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ABSTRACT 

 

Titanium Alloy Grade 5 (Ti6Al4V) has proven to be the most commonly used 

grade of titanium due to its excellent combination of physical and mechanical 

properties. However, Ti6Al4V has a relatively low modulus of elasticity (110 

GPa) which in turn causes the material to be springy in nature. This springy 

nature of the material is a hindrance during the machining of Ti6Al4V as it 

may tend to push the workpiece away from the tool when the cutting force is 

applied. Actual dimensions are expected to change considerably from the 

intended dimensions due to this effect. This study attempts to investigate the 

magnitude of irregularity in the dimension during the CNC turning of 

Ti6Al4V (diameter 50mm) and the factors that significantly contribute 

towards the dimensional instability. The determinants of surface roughness 

and also the relationship between the dimensional instability and surface 

roughness are evaluated. Common machining parameters have been 

assigned as controlled and manipulated variables and an experimental 

design is formulated in order to record the responses through an actual 

standard experimental setup.  It has been observed that the influence of its 

low elastic modulus, which is further aggravated by the depth of cut, and the 

generated cutting force contributes to between 25 - 40 % of residual stock on 

the diameter of a cylinder. The cutting force in turn significantly depends on 

the feed rate and the depth of cut. The higher the cutting force, the greater 

the deflection of the workpiece away from the cutting tool due to its flexural 
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elastic modulus, thus causing the dimensional instability in the turning 

process. Regardless of the depth of cut and the cutting speed, a slower feed 

has proven to produce a finer surface finish on the workpiece. The surface 

finish is positively corelated to the cutting force. However, no specific 

relationship is observed between the surface finish and the tool wear. Also 

the surface finish and the dimensional instability show no mutual 

dependence. 

 

Keywords: Ti6Al4V, CNC Turning, Flexural Elastic Modulus, DOE, 

Correlation 

 

 

Introduction 
 

The sublime mechanical properties namely, specific strength, low density, 

fracture resistance, lightweight, corrosion resistance etc. of Ti6Al4V makes it 

a superior choice in engineering applications [1]. Its non-toxic and 

biocompatible nature along with its low elastic modulus and wear resistance 

makes it also an equally premium material in the medical industry, used as 

bone transplants, the reason being the flexibility of the alloy, which is better 

than the human bone [2]. The low Modulus of Elasticity in Ti6Al4V is a 

cause of concern during machining as it leads to a deflection and spring back 

of the workpiece when the cutting loads are applied and relieved respectively. 

This deflection subsequently causes tool vibration, chatter marks, undesired 

surface roughness and dimensional instability [3]. The forces generated while 

machining Ti6Al4V are relatively less than while machining materials with a 

high modulus of elasticity due to the shock absorbing effect caused at the 

tool-surface contact area [4, 5]. Titanium Alloys are considered as difficult to 

machine materials due to its low thermal conductivity (6.7 W/m-K), which 

leads to high hardness at elevated temperatures. The heat generated at the 

contact point between the tool and the workpiece surface dissipates at a very 

low rate eventually leading to work hardening of the material and rapid tool 

damage. Also in any turning operation, cutting forces have always influenced 

the deformation and the dimensional accuracy of the workpiece being 

machined [6]-[ 8]. It is inferred through [4]-[8] that the work hardening, tool 

contact deterioration and the subsequent build-up of  pressure at the tool 

contact area may lead to further deflection of the workpiece away from tool 

surface resulting in dimensional instability and poor surface finish. Numerous 

researches have been carried out to achieve dimensional stability by 

manipulating the machining variables [9]-[13]. The application of statistical 

DOE to analyse the magnitude of relationships between variables and their 

responses in machining, is widely proven in past researches[14]-[15]. In this 

study, an attempt is made to evaluate the effects of the low elastic modulus of 
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Ti6Al4V over the dimensional instability, surface roughness,  and the tool 

wear in a CNC turning process through a designed set of experiments. The 

results of this study is interpreted in the form of logical expressions that 

define the influence of the low elastic modulus of Ti6Al4V and the 

manipulated machining variables, namely, cutting depth, feed rate, tool wear 

and cutting force on the post-machining dimensions achieved. 

