) 8.5 

Thermal conductivity (W/m°C) 9.1 

Mean coefficient of thermal 

expansion (μm/m°C) 12.4 

Thermal Diffusivity (cm²/s) 0.025 

Specific heat (J/kg°C) 428 

Modulus of elasticity (GPa) 223 

 

The experimental study was carried out 

in wet cutting conditions on a CNC milling 

machine by slotting machining equipped with a 

maximum spindle speed of 4000 rpm, feed rate 

of 5.1 m/min and a 5.6-kW drive motor. The 

cutting tool insert used to cut the material was 

uncoated carbide, grade designation K15, with 6 

% composition of Co and the rest was tungsten 

(WC) and the grain size was 1 µm. The 

following are the details of the tool geometry of 

inserts when mounted on the tool holder: (a) 

special shape ; (b) axial rake angle:  19.5°; (c) 

radial  angle: 5°; and (d) sharp cutting edge. 

Figure 1 shows the experimental set up and 

shape of uncoated carbide inserts [(a) workpiece 

at CNC milling machine, (b) CNC milling 
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machine, (c) shape of uncoated carbide, 

(d) SEM viewing of uncoated carbide before 

machining. 

  

 
 

(a) Workpiece on CNC Milling 

 

 
 

(b) CNC Milling Machine 

 

 
 

(c) Shape of uncoated carbide inserts 

 

 
 

(d) SEM viewing of insert before machining 

 

Figure 1: Experimental setup and shape of 

uncoated carbide inserts 

The wear characteristic was determined 

based on ISO 8688-2:1989 (E) sets a 

recommended uniform wear criterion of 0.3 

mm, a maximum wear criterion of 0.6 mm and 

severe flaking or chipping larger than 0.4 width 

occurs when machining steel during end mill. 

Wear measurements were performed on an 

optical video measuring system without 

removing the inserts out of the cutter by using a 

special fixture. Experiment trial will be stopped 

when any one of the above criteria is reached. 

Flank wear measurement is carried out parallel 

to the surface of the wear land and in a direction 

perpendicular to the original cutting edge, e.g. 

the distance from the original cutting edge to 

that limit of the wear land which intersects the 

original flank. Flank wear on the mill insert is 

measured after every pass on the workpiece. 

Flank wear is selected as the preferred mode of 

failure because of its predictable nature. It is 

recorded for every pass of the cut till the inserts 

reached the wear criterion. Water soluble 

coolant was used for the experiments. Two 

nozzles were opened fully to directly flush at 

the cutting tool and produce wet cutting. 

3. RESULTS AND DISCUSSION 

Tool wear is the result of load, friction, and high 

temperature between the rake face of tool and 

the workpiece. Several wear mechanisms can 

occur during machining processes: adhesive 

wear, abrasive wear, diffusion wear, oxidation 

wear and fatigue wear (Gu et al., 1999). In the 

milling process, the end of the tool life is more 

frequently caused by chipping, cracks and 

breakage of the edge (rather than regular tool 

wear) than in other machining processes, such 

as turning and drilling. This occurs because 

milling is an interrupted operation, where tool 

cutting edge enters and exits the workpiece 

several times per second (Diniz and Filho, 

1999). When the cutting edge appears jagged or 

there are cavities, it means that chipping has 

occurred. Small chips break off from the tool 

cutting edge on account of mechanical impact, 

transient thermal stresses due to cycled heating 

and cooling in intermittent machining 

operations, chatter and excessive cratering and 

flank wear. 

 

Figure 2(a) shows the value of tool 

wear at feed rate 0.15 mm/tooth, axial depth 

0.7mm and cutting speed 23 m/min when 

measured by optical video measuring system 

which is 0.4199 mm after first pass. it can be 

classified that the formation flank wear happens 

at the cutting tool based on recommended 

uniform wear criterion, ISO 8688-2:1989 (E) for 
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end milling specification. Figure 2(b) shows the 

SEM viewing with magnification 100x of flank 

wear. Flank wear, chipping and catastrophic 

failure are other causes of tool rejection when 

machining nickel-based alloys. Lee et al. (1979) 

have also reported that the nickel-based alloy, 

which is high in strength, causes high 

temperature and stress at the tool–chip contact 

area. The separation of the edge of the chip 

from the workpiece is largely a tearing process. 

The fatigue loading on the tool, the work 

hardened layer and the adherence of work 

material on the notched area and subsequent 

dislodgement, it is contribute to notching wear 

(Khamsehzadeh, 1991). 

 

 
     (a)   

         

 
(b) 

 

Figure 2: Tool wear and its SEM viewing with 

magnification of 50x 

 

 

 

Figure 3 represents the chipping mechanism. 

