
Proceedings of the International Conference on Industrial Engineering and Operations Management 

Dubai, UAE, March 10-12, 2020 

© IEOM Society International 

Electron beam melting of γ-TiAl and minimization of its 

surface roughness and cutting forces in turning 

Saqib Anwar 

Industrial Engineering Department, College of Engineering, King Saud University, 

Riyadh 11421, Saudi Arabia. 
sanwar@ksu.edu.sa 

Abstract 
Gamma titanium aluminide alloys are of high importance due to their lower density and higher strength as 

compared to their competitor alloys such as Ti6Al4V in the automobile and aerospace applications. The 

current paper reports on the electron beam melting (EBM) and turning of the gamma titanium aluminide alloy 

(γ-TiAl). The γ-TiAl cylindrical parts are fabricated by using the ARCAM electron beam melting machine. 

After fabrication, the γ-TiAl parts are characterized by checking their surface morphology, microstructure, 

hardness, and surface roughness. All these measured characteristics show the acceptable levels for various 

applications except the surface roughness. The key limitation of the γ-TiAl parts fabricated from the electron 

beam melting process is their extremely poor surface roughness. The roughness values are observed as high 

as Sa = 34.9 µm. In this work, the surface quality of the EBM printed γ-TiAl components is improved by 

employing the turning process by using two different radii tungsten carbide inserts (0.4 mm and 0.8 mm). 

Also, the effects of other important turning parameters such as cutting speed (V), feed rate (f), depth of cut 

(ap) and coolant flow rate is taken into account. It has been attempted to find the optimized machining 

conditions to minimize the surface roughness and the main cutting forces during the finishing process. 

Keywords: Electron beam melting, γ-TiAl; Turning, Surface roughness, Optimization 

1 Introduction 

Due to the high strength, low density, corrosion resistance and fatigue resistance, γ-TiAl (Ti-48Al-

2Cr-2Nb) has numerous potential applications (Basile et al., 2018; Sharman et al., 2001). The 

benefit of lower density is of particular importance in scenarios where ever more tough 

environmental legislations are being imposed to reduce the carbon emission and fuel consumption. 

A study reported by  Mohammad et al. (2017a) showed that γ-TiAl is not toxic and exhibits 

excellent cell bonding and growth as compared to commercially pure titanium. However, it is very 

difficult to produce parts with γ-TiAl owing to its superior mechanical properties.  

Recently, due to the developments in the electron beam melting process, it has become possible to 

print 3D parts from γ-TiAl. Electron beam melting process is based on selectively melting and 

solidification of the metal powder layer by layer according to an input CAD file. A highly focused 

and energized electron beam is used for melting the powder from various metals and alloys. The 

parts produced from EBM has several advantages as compared to conventional casting techniques 

such as: (i) more complex and unique geometries such as lattice and porous structures can be 

generated with EBM (Bsat et al., 2015; Cansizoglu et al., 2008), (ii) the cost of expensive tooling 

(dies and molds) is eliminated, (iii) oxidation and impurities free parts are achieved since the 

process is accomplished in vacuum (Biamino et al., 2011), and (iv) very fine and uniform 

microstructures could be developed for improving the structural integrity of the printed components 

(Hernandez et al., 2012; Lancaster et al., 2016). Nevertheless, aside from several advantages of 

EBM process, one of the significant limitations is that surface quality of the produced parts is 

inferior and the EBM manufactured parts cannot be directly used in applications where smooth 

surface finish is required (Anwar et al., 2018). For example, the surface roughness values are 

usually in the range of Ra = 15.8 – 54.3 µm (Mohammad et al., 2016; Sidambe, 2017) which is not 

suitable for aerospace or automobile applications. A similar comment was mentioned by Karlsson 

et al. (Karlsson et al., 2013), that due to the poor surface finish, the usage of the additively 
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manufactured component is adversely affected. Furthermore, it was also mentioned that while 

producing the smaller sized parts (< 1 cm), the accuracy of the highly detailed features is poorly 

affected and sometimes altogether lost depending on the starting powder particles size and the 

severe melting phenomenon involved (Cansizoglu et al., 2008).   

