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Abstract 
Titanium64 has characteristics well sought after for applications in demanding environments. In 
general, due to titanium64’s high performance, it is a material which requires careful and well 
considered machining approaches in order to optimize the process. Nano-structured bainitic steel 
whilst having different application bases does none the less have similar machining and machina-
bility short comes as that of titanium64. These similar characteristics have been compared and 
contrasted in this research study using parameters including cutting force, surface texture and 
metallography. The results tend to indicate that titanium64 has a poorer machinability characte-
ristics compared to nano-structured bainitic steel. However, in terms of achieving greater surface 
texture characteristics, the nano-structured bainitic steel exhibited an enhanced capacity. 
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1. Introduction 
Steel is defined as a Fe-Fe3C alloy containing varying amounts of carbon from 0.008% to 2.1% [1]. There are 
various phases present in steel depending on the iron-carbide equilibrium temperature. The variation of carbon 
concentrations and addition of alloying elements varies the material properties of steel drastically [2]. Nano- 
structured bainitic steel is one such type where alloy steel is heat treated, micro-structurally manipulated in order 
to obtain the desired material properties. 

Nano-structured bainitic steel microstructure consists of bainitic ferrite in nano-dimensions and retained aus-
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tenite. It has an excellent combination of strength and ductility along with grain refinement. Nano-structured 
bainitic steel exhibits an elongation of 21% for UTS above 2GPa [3]. The nano-structured bainitic steel used in 
this research is produced by austenitising steel at 900˚C for 45 minutes, followed by isothermal holding the 
sample in a salt bath maintained at 200˚C for 10 days [4]. 

Machinability of a material is defined as the ease with which the material is removed following less cutting 
force to obtain the desired surface finish [5]. The machinability of nano-structured bainitic steel and titanium64 
has been evaluated using cutting and surface texture analysis. 

Titanium is considered to be a super alloy because of its unique properties such has high strength to weight 
ratio, good resistance to corrosive environments and high load bearing capacity [6]. Typical engineering appli-
cations of titanium alloys include the manufacture of cryogenic devices and aerospace components. Some of the 
popular titanium alloys used in aerospace and medical implant industry are titanium64, commercially pure tita-
nium, titanium5553 etc. This paper deals with titanium64 which consists of 6 wt% of aluminium and 4 wt% of 
vanadium. The microstructure of titanium64 is shown in Figure 1. Titanium exists in two crystallographic forms. 
At room temperature unalloyed titanium has a Hexagonal Close-Packed structure (HCP) crystal structure known 
as alpha (α)-phase. At 883˚C, α-phase transforms to a Body Centered Cubic (BCC) known as beta (β)-phase [7]. 
Titanium64 has been workhorse of the aerospace industry and probably 80% - 90% of the titanium used on air-
frames has been this alloy. It is used in fuselage, nacelles, landing gear, wing and empennage. 

Titanium has low thermal conductivity; hence the heat generated by the cutting action does not dissipate 
quickly. When machining any component, it is essential to satisfy surface integrity requirements. However, dur-
ing machining and grinding operations, the surface of titanium alloys is easily damaged because of their poor 
machinability [6]. Near net shaping method is very difficult for most of the aerospace components due to com-
plex physical shape, and high tolerance and good surface finish requirements [8]. Dandekar et al. carried out the 
hybrid machining assisted with laser [9]. In Laser Assisted Milling (LAM) workpiece material is heated and 
softened before entering cutting zone. Two to three folds of tool life improvements over conventional machining 
is achieved for hybrid machining up to the speed of 200 m/min as reported by the author. Using the TiAlN 
coated tool in LAM and hybrid machining, 30% to 40% of overall cost saving can be achieved [9]. Titanium al-
loys are generally difficult to machine at cutting speeds over 30 m/min, with HSS steel tools and 60 m/min with 
cemented tungsten carbide tools. Other types of tool materials, including ceramic, diamond and cubic boron ni-
tride are highly reactive with titanium alloys and as a consequence they are not used in the machining of these 
alloys [10]. Furthermore, chips weld easily on the tool to form build up edge (BUE) [11]. Both high helix angle 
and radial rake angles combine to create a higher effective rake or sheer plane [12].  