The chipping occurs near the tool nose lead to 

gross fracture of the tool when the length of 

cutting is increased. Chipping was found to 

develop more into the tool flank than on the 

rake face particularly at cutting speed of 

15 m/min, feed rates of 0.2 mm/tooth and axial 

depth 0.7 mm after first pass. Edge chipping 

occurs outside the cutting area as the result of 

chip impact due to unfavorable chip removal 

David et al.,(1997) and Bawa (1995), high 

temperature as well as the adhesion of the work 

material on the tool rake face Ezugwu et al., 

(1990), Eldem and Barrow (1976) and Bhatia et 

al., (1979) The dominant wear mechanisms 

which resulted in tool failure were a 

combination of alternating occurrence of galling 

and progressive chipping and/or plucking and, 

to a lesser degree of abrasion. As such, the 

contribution of the coating layer on the tool 

flank to resist wear was not significant. 

                     

 
 

Figure 3: Chipping mechanism in tool wear 

 

Attrition wear can be attributed to the irregular 

flow of work material over the cutting edge of 

the tool, fatigue induced by the serrated chip 

and formation of cracks generated by 

thermal/mechanical fatigue. Figure 4 shows the 

formation of built-up edge (BUE) on the tool 

flank due to the attrition wear where the 

workpiece was machined at cutting speed 15 

m/min, feed rate 0.1 mm/tooth and axial depth 

0.7 mm after second pass. A BUE is formed due 

to the high pressure generated during cutting 

and the high chemical affinity of the tool to the 

workpiece material.Moreover, the previous 

researchers (Ezugwu and Wang, 1996 and 

Dearnly and Gearson, 1986) , attrition wear is a 

removal of grains, or agglomerates, of tool 

material due to intermittent adhesion between 

the tool and the workpiece, as a result of the 

irregular chip flow and the breaking of a 

partially stable BUE. Breakdown of the cutting 

edge of cutting tools can be also attributed to the 

high stress applied behind the cutting edge when 
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machining nickel based alloys (Wright and 

Chow, 1982). 

    

 
 

Figure 4: Formation of built-up edge on tool 

inserts. 

 

4. CONCLUSIONS 

 

The experimental results show that the 

significant flank wear was the predominant 

failure mode affecting the tool life. The tool 

flank wear propagation in the end milling 

process was growth rapidly. Notching, plastic 

lowering at cutting edge, catastrophic and wear 

at nose were also found. Moreover the attrition 

wear, and oxidation mechanism were operating 

on the uncoated cutting tool when machining 

Hastelloy C-2000. The dominant wear 

mechanisms in tool failure were a combination 

of alternating occurrence of galling and 

progressive chipping and/or plucking and, to a 

lesser degree of abrasion. Besides that, it can be 

concluded the feed rate has the leading effect on 

the tool wear based on pass of machining factor 

which is normally maximum feed rate need only 

one pass to classified to be wear followed by the 

cutting speed and axial depth. 
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ABSTRACT 

 

This paper presents investigation on the alloying 

capability of Cu-TaC electrode during electrical 

discharge machining (EDM). The electrode 

produced through powder metallurgy technique 

was used in machining alpha-beta titanium alloy 

(Ti-6Al-4V) under different machining 

conditions. EDM experiments were conducted 

with distilled water as dielectric fluid. The peak 

current range of 3.5-5.5A and pulse duration of 

3.3 - 5.3µsec were the machining conditions 

used as variables, while other conditions 

remained constant. The outputs of this 

investigation are surface composition, 

topography and surface roughness of the 

machined surface. The SEM/EDX results 

indicate that the machined surface was alloyed 

with carbides and oxides. Both the topography 

and surface roughness were found to have been 

affected by the machining conditions of current 

and pulse duration. 

 

Keywords: EDM, Surface topography, Surface 

roughness, Ti-6Al-4V, Surface alloying, Cu-

TaC electrode. 

 

1. INTRODUCTION 
 

Electrical discharge machining (EDM) is one of 

the non-conventional techniques used in 

machining electrically conductive work 

materials that are mainly difficult to be 

machined. This technique is widely used in 

modern manufacturing industry to remove 

material from workpiece through a series of 

electric sparks occurring between the pair 

(cutting tool and the workpiece). The capability 

of the sparks to erode the work material 

regardless of its hardness is a unique advantage 

in manufacture of moulds, dies automotive, 

aerospace and surgical components (Ho and 

Newman, 2003; Lee and Yan, 2000). 

The major outputs of an EDM process 

are material removal rate (MRR) and surface 

integrity of the workpiece. Quite a number of 

research works have been carried out to seeking 

to improve the efficiency and effectiveness of 

this machining process towards enhancing these 

outputs. In their study on EDM of cemented 

carbide, Banerjee et al. (2009) found out that 

sufficient super-heating and surface boiling of 

the workpiece is essential for efficient material 

removal. Lin and Lee (2008) introduced 

magnetic force-assisted EDM to facilitate the 

removal of debris built up during machining. 