Simulative analysis indicates that the dimensional instability will be 

greater when the cylinder is machined in a ‘cantilever’ mode  in the lathe 

depending upon the overhang ratio of the workpiece, which has been 

experimented to be a significant factor that induces vibration in a turning 

process leading to deflections [16]. These deflections tend to push the 

cylinder away from the force applied when subjected to cutting load as 

shown in Fig 1. 

 

 
Figure 1: Deflection of  workpiece observed in a Cantilever set-up 

 

Titanium Alloy Ti6Al4V has a hardness of 36 on Rockwell C scale 

(334 BHN) and hence, is considered as a hard to machine material. Also, due 

to its low thermal conductivity, heat build-up concentrates at the tool contact 

area and due to the slow dissipation rate, rapidly damages tool tips [17]. 

 
Methodology 
 

Experimental Set-up 
 For an authentic projection of results, this experimental set up uses a ‘simply 

supported mode’ where the Ti6Al4V cylinder is held in between the chuck 

and a live center at the Tail stock as in Figure 2. 

This kind of set up exhibits a flection, where the material is held 

between two supports and force is applied on the material in between the two 

supports. The mechanical property that takes effect over here is flexural 
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elasticity. The magnitude of elasticity - compliance - depends on  the 

structure of the model being examined as shown in Figure 3 

 

 
Figure 2: Experimental Set up Applied (in-between chuck & centre) 

 

 
Figure 3: Simulated flexure on (a) Ø50 mm and (b) Ø20 mm cylinders 

 

Cutting Tool selection 
Due to the excessive heat buildup at the tool-workpiece intersection,  

machining on TiAl64V can be carried out only with cutting tools that have 

high heat resistance. Hence PVD Carbide Coated TiAlN tool tips are used in 

this study. TiAlN coated carbide tips have proven to be durable under high 

temperatures and also known for its ability to perform at high hot hardness 

and its resistance to oxidation [18].  

The coating is applied through a Physical Vapour Deposition Process 

in which the Metal is evaporated and then a reactive gas under high vacuum 

and temperature conditions compounds with the metal and forms a 3µm hard 

and temperature resistant layer on the cutting tool [19]. The nose radius (RE) 

is R0.40 mm with a straight flank (0°) 
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Hypotheses generation 
Levels of parameters recommended by previous researchers and material 

manufacturers for Ti6Al4V have been used in this study in order to measure 

the dimensional instability caused due to the elastic modulus of the material. 

It is necessary to study whether there is a pattern in the dimensional 

instability while running under low to higher levels of parameter 

combinations. It is equally important to prove either of the hypothesis 

statements, as has been inferred through previous researches [4, 5]:  

 

 ‘Low elastic modulus of Ti6Al4V causes dimensional instability on turned 

Ti6Al4V cylinder’    

(OR) 

 

‘Rapid tool cutting edge wear causes dimensional instability on the turned 

Ti6Al4V cylinder’. 

 

Determining the results of the above hypotheses is essential to pave 

way for further study on controlling the instability, either by designing 

solutions to reduce the flexural bend during turning or by optimising the right 

combination of parameters in order to reduce the flexure. Efficient tool 

geometry selection and tool compensation methods also can be formulated in 

order to curb this effect.  

 

Experimental Design 
The manipulated variables are the cutting speed, the feed rate and the depth 

of cut. The above three factors are assigned three levels each to design a 

‘three factor, three level’ experiment (33) as shown in Table 1. Three 

replicates of each experiment are carried out to prevent the influence of noise 

factors. All the experiment runs are carried out with flood dispensation of 

coolant. Fuchs Ecocool 68CF2 chlorine free [20] cutting fluid is used as the 

coolant here. Past studies have discovered hot-salt stress corrosion damage in 

machined Titanium alloys subjected to chlorinated cutting fluids. They 

eventually tend to crack during secondary cleaning and heat treatment 

processes [21]. 