Several researchers have attempted to improve the quality of the γ-TiAl parts during the EBM 

process. For instance, J. Kumar et al. (Kumar and Khamba, 2008) manufactured EBM parts made 

of TiAl alloy (Ti-48Al-2Cr-2Nb and Ti-46Al-2Cr-8Nb) powders and established relationships 

between process parameters and microstructures of the produced parts. Ashfaq et al. (Mohammad 

et al., 2017b) and (Biamino et al., 2011) studied the effects of the EBM input parameters on the 

mechanical properties and the resulting microstructures in γ-TiAl (Ti-48Al-2Cr-2Nb) parts. They 

concluded that the EBM can be employed to produce parts from γ-TiAl with low porosity, high 

strength, homogeneous microstructure and insignificant level of oxygen-based impurities. 

However, despite controlling and optimizing the EBM process parameter, the surface better than 

Ra = 3 ~ 5 µm could not be produced on the top surface of the γ-TiAl parts (Mohammad et al., 

2017c). Furthermore, it has been reported that the surface roughness of the side surface of the γ-

TiAl parts from EBM process is around 31 µm (Anwar et al., 2018). This means a finishing 

operation such as turning is essential for achieveing the desired level of the surface finish on the 

EBM parts. 

Regarding machining, γ-TiAl is considered as a very difficult-to-cut material. It is found from the 

literature that only two studies (Priarone et al., 2014; Tebaldo and Faga, 2017) have been reported 

on the turning of the EBM fabricated γ-TiAl parts, and three studies (Klocke et al., 2013a, 2013b; 

Sharman et al., 2001) are reported on the turning of the wrought γ-TiAl parts. However, none of 

these reported studies has focused on optimizing the machining parameters for achieving the 

improved surface roughness of γ-TiAl. Moreover, regarding the turning parameters, researchers 

have employed different ranges. For example, some studies have used a high range of the cutting 

speed from 60 – 100 m/min while the others have employed a lower range of the cutting speed from 

20 – 35 m/min while studying the effect of turning parameters on the surface roughness. Similarly, 

some of these studies (Klocke et al., 2013b) fixed the turning parameters and only studies the impact 

of the cooling conditions on the turning performance. 

Apart from the turning process, researchers have also employed other conventional, and non-

conventional machining methods to improve the surface finish of the additively (EBM) 

manufactured components. For instance, (Priarone et al., 2012) investigated the machinability of 

EBM γ-TiAl alloy during milling and studied the effects of the cutting speed, feed rate, and cutting 

fluid conditions (wet, dry, and minimum quantity lubrication (MQL)) on the tool life, surface 

roughness and chip morphology. A study reported in (Ahmed et al., 2017) applied rotary ultrasonic 

machining (RUM) for improving the surface finish of EBM manufactured titanium alloy (Ti-6Al-

4V) and achieved a minimum surface roughness of Ra 0.3 µm. However, the RUM process is quite 

an expensive process because of the high cost of the required diamond tooling. 

In the current work, 3D γ-TiAl cylindrical parts are produced by electron beam melting process. 

Afterwards, the fabricated parts are subjected to the turning process to improve their surface 

roughness. The effect of two different insert radius (0.4 mm and 0.8 mm) and a wide range of the 

turning parameters (cutting speed (V), depth of cut (ap), feed rate (f) and coolant flow rate (Q)) 

have been studied. An attempt is made to find the optimum turning parameters and insert radius for 

reducing the surface roughness of the γ-TiAl parts while also keeping the main cutting force to a 

minimum. 

1520



Proceedings of the International Conference on Industrial Engineering and Operations Management 

Dubai, UAE, March 10-12, 2020 

 

© IEOM Society International 

 

2 Experimentation 

Fig. 1(a) shows the EBM machine from ARCAM used for printing the gamma titanium aluminide 

cylindrical parts. Ti-48Al-2Cr-2Nb gamma titanium aluminide alloy powder (average size ~ 110 

µm) is used in the current work. Regarding the electron beam melting parameters, the medium 

energy parameters from the work of Mohammed et al. (Mohammad et al., 2017b) were selected. 