They were able to obtain more than three times 

MRR and better surface finish than in the 

conventional machining. 

 Recent studies are moving towards the 

use of numerical modelling to improve the 

EDM process variables. Machining variables 

have been used by Puerta et al. (2004), Zhou et 

al. (2008) and Saha and Choudhury (2009) to 

established empirical relationships with the 

output variables – the MRR, electrode wear rate 

(EWR) and surface roughness (Ra). Their 

models were able to generate optimal regions 

for these variables. 

 The electrodes’ characteristics also 

affect the level of surface finish of the 

workpiece. Marafona and Wykes (2000) 

obtained higher MRR with a two-stage EDM 

system. Carbon was migrated from dielectric 

fluid onto tungsten-copper electrode tip in the 

first stage to reduce the electrode wear and 

enhance the MRR in the second stage. The 

equivalent carbon which increased on the tool 

surface in the first stage accounts for the 

decrease in EWR (Marafona, 2007). The low 

MRR and TWR of the tungsten-copper 

electrodes also enable it to be used for 

production of accurate geometries and “mirror-

like” surfaces micro-finishing (Ferreira, 2007).  

 Surface modification/alloying of the 

workpiece through EDM is one of the recent 

innovations in the machining process. This can 

be achieved through the use of conductive 

powders suspended in dielectric fluids (Pecas 

and Henriques, 2003; Khan et al, 2012), or by 

machining with powder metallurgy (PM) 
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electrodes during the EDM (Simao et al., 2003; 

Lee et al., 2004;  Ho et al., 2007). 

 This paper presents the investigation 

on the alloying capability of Cu-TaC composite 

electrodes. The electrodes produced by PM 

method were used to machine alpha-beta 
titanium alloy (Ti-6A-4V). Though extensively 

used in aerospace industry, biomedical and 

corrosive environment, the alloy has poor 

abrasive and adhesive wear resistance. Since 

EDM is one of the main techniques used in 

processing this material, the possibility of 

improving it through surface alloying during 

machining is therefore explored. The machining 

performance of these electrodes was earlier 

reported in terms of MRR and TWR by the 

authors (Ndaliman et al., 2011). The outputs of 

this investigation are the EDMed surface 

composition, topography and roughness. 

 

2. EXPERIMENTAL DETAILS  

 

2.1 Equipment and materials 

 

A die sinking machine of Mitsubishi EX 22 

model was for machining. A special 

arrangement was made in which a separate 

machining tank is placed inside the work tank 

was made. The dielectric fluid is distilled water, 

while kerosene is contained in the normal work 

tank. The electrode material was made from Cu 

and TaC powder through PM technique. Their 

composition is 50/50 % and compacted at 3,500 

psi pressure. The work material used in the 

investigation is the alpha-beta titanium alloy 

(Ti-6Al-4V). The summary of the equipment 

used, materials and machining settings is 

presented in Table 1. 

 

Table 1 Experimental and Machining 

Parameters used 

 

 

2.2 Procedures 

 

The workpiece was cut into 100mm X 35mm 

rectangular dimension milled to the desired 

smoothness and the electrode fixed to the 

holder. The prepared distilled water was placed 

in the machining tank. The machining was done 

according to the settings shown in Table 1. The 

experimental runs were planned and 

implemented using 2 X 2 factorial design with 

three replicates. While the work tank was filled 

with kerosene dielectric, the machining tank 

contains the distilled water as dielectric. Figure 

1 shows the machining process being 

conducted.  

 

 
 

Figure 1 The experimental set-up 

 

After, machining, the surfaces were 

examined, cut and prepared for further analysis. 

The surface composition and topography were 

examined with the use of scanning electron 

microscope (SEM) and energy dispersive X-ray 

spectroscopy (EDX). The surface roughness 

was determined with Mitutoyo Surftest SN 100. 

Three readings were taking for each sample, and 

averages of Ra were recorded. 

 

3. RESULT AND DISCUSSION 

 

3.1 Surface Composition  

 

The surface of the workpiece was examined for 

modifications, and changes were found in the 

topmost part of the surface. Table 2 shows 

comparison of the composition of the EDMed 

surface under the two extreme machining 

conditions. The lower extreme condition is the 

surface machined with peak current (Ip) of 3.5A 

and pulse duration (ton) of 3.3 µsec, while the 

highest one is the composition of the surface 

machined with Ip of 5.5A and ton of 5.3 µsec.  

Working 

Parameters Description 

EDM 

equipment 

A Mitsubishi sinking machining 

model EX 22 

Workpiece Titanium alloy (Ti-6Al-4V) 

Electrode 

 

Cu-TaC composite electrode; 

50-50% composition; and 3,500 

psi pressure; Φ13mm 

 

Dielectric 

fluid 

Distilled water. 