 A 33 general full factorial design is created which, produces 27 

experiment runs. In order to reduce or eliminate noise variables, the entire 

experiment is replicated thrice and the averages of all the measurements are 

recorded as shown in Table 2. 
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Table 1: Machining Variables and Responses 

v = cutting speed (x1)   f = feed (x2) 

ap = depth of cut (x3)   Ni(c)= nose wear (y1) 

VBC = flank wear (y2)   ΔD = dimensional variance(y3) 

Ra = average roughness(y4)     
(Designations in accordance with ISO3685) 

  

Table 2: Experimental Design & Observed Responses 

Exp. 

Run 

No. 

v 

(m/min) 

f 

(mm/rev) 

ap 

(mm) 

Ø ∆𝑫̅̅ ̅̅  

(mm) 

𝑽𝑩𝒄̅̅ ̅̅ ̅̅  

(mm) 

𝑵𝒊(𝒄)̅̅ ̅̅ ̅̅ ̅̅  

(mm) 

𝑹𝒂̅̅ ̅̅  

(µ) 

F 

(N) 

1 40 0.05 0.4 0.33 0.19 0.012 0.30 48 

2 40 0.05 0.8 0.20 0.16 0.015 0.21 96 

3 40 0.05 1.1 0.37 0.15 0.019 0.20 132 

4 40 0.15 0.4 0.37 0.23 0.010 1.96 144 

5 40 0.15 0.8 0.33 0.18 0.013 1.91 288 

6 40 0.15 1.1 0.37 0.14 0.014 1.87 396 

7 40 0.25 0.4 0.33 0.15 0.012 2.39 240 

8 40 0.25 0.8 0.40 0.29 0.013 2.03 480 

9 40 0.25 1.1 0.30 0.32 0.018 2.47 660 

10 55 0.05 0.4 0.40 0.13 0.011 0.16 48 

11 55 0.05 0.8 0.37 0.12 0.012 0.32 96 

12 55 0.05 1.1 0.30 0.14 0.016 0.25 132 

13 55 0.15 0.4 0.37 0.15 0.010 1.92 144 

14 55 0.15 0.8 0.33 0.16 0.012 1.70 288 

15 55 0.15 1.1 0.27 0.14 0.015 1.84 396 

16 55 0.25 0.4 0.37 0.11 0.014 2.39 240 

17 55 0.25 0.8 0.43 0.20 0.016 2.29 480 

18 55 0.25 1.1 0.37 0.22 0.017 2.30 660 

19 80 0.05 0.4 0.30 0.15 0.012 0.26 48 

20 80 0.05 0.8 0.33 0.12 0.017 0.25 96 

21 80 0.05 1.1 0.40 0.16 0.018 0.26 132 

22 80 0.15 0.4 0.33 0.12 0.011 1.87 144 

23 80 0.15 0.8 0.27 0.14 0.017 1.89 288 

Factors Manipulated Variables Measured Responses 

v 

(m/min) 

ƒ 

(mm/rev) 

ap 

(mm) 

VBC 

(mm) 

Ni(c) 

(mm) 

∆𝑫̅̅ ̅̅  

(mm) 
Ra 

1 40 0.05 0.4 ? ? ? ? 

2 55 0.15 0.8 ? ? ? ? 

3 80 0.25 1.1 ? ? ? ? 

Levels 
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24 80 0.15 1.1 0.33 0.17 0.019 1.70 396 

25 80 0.25 0.4 0.30 0.13 0.013 2.30 240 

26 80 0.25 0.8 0.37 0.23 0.016 1.77 480 

27 80 0.25 1.1 0.33 0.21 0.020 2.25 660 

 
Tool wear & workpiece measurements 
The workpiece diameter is measured using a digital caliper with a 1µ least 

count. The tool wear is also inspected for qualitative deterioration (BUE, 

crater formation, chip off etc.) and quantitative wear (flank wear VBC, nose 

wear Ni(c)) using a toolmaker’s microscope. The caliper for diametric 

measurements and toolmaker’s microscope for the tool wear measurement 

have been calibrated prior to their use. Hence, they do not contribute to the 

variations observed between the intended and actual measurements. The 

cutting force ‘F’ applied by the tool on the cylinder during the cutting process 

is calculated using Equation (1) [22]. 