High temperature strength, very low thermal conductivity, relatively low modulus of elasticity, high strain 
hardening, poor dislocation motion through the microstructure and high chemical reactivity play an important 
role in machining mechanism [13]. This research is an attempt to fill the existing gap with regards to the science 
of machining these material viz. nano-structured bainitic steel and titanium64 especially on the thermal behaviour 
of these materials in the cutting zone. This research deals with comparing the machinability characteristics of  
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Figure 1. Microstructure of bulk material: (a) Nano-structured bainitic steel; (b) Titanium64.                   



A. Polishetty et al. 
 

 
36 

newly emerging materials; nano-structured bainitic steel and titanium64. As nano-structured bainitic steel being 
a relatively new material, very few research article exists on its machinability characteristics. Similar is the case 
with scarce amount of research data available on machining of titanium alloys. This paper attempts to provide 
data on machining performance and machinability of these materials. 

2. Experimental Design 
The experimental design for nano-structured bainitic steel and titanium64 consists of conducting milling trials at 
constant feed/tooth, 0.03 mm/tooth; machining speed-100 m/min; coolant on/off and variable DoC-1, 2 and 3 
mm followed by the surface roughness, metallography and the cutting force analyses (see Table 1 and Table 2). 
The cutting parameters were selected taking into consideration the cutting tool limitations and prior experience 
of the authors in carrying out experimentation on difficult to machine materials such as Austempered Ductile 
Iron (ADI). The varying coolant condition was selected in order to investigate the effect of thermal conductivity 
on the machining process. The efficiency of the coolant lies in successful dissipation of the heat generated and 
lubricating the cutting zone. 

The variation in DoC was selected in order to investigate the effect of DoC on the surface texture of the ma-
chined sample. The cutting tool used was a 12 mm diameter solid carbide end mill and the machining trials were 
conducted on 5-axis machining center-Spinner MCV-2. The coolant used was a phenol—2.8% which is mixed 
with water in ratio of 1:10. The description of trials with sample ID is given in Table 3. The machined tita-
nium64 block and nano-structured bainitic steel were subjected to surface texture analysis-roughness (Ra) using 
“Taylor Hobson-Form Talysurf”. Stylus made up of diamond edge is used to determine the surface roughness. 
Data length used for testing was 15 mm and run-up length is 1 mm/sec. The cutting force analysis on the ma-
chined samples was carried out using a Kistler dynamometer-9257B. For metallographic analysis, the samples 
were mounted using polyfast material by the sintering process at 80˚C. An automatic polisher “Rotoforce 21” 
was used for polishing of the samples. Supra-55VP SEM was used to characterize the samples and generate the 
microscopic images. The sample identification for nano-structured bainitic steel and titanium64 is shown in Ta-
ble 3. 

 
Table 1. Chemical composition of nano-structured bainitic steel.                                     

Element Fe Si Mn C Cr Cu Ni 

Weight (%) 94.7 2.6 0.80 0.70 0.48 0.22 0.2 

 
Table 2. Chemical composition of titanium64.                                                     

Element V Al Sn Zr Mo C Si Ti 

Weight (%) 4.22 5.48 0.062 0.0028 0.005 0.36 0.022 90 

 
Table 3. Sample identity for nano-structured bainitic steel and titanium64.                              

sample ID feed per tooth, mm/tooth Cutting speed, m/min Depth of cut, mm Coolant on/off 

1 0.03 100 1 Off 

2 0.03 100 2 Off 

3 0.03 100 3 Off 

4 0.03 100 1 On 

5 0.03 100 2 On 

6 0.03 100 3 On 
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3. Results and Discussion 
Cutting forces measured during machining trials for nano-structured bainitic steel and titanium64 are analyzed, 
compared and discussed in this section. For milling, forces, Fx and Fy were considered to be the dominant 
compared to force in Fz, acting into the workpiece, normal to the surface. Cutting forces measured in the x, y 
and z-directions for nano-structured bainitic steel and titanium64 are shown in Figure 2 and Figure 3 respec-
tively. For both nano-structured bainitic steel and titanium64, cutting forces are comparatively higher for milling 
using coolant than without coolant. 