EDM 

programme 

Polarity (-); peak current,  Ip: 

3.5-5.5A; pulse duration,  ton: 

3.3-5.3 µsec; pulse interval,  toff: 

3.3-5.3 µsec; gap voltage, Vg: 

20V  
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Table 2 Composition of the machined surface 

 

 
  

Figure 2 EDX spectra analysis of workpiece 

machined with Ip-3.5A and ton-3.3µsec. 

 

Sample of spectra image of the 

workpiece also confirmed the presence of Cu, 

Ta, O and C in addition to the parent material 

titanium (Figure 2). The presence of these 

elements implies that migration of materials has 

taken place from the tool material and dielectric 

fluid onto the workpiece, thus alloying the 

surface with the oxides and carbides of titanium 

or tantalum. There is the possibility of 

formation of TiC and TiO layers on the surface 

because of the presence of the carbide and oxide 

ions during the discharging process. Chen et al. 

(1999) also obtained similar compounds (TiC 

and TiO) while machining with kerosene and 

distilled water as dielectric fluids. These 

hardened layers are capable of enhancing wear 

resistance and micro-hardness of the surface 

(Yan et al. 2005). 

 

3.2 Surface Topography 

 

The scan images of the EDMed surface 

under different machining conditions are 

presented in figures 3 – 5. Theses surfaces are 

characterized by various degrees of micro-

cracks and craters depending on their machining 

conditions. At lower peak currents and pulse 

durations, the surfaces generally exhibit some 

small size cracks with little or no craters (Figure 

3). This phenomenon conformed to the previous 

findings (Khan, et al., 2012). 

At higher machining conditions (Ip-5.5A, 

to - 5.3µsec) the number of micro-cracks 

reduces, but with increase in sizes while the 

craters’ number also increase (Figure 4). This is 

because higher currents and pulse duration 

increase intensity of spark discharges which 

leads to increasing sizes of the cracks and also 

increase in number of the craters. Figure 5 gave 

the best surface topography. The surface was 

machined with peak current of 3,5A and pulse 

duration of 5.3 µsec. Therefore a compromise of 

the machining conditions could provide the 

desired surface topography. 

 

Figure 3 Topography the surface machined with 

Ip-3.5A, to -3.3µsec. 

 

 
 

Figure 4 Topography the surface machined with 

Ip-5.5A, to -5.3µsec. 

Machining 

settings 

Ip-3.5A,  to-

3.3µsec 

Ip-5.5A, to-

5.3µsec 

Element (%)    

C  18.25 17.04 

O  32.37 28.43 

Ti  19.57 12.37 

Cu  13.03 17.43 

Ta  16.78 24.74 

Micro-cracks 

Micro-crack 

Craters 



Regional Tribology Conference  

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

136 

 

 
 

Figure 5 Topography the surface machined with 

Ip-3.5A, to -5.3µsec. 

 

3.3 Surface Roughness 

 

Table 3 shows the design matrix of the 2 X 2 

factorial experiments use in determining the 

surface roughness of the EDMed workpiece. 

Since it is conducted in three replicates, a total 

of twelve readings were recorded. 

 

Table 3 The design matrix and the surface 

roughness 

 

As expected the surface roughness (Ra) 

is lower at low peak current and pulse duration. 

Similar reasons adduced for the surface 

topography also applied to the roughness. The 

one factor plots of figure 6 indicate that each of 

peak current and pulse duration varies directly 

with the Ra. The general behaviour of Ra is 

illustrated in response surface plot of Figure 7.  

 

 

 

 
 

   a. 

 

 
 

Figure 6 One factor plots of Ra of the EDMed 

surface: a – Ip = 4.5A, b – to = 4.3 µsec. 

  

The surface plot confirms the trend 

showing gradual increase from smooth to 

roughest surface. The Ra for the EDMed surface 

ranges between 6 - 14µm. The factor of increase 

in discharge intensity leading to higher thermal 

energy which causes higher erosion, account for 

the rougher surface at such extreme machining 

conditions. The force which removes the melted 

materials become high, subsequently it leads to 

creation of deeper and wider craters. 
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Figure 7 3-D surface plot of Ra of the EDMed 

surface. 

 

4. CONCLUSIONS 

 

The alloying capability of Cu-TaC electrode 

was investigated with distilled water dielectric 

fluid during EDM. The conclusions can be 

drawn:  

 Based on the SEM / EDX results, the 

EDMed surface were alloyed with both 

carbides and oxides during machining. 

