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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 (cm /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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