This may be attributed to the harder microstructure with wet machining compared to the dry condition.T his 
can also be due to the denial of thermal softening effect on the workpiece by use of coolant. Therefore, reduction 
of cutting force in machining is required to acquire higher productivity and better machinability. Cutting force is 
higher in case of high cutting speed compared to low cutting speed. A general trend of cutting forces increasing 
with an increase in DoC was also observed. The higher strength of the workpiece material also contributes to 
higher cutting force. Due to the non-availability of tool wear measurements, an analogy could not be drawn be-
tween the higher cutting force and tool wear rate. Cutting force, Fx was the maximum force obtained and was 
picked to generate correlation graphs as shown in as shown in Figure 4 and Figure 5.  

Surface roughness (Ra) measurement for nano-structured bainitic steel and titanium64 was done and a corre-
lation was established with the cutting forces as shown in Figure 4 and Figure 5. The difference in thermal 
conductivity of nano-structured bainitic steel and titanium64, especially the way heat is dissipated out of the cut-
ting zone plays an important role in determining the surface roughness of the machines surface. For nano-struc- 
tured bainitic steel, the surface roughness is higher for dry machining than wet machining and vice-versa for ti-
tanium64. 

For nano-structured bainitic steel, as the DoC increases surface roughness remain constantly low initially and 
increases for 3 mm DoC for both dry and wet machining. For titanium64, a completely different trend was ob-
served may be attributed to the poor thermal conductivity of titanium 64. Chemical affinity of titanium alloy to 
the tool was seen more when machining in dry condition. This was reduced in case of wet machining, as the 
coolant prevents such reaction at the tool-workpiece interface. This can also be explained as that the specific 
cutting force needed to machine the material is more when cutting speed is high. The use of coolant in machin-
ing reduces the tool-workpiece temperature and produces a lower surface roughness in materials having better 
thermal conductivity like nano-structured bainitic steel. 

A microstructural comparison of the machined surface of nano-structured bainitic steel and titanium64 is 
shown in Figure 6. On observing the microstructure of machined nano-structured bainitic steel, the breaking of 
the long ferrite laths and exposing the austenite for a likely phase transformation reaction was presumed. 

When examining the microstructure of the machined Ti-6Al-4V alloy under SEM, phase transformation in the 
microstructure is likely visible when compared with the original SEM microstructure. Lamellar type light co-
lored α-phase was seen with dark colored β-phase in between in SEM microstructure. This showed that the alloy 
has been likely tempered which resulted in lamellar like β-phase microstructure. 

4. Conclusion 
This paper on comparative assessment of machinability of nano-structured bainitic steel and titanium64, assisted  

 

 
Figure 2. Nano-structured bainitic steel cutting force mea-
surements along x, y and z direction for dry machining at 100 
m/min and DoC-2 mm.                                       
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Figure 3. Titanium64 cutting force measurements along x, y 
and z direction for dry machining at 100 m/min and DoC-2 
mm.                                                

 

 
Figure 4. Correlation between cutting force and surface roughness for 
machining of nano-structured bainitic steel.                         

 

 
Figure 5. Correlation between cutting force and surface roughness for 
machining of titanium64.                                       

 

   
(a)                                        (b) 

Figure 6. Microstructure of machined surface: (a) Nano-structured bainitic steel; (b) Tita-
nium64.                                                                    
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in providing an insight into the machining behaviour of these materials. The efficiency of the coolant in dissi-
pating heat and lubricating the cutting zone, and significance of thermal conductivity of the workpiece material 
were clearly evident for both materials, as the cutting forces were comparatively higher for milling using coolant 
than that without coolant. This can also be due to the denial of thermal softening effect on the workpiece by use 
of coolant. Correlation was established between the cutting force and the surface roughness for both materials. 
For nano-structured bainitic steel, the surface roughness is higher for dry machining than wet machining and 
vice-versa for titanium64. On microstructural examination of machined surface of the materials, a common ob-
servation is the displacement/disintegrating of grains and likely extent of microstructural phase change leading 
to further hardening of the material. 
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