 Small size micro-cracks with few 

craters were observed at lower 

machining conditions of current and 

pulse duration. However, the number 

of craters and their sizes increase and 

that of micro-cracks reduce at higher 

machining conditions. The optimal 

machining parameter which is between 

the two extremes gave the best surface 

topography. 

 The surface roughness of the EDMed 

surface is lower at low peak current 

and pulse duration and vice versa. 

 Current efforts are on investigation of 

the wear resistance and micro-hardness 

of surface properties 
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NOMENCLATURE 

 

EDM – electrical discharge machining 

MRR – material removal rate g/min 

TWR – tool wear ratio dimensionless 

SEM – scanning electron microscope 

EDX – energy dispersive X-ray spectroscopy 

Ip – peak current A 

ton – pulse duration µsec 

toff – pulse interval µsec 

Ra – surface roughness value µm 

Φ – electrode diameter mm 

Vg – gap voltage V 



Regional Tribology Conference  

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

 

139 

 

Paper Reference ID: RTC074 

 

EFFECT OF VOLTAGE ON THE CONSOLIDATION OF TIC PARTICULATES ON STEEL 

SUBSTRATE FUSED BY TIG WELDING ARC 
 

S. Mridha
1
 A. N. Md Idriss

2
 M.A. Maleque

3
 Suryanto

4
 and Souad A.

5
 

Advanced Materials and Surface Engineering Research Unit 

Department of Manufacturing and Materials Engineering 

International Islamic University Malaysia, P.O. Box 10, 50728, Kuala Lumpur, Malaysia 
1
shahjahan@iium.edu.my; 

2
nazrinidriss@yahoo.com;

3
maleque@iium.edu.my; 

4
surya@iium.edu.my; 

5
su3ad@iium.edu.my; 

 

 

ABSTRACT 

 

Surface alloying with ceramic powder uses a high energy 

input to create composite coating that provides protection 

against wear and corrosion. In this work TiC incorporated 

composite coating was created by melting single tracks in 

1.0 mg/mm
2
 TiC powder preplaced on alloy steel 

surfaces using a conventional TIG welding torch 

produced at 80 ampere current with a voltage between 30 

to 55V and a constant traversing speed of 1.0 mm/s. The 

effect of voltage, used to generate TIG torch for melting, 

was investigated in terms of geometry, microstructure 

and hardness of the processed track.  

 

The TIG torch produced with different voltages created 

melt pool of hemispherical shape with varying track 

dimensions. The melt dimensions increased with 

increasing voltage. Glazing with 30 V created a melt pool 

of 3.10mm wide and 0.80 mm deep; the maximum width 

of 3.96mm and depth of 0.97 mm was produced at 55 V 

and 45 V, respectively. Tracks produced under different 

conditions were free from cracks but pores were seen in 

places. The melt microstructures consisted of partially 

dissolved and unmelted TiC particulates along with 

dendrites of a variety of TiC precipitates. Agglomeration 

of TiC was apparent at the edges. The population of TiC 

precipitates and partially dissolved TiC particulates 

increased when glazed at high voltage torch. Hardness 

development was lowest when glazed at 30 V and it 

increased by glazing at 35 and 45 V. The population of 

TiC particulates and their sizes were seen to influence the 

hardness and this phenomenon is also similar for the 

precipitated particles.  

 

Keywords: Tungsten inert gas (TIG) torch, Voltage, Low 

alloy steel, Composite layer, Agglomeration of TiC, 

Hardness 

 

1. INTRODUCTION  

 

The success of having acceptable clad layer in 

manufacturing field is by incorporating optimum powder 

volume fraction and fused by low energy input producing 

surface layers that are able to resist extreme wear and 

corrosive conditions. Because of the wear and corrosion 

problems, metallic parts are prone to loose their accuracy 

stability thus making the application of that utilized 

component to progressively fail. To prevent this, many 

researches have been conducted to identify ways so that 

the shelf life of the bulk material could be prolonged and 

protected against these failures (Abboud et al., 1991, 

Pfohl et al., 1999, Ji et al., 2000, Wang et al., 2006, 

Mridha et al., 2007 and Chao et al., 2008). TiC has been 

known to possess exceptional characteristic to give  high 

surface resistance particularly against wear condition, and 

various processing technique have been introduced to 

consolidate this reinforcing material on surface of the 

substrate (Das et al., 2002). An alternative method was 

developed using conventional TIG torch melting for 

surface modification work (Mridha et at., 1999, Mridha et 

al., Buytoz et al 2005, Webin et al., 2007). In this 

method, the TIG torch with adequate power density, is 

scanned over the material which melts a thin layer of the 

substrate surface by absorbing heat energy from the torch 

in a short time interval; the melt matrix interface moves 

toward the substrate at a rate which depends on the 

scanning speed, and creates a melt pool. Upon 

solidification, the resolidified layer creates a 

metallurgical bond with the substrate material. In a 

previous work (Mridha et at., 2011), the TiC incorporated 

composite layers on AISI 4340 low alloy steel gave 

hardnesses between 2.5 to 4 times the base metal 

hardness (300 Hv).  