 

              (1) 
 

where Kc is the specific cutting force coefficient. Kc of Ti6Al4V is 2400 

N/mm2 [23]. 

 

  

 

 

 

 
 
 
 
 
 

Figure 4: (a) flank wear VBC & nose wear Ni(c); (b) measuring fixture 

 

The tool nose wear and wear along the flank band width are 

measured with the help of an inspection fixture on a tool maker’s microscope 

as shown in Figure 4. It is essential to evaluate if there has been sufficient 

tool wear to cause the magnitude of variance in the dimensions or whether it 

is due to the elastic deflection of the specimen upon applying the cutting 

load, as represented in Figure 5. The dimensional variance, tool wear 

magnitudes and the surface roughness readings observed are shown in Table 

2.  

Cutting force, Fc = Kc × d × f 

Flank Wear 
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Tool Insert 

L 
l Ni(c) = L - l 
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Figure 5: Key attributes of Dimensional Variance in turning operation 

 
Results and Discussion 
 

The results measured have been summarized as shown in Table 2. It is 

observed that the average nose wear ranges between 0.01 mm ~ 0.02 mm, 

which can only produce dimensional variances ranging from Ø0.02 mm ~ Ø 

0.04 mm. However, ΔD ranging from 0.20 mm ~ 0.43 mm is observed on the 

diameter of the cylinder, which indicates that the;  

 
              (2) 

 

This implies that the observed average dimensional variance on the 

cylinder, according to Eq.1 is about 12 times that of what could have been 

caused by the average  tool nose wear. 

 

              (3) 

 

The flank wear does not directly cause the dimensional variance on 

the part. It only provides a qualitative information on the vertical wear at the 

tool edge which is straight here. It is also noted through a qualitative 

inspection that the tool tips are not damaged or worn off (blunt), which could 

have lead to enormous burnishing force further deforming the material.  

This phenomenon of drastic increase in the cutting force by worn out 

tools has been discussed in past researches. It has also been stated that an 

increase in the cutting force will further deteriorate the tool, thus causing an 

interdependent cyclic effect between the tool wear and cutting force 

contributing to more imprecision. A dynamic degradation of the surface is 

also caused by increased cutting forces, which have been observed to be the 

primary cause of workpiece deflections [24, 25].  Statistical analysis carried 

out between factors and responses using MINITAB is tabled below and 

plotted in Fig 6 .  
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Statistical Analysis 
A statistical analysis of the ‘factors to responses’ and ‘responses to 

responses’ is conducted using MINITAB whose results have been illustrated 

in Table 3 and also plotted in Figure 6 .   
In Table 3., the analysis group A indicates that the depth of cut is 

directly proportional to the cutting force and both the above are individually 

and in interaction positively correlated to tool nose wear and the flank wear. 

However, according to the analysis group B, the tool nose wear and flank 

wear shows poor correlation to the dimensional variance, hence are 

considered insignificant as proven earlier by the Eq.3.  

Analysis C also indicates a poor correlation between the 

dimensional variance and  resultant cutting force and  is again insignificant, 

presumed to be due to the compliance of the specimen used - Ø50 mm - in 

the experiment, to the resultant cutting force. 
Conceivably, in the case of a specimen of Ø20 mm, the elastic 

deflection would be relatively greater causing a larger degree of variance in 

the dimensions. This fact has been experimentally proven in past researches, 

wherein thermo-mechanical loads  have been attributed to the workpiece 

deflections or deformations in a  turning operation and the difference in the 

diameter of the workpiece causes difference in the percentage of deflection in 

the workpiece [26]. 