 

The increase of powder content with low energy input 

caused less particle dissolution and those particles were 

evenly dispersed in the melt pool (Mridha et al. 2011). 

Wang et al., 2006 observed Ti and other alloying element 

were greater near the surface and this amount gradually 

decreased with increase of melt pool depth. Using 1.2 

mm thick preplaced TiC powder, the microhardness was 

found to be over 1200 Hv and this hardness value was 

below 800 Hv using the 1.8 mm coated layer sample. The 

presence of micro-cracks, porosity and incomplete fusion 

with bonding strength reduction were identified for the 

cause of hardness reduction. Wang et al., 2008 found that 

laser processed sample using a mixture of Fe-Ti, FeCrBSi 

and graphite powder preplaced on AISI 1045 steel 

substrate improvise the interface bonding strength 

mailto:1shahjahan@iium.edu.my
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between the TiC and the resolidified matrix. They also 

found that the precipitated TiC are not easily pulled out 

under the wear test and have higher resistance to plastic 

deformation. Wang et al., 2006 observed increased 

hardness with FeTi and graphite powder fused by 

multiple pass; the single pass produced hardness of 900 

Hv at a melt depth of 0.5 mm from the surface. The 

highest hardness values were at the average of 1400 Hv 

to the depth close to 0.75 mm. They presumed that the 

increased fraction of TiC is responsible for hardness 

increment. However, lesser amount of TiC particles in the 

overlapped zone is also reported to reduce hardness 

compared to the non-overlapped ones (Wang et al., 

2007). Generally the precipitated microstructure consists 

of TiC that formed into a variety of shapes (Wang et al., 

2007 and Mridha et al., 2011).  

 

In arc welding, current and traversing speed are main 

variables to change the energy density for melting while 

the voltage remains constant to a low level (40 V) for 

safety reason. However, with increasing voltage the arc 

diameter is known to increase. The arc is conical in shape 

Mridha et al., 1999 so melt width depends on the position 

of the specimen below the arc; normally it is very close 

(~1 mm) in order to avoid arc extinction. In contrast, the 

sample can be placed at any defocused distance in laser 

processing. No work is yet reported on the characteristics 

of composite layers processed using powder 

preplacement and melting under the TIG torch generated 

at different voltages. 

 

The voltage affects the power and size of the arc. This 

paper describes how the variation of voltage in producing 

the arc influences the dimension, microstructure and 

properties of TIG melted composite track.  

 

2. EXPERIMENTAL 

 

The TiC particulates having 99.5% purity ranging from 

45 to 100 µm supplied by CeraoTM Incorporated from 

Milwaukee Winsconsin was used as the reinforcing 

powder preplaced on the AISI 4340 low alloy steel 

substrate. The base metal size was cut to the dimension of 

100×40×15 mm and ground using emery paper followed 

by degreasing using acetone solution. The standard 

composition of the base metal is 0.38-0.43%C, 0.60-

0.80%Mn, 0.15-0.30%Si, 0.04%S, 0.035%P, 0.70-

0.90%Cr, 1.65-2.00%Ni, 0.20-0.30%Mo and balance is 

iron. Weighed powder at 1.0 mg per millimetre square 

area was mixed with PVA binder and evenly spread 

across the surface of the base metal. This sample was 

dried in the oven at 80
o
C for 1 h to remove moisture. 

Single tracks were melted at different processing 

conditions as shown in Table 2 using TIG 165 welding 

machine with 2.4 mm diameter thoriated tungsten 

electrode. The tracks were protected against excessive 

oxidation using streamed argon gas at 20 L/min. Nital 

solution was used to etched the polished cross section of 

the track. Nikon measuring microscope mm-400/L and 

JEOL JSM 5600 scanning electron microscope were used 

to analyze the sample topography and microstructure, 

respectively. Microhardness measurements across the 

melt depth were conducted using Wilson Wolpert testing 

machine at the load of 500 gf with 10s delay. The heat 

input was calculated using an expression in literature 

(Easterling, 1992) and Table 2 shows the calculated 

values at different processing conditions used in this 

investigation.  

 

3. RESULTS AND DISCUSSION 

 

3.1 Surface Topography and melt dimension  

 

All processed tracks created melt pools and the surfaces 

of the resolidified tracks formed rippling marks both in 

radial direction and also elongated in glazing direction 

(Fig. 1). The tracked glazed at 55 V with highest energy 

input of 2112 J/mm is relatively smoother than others and 

it may be related to the increased melt fluidity with 

vigorous melt mixing. These can be the reasons for 

increased melt waves with greater rippling marks upon 

solidification. The 30V track glazed at 1152 J/mm is 

likely to have low fluidity and that reduced to create high 

melt waves and hence less ripples on the surface. The 

ripple marks are reported by other works processed under 

TIG torch and laser (Mridha et al., 2007 and Dyuti et al., 

2011). 

 

 
30 V 

 
35 V 

 
45 V 

 
55 V 

 

Fig. 1 Topography of the track processed und the TIG 

torch produced with different voltages. 
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Table 1: The processing conditions and melt dimension s.  

   Voltage I TiC  Energy Width Depth HAZ  

[V] [A] 

[mg 

/mm
2
] [J/mm] mm mm mm 

30 80 1.0 1152 3.10 0.80 1.28 

35 80 1.0 1344 3.20 0.88 1.17 

45 80 1.0 1728 3.30 0.97 1.10 

55 80 1.0 2112 3.96 0.94 1.29 

 

The track dimensions in Table 2 clearly show that the 

melt width increased with increasing voltage. This is 

probably related to the larger arc diameter generated at 

higher voltage. The melt depth is also seen to increase 

with higher voltage and it is associated with the increased 

energy density of the arc according to the equation in 

literature Easterling, 1992). The maximum melt depth of 

about 1.0 mm and width of nearly 4.0 mm was produced 

when glazed und the arc generated at 45 and 55 V, 

respectively. The geometric size of the melt pool, 

together with the heat affected zone, decreases with a 

reduced energy input, which is in agreement with other 

published research (Baker et al., 1994, Mridha et al., 

1999 and Dyuti et al., 2011). 

 

3.2 Melt Microstructure 

 

 
(a) 30 V 

 

 
(b) 35 V 

 
(c) 45 V 

 

 
(d) 55 V 

 

Fig. 2 Microstructure of the melt tracks processed under 

the TIG torch generated at different voltages. 

 

The tracks processed with 1 mg/mm
2
 TiC addition under 

the TIG torch generated at different conditions produced 

hemispherical shape melt pools as shown in Fig. 2. The 

Gaussian energy distribution which has been generally 

known to have high energy intensity in the middle region 

and gradually decreases to the edges are responsible for 

producing this hemispherical melt shape and this are 

commonly observed in laser processing (Mridha et al., 

2007), and also in TIG surfacing work (Wang et al., 

2006, Li et al., 2011 and Dyuti et al., 2011). All tracks 

had good metallurgical bonding between the substrate 

and the added TiC powder. However, the tracks glazed at 

35 and 45 V produced flat cross sections compared to 

other tracks with 1mg/mm
2
 TiC powder. The flatness of 

the cross section suggests that it will require less grinding 

for use in services. The other tracks produced equally 

good composite cross sections but they were less flat. 

 

It is the Marangonian convectional force that stirred the 

liquid melt surging the powder away from the surface 

into the bottom of the melt pool, see Fig. 4b. This force is 

also believed to accelerate the dissolution of the TiC 

particulates. Greater energy input caused high dissolution 

of the TiC particulates and also more dilution of the base 
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metal. The melt was more fluid and created a depression 

at the middle zone (Fig. 2d) upon solidification of the 

high temperature melt. This track, produced at 2112 

J/mm (55 V) with 1 mg TiC powder, had more melt 

dimension (Table 2) with greater precipitation of a 

variety of TiC particles in many places. 

 

 
(a) Dendrite of precipitated TiC (30 V) 

 

 
(b) Flower and globular type TiC precipitates (35 V) 

 
(c) EDS from the melt matrix showing Ti in solution 

 

Fig. 3:TiC precipitates and EDS analysis. 

Glazing at 45 V produced track with right temperature to 

stir the liquid melt thus created a flat cross section 

without much solidification shrinkage at the middle zone 

(Fig. 2c). The microstructure consisted of densely 

populated partially dissolved TiC particulates and 

different types of TiC precipitates which formed upon 

solidification of the melt. These types of microstructures 

are also reported by other researchers (Wang et al., 2008, 

Zhang, 2010 and Li et al., 2011). When melted at 35 V 

(1344 J/mm) it produced relatively low temperature fluid 

which solidified fast without much surge of the liquid and 

this created increased height at the middle zone; the 

distribution of TiC appeared to be more uniform (Fig. 

2b). Melting at 30 V created very viscous melt of low 

temperature which allowed almost no melt mixing and 

thus produced more TiC agglomerated microstructure.  

 

 
(a) Partially dissolved TiC (45 V). 

 

 
(b) TiC agglomerate at the melt boundary (55 V). 