 
Table 3: Correlation & significance statistics 

(Direction of the arrows ‘→’ signify trend in correlation if positive, negative or insignificant) 

  

X’s Y’s Y’s Correlation 

Value  

(-1 ~ +1) 

Significance 

(P) 

Analysis Group A 

Depth 

of Cut 

Nose Wear - 0.80 

(→ +1) 

0.000 

Significant 

Depth 

of Cut 

Cutting 

Force 

 0.54 

(→ +1) 

0.004 

Significant 

- Cutting 

Force 

Nose Wear 0.51 

(→ +1) 

0..007 

Significant 

- Cutting 

Force 

Flank wear 0.64 

(→ +1) 

0.000 

Significant 

Analysis Group B 

- Nose Wear Avg. Dim. 

Variance 

-0.10 

(→ 0) 

0.602 

Insignificant 

- Flank 

Wear 

Avg. Dim. 

Variance 

0.16 

(0 ←) 

0.43 

Insignificant 

Analysis C 

- Cutting 

Force 

Avg. Dim. 

Variance 

0.12 

(0 ←) 

0.567 

Insignificant 
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Further analysis show that regardless of the magnitude of depth of 

cut, cutting speed and tool wear, Ra, is seen to vary positively with regard to 

variance in the feed rate, which has been plotted in Figure 7. It is observed 

that, for all the levels of cutting speed and depths of cut, the line graph 

depicting surface roughness is at the minimum whenever the feed rate is at 

the minimum level and maximum at higher levels of feed rate.  

When the feed rate ‘f’ (orange line) is at 0.05mm/rev and the cutting 

speed ‘v’ is 40m/min, at all the three depths of cut ‘ap’, the surface roughness 

‘Ra’ is observed to be less than 0.05µ. As the feed rate ascends to the next 

two levels of 0.15mm/rev and 0.25mm/rev respectively, under the same 

cutting speed of 40 m/min, a proportional increase in Ra is observed.  

 

 

 
  

 
 

 

 
 

 

 
 

 

 
 

 

 

    
 
 

Figure 6 Correlation Plot - F & ap over 𝑁𝑖(𝑐)̅̅ ̅̅ ̅̅ ̅ 
 

The same trend is noticed when the experiment starts all over again, 

this time with greater cutting speeds of 55m/min and 80m/min. It is observed 

that though the cutting speeds change, the values of Ra under the different 

depths of cut are almost aligned in the same line as shown by the trend lines 

indicated by the dashed lines of their respective colours. 

These results are backed up by past studies wherein a direct 

proportion has been established between feed rate and surface roughness. It 

has also been stated that the surface roughness decreases upon increase in 

cutting speeds and depth of cut [27], which can also be noted to an extent in 

Fig.7. 
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Figure 7: Scatter Plot – Feed rate Vs. Surface roughness 

 
Conclusions and Recommendations 
 

The influence of its low elastic modulus which is further aggravated by the 

depth of cut and the generated cutting force contributes to between 25 - 40 % 

of residual stock on the diameter of a cylinder after a turning cut is taken on 

Ti6Al4V material in a lathe set-up, where the cylinder is supported at both 

the ends. The diameter of the specimen also reserves its right on the amount 

of elastic flexure caused when the cutting load is applied. Here a dimensional 

variance of Ø0.20 ~ Ø0.43 has been observed.  An experimental comparison 

of the above results with specimens of Ø20 and Ø30 would provide more 

stable justification on the effect of flexural elastic modulus on the 

dimensional instability in CNC turning of Ti6Al4V depending on the cross 

section of the specimen. Also a comparative study on different materials with 

higher and lower modulus of elasticity than Ti6Al4V can be tested for 

confirmation of the results. Tool geometry influences the cutting efficiency, 

which may in turn reduce the cutting force generated. However, sharper tool 

tips will rapidly wear off or get chipped off while machining hard materials 

like Ti6Al4V. Hence a balanced design of tool tip radius & relief angles has 

to be optimized in order to reduce or eliminate the effects of Elastic modulus 

on the dimensional instability in machining of Ti6Al4V and also to produce 

better surface finish on the machined workpiece. 
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