 

Fig. 4 (a) Partially dissolved TiC particulates in the melt 

and (b) agglomeration at the melt boundary by vigorous 

mixing. 
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Precipitated TiC particles of different types including 

dendrite were also seen in this track (Fig. 3a).  Pores are 

seen in many tracks and more so with those tracks glazed 

at low energy inputs. Pore formation is observed in most 

surface modification research which used powder 

preplacement and melting techniques (Abboud et al., 

1991, Baker et al., 1994, Mridha et al. and 1999, Mridha 

et al., 2007). Because of the high energy intensity melting 

at the middle region, more TiC dissolutions and 

precipitation of either cubic or globular type of TiC 

microstructure are likely to take place in this high 

temperature region. Greater precipitation of carbides 

were found in the middle upper region of most tracks 

because of the presence of high melt fluid that needs 

longer cooling time for solidification (Fig. 3b).  

 

Dissolution and dissociation of TiC particulates are 

evident from presence of these TiC precipitates. EDS 

analysis of the melt matrix in Fig. 3c containing titanium 

suggests dissolution and dissociation of TiC particulates 

during melting operation. The low temperature melt-

matrix regions are observed to have more TIC 

particulates than those in the middle. The low energy 

melting condition produces low temperature viscous melt 

giving more agglomerations especially at the edges. 

Microstructure in Fig. 4a shows partial dissolution and 

agglomeration of TiC in the 45 V track. Melting at higher 

energy of 2112 J/mm beam (55 V) likely to produce high 

temperature melt and that vigorous melt mixing and 

surged the ceramic particulates at the melt bottom, see 

Fig. 4b. 

 

3.3 Hardness 

 

The hardness profiles of the tracks containing 1.0 

mg/mm
2
 TiC addition and processed under the TIG arc 

generate at 80 ampere current and with different voltages 

are shown in Fig. 5. The results show a variation of melt 

hardness when glazed with varying voltage. The track 

processed at 30 volt with the constant current and 

traversing speed having lowest energy input of 1152 

J/mm gave lower hardness development compared to 

other tracks glazed at higher voltages with increased 

energy inputs. The lower hardness in this track is 

considered to be related to defects and less bonding of the 

TiC particulates within the melt zone (Fig. 2a) due to a 

very viscous melt generated by the low energy beam 

melting. Wang et al., 2006 also suggested reduction of 

hardness due to micro-cracks and incomplete fusion of 

the added particulates.  

 

The track glazed with energy input of 1344 J/mm at 35 V 

produced the highest hardness of 1200 Hv up to a melt 

depth of 0.6 mm. (Fig. 5). This happened because of the 

melt microstructure contained a higher TiC concentration 

and uniform distribution of TiC (Figs. 2b and 3b) 

compared to other tracks, see Fig. 2. 

 

 
 

Fig. 5 Hardness profile of the composite layer processed 

under TIG arc generated at different voltages. 

 

Glazing at 1728 J/mm (45 V) energy input created larger 

melt pool with maximum hardness of 1000 Hv and it 

reduced to 950 Hv when glazed at 2112 J/mm energy 

input (55 V), Melting at higher energy input generated 

more dilution, causing less dispersion of the TiC particles 

which may be the reason for low hardness development 

for these tracks. The high dissolution of TiC particulates 

may have also contributed to decrease these hardness 

values. The measured hardness values in tracks 

containing thinly distributed TiC particulates have larger 

melt zones compared to those tracks glazed at a low 

processing energy input (Table 2). However, with the 

incorporation of TiC particulates, the maximum hardness 

in the melt zone increased from 800 to 1200 Hv, 

depending on the processing conditions and the profile is 

shallow; the corresponding hardness of the martensitic 

HAZ varies between 500 to 700 Hv, compared to the 

base steel substrate hardness of 300 Hv. However, 

processing with 55 V torch gave the highest hardness. It 

is to be noted that melt size increases with increasing the 

voltage used to generate the arc which will require fewer 

multipass to create wider composite layer. 

 

4. CONCLUSIONS 

 

 Composite layers of about 0.8 to 1.0 mm thickness 

were successfully produced on AISI 4340 steel 

surfaces by placing 1 mg/mm
2
 TiC powder and 

melting under TIG torch generated at 30 to 55 V. 

Melting at higher voltage created larger melt 

geometry. 

 The melt pool was hemispherical in shape and the 

microstructure contained partially melted TiC 

particulates and a variety of TiC precipitates together 

with dendrites. Some porosity was present.  
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 The concentration of TiC particulates was greater in 

tracks glazed with lower energy input.  

 Melting the 1.0 mg/mm
2
 TiC powder at 1344 J/mm 

(35 V) energy input produced densely distributed 

TiC particles in the composite layer and that gave the 

highest hardness of 1200 Hv in this investigation.  

 The maximum hardness in the processed composite 

layer is about 2.5 to 4 times the base hardness of 300 

Hv, depending mainly on the processing conditions.  
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