An example of a 3D printed γ-TiAl part is shown in Fig. 1(b). As mentioned earlier that one of the 

major drawbacks of the 3D printed metallic parts is their poor surface roughness, and it can be 

clearly seen in scanning electron micrograph in Fig. 1(c) that the 3D printed γ-TiAl part depicts 

very poor surface morphology. The side surface shows a high volume of the un-melted γ-TiAl 

powder particles weldment. This gives rise to a highly non-uniform surface (see Fig.1(c)) which 

could not be used in precision applications.  

 

Figure 1. (a) Electron beam melting machine, (b) γ-TiAl cylindrical workpiece produced from 

EBM, (c) SEM images of the side surface. 

Fig. 2 shows a 3D scanned contour of the side surface and the top surface of the 3D printed γ-TiAl 

part. A 3D profilometer Contour-GTK from Bruker, USA was used for the 3D surface scanning. 

Fig 2 shows 3D scanned surface topography of the 3D printed parts. The empty regions in Fig. 2(a) 

shows those areas which were out of the range of the scanner. The significant appearance of such 

blank regions illustrates the sudden ups and downs of high magnitudes in the scanned surface as 

shown in Fig. 1(c) as well in the SEM micrograph. It can be seen that very high peak to valley 

distance of -171 µm to 124 µm is recorded for the side surface. The 3D scanned region on the top 

surface of the 3D printed part (see Fig. 2(b)) does not show such blank regions but still, the total 
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variation in the surface is from -38 µm to 50.5 µm and a waviness pattern is also visible. The 

average surface roughness (Sa) values of the side and top surfaces are measured as 34.85 µm and 

10.54 µm, respectively. This shows that the machining of these parts is essential to reduce the 

surface and make these parts suitable for aerospace and medical applications. 

 

 

Figure 2. (a) A typical example of a 3D scanned side surface, (b) 3D scanned top surface. 

Fig. 3 shows the microstructures of the mid-section of the 3D printed gamma titanium aluminide 

parts. Since the medium energy melting parameters were adopted from (Mohammad et al., 2017b), 

therefore, overall the duplex microstructure is produced. However, in some regions, the equiaxed 

gamma grains are dominating as shown in Fig. 3(a), while in some other regions lamellar grains 

are dominating such as shown in Fig. 3(b). This happens due to the complex heating and cooling 

phenomena involved in the electron beam melting process. Accumulation of the heat in any region 

for longer durations favours the formation of the lamellar grains, while if the heat is evacuated 

quickly from any region, more gamma grains are produced. Medium energy input parameters were 

used to produce the duplex microstructure because it is known to have a good combination of 

strength, ductility and fatigue resistance (Baudana et al., 2016). Some of the mechanical and 

physical properties of EBM produced γ-TiAl parts are presented in Table 1. 
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Figure 3. The duplex microstructure of the electron beam melted γ-TiAl parts. (a) A region 

dominating with equiaxed gamma grains, (b) a region dominating with lamellar (γ + α2) grains. 

Table 1. Mechanical properties of γ-TiAl 

Properties Values Ref. 

Ultimate tensile strength (MPa) 500-630 (Mohammad et al., 2017b) 

Hardness (HV2) 304±12  

The EBM fabricated γ-TiAl parts were subjected to the turning operation on the side face by 

utilizing a EMCO-600 CNC-lathe machine. The turning experiments were conducted by using two 

different radii (0.4 mm and 0.8 mm) uncoated negative shaped tungsten carbide inserts; namely 

CNMG-120404 and CNMG-120408. The other turning parameters that were altered during the 

machining trials incorporate the cutting speed, depth of cut, feed rate and coolant flow rate. The 

levels of the turning parameters are shown in Table 4. The levels of the machining parameters in 

Table 4 are selected such that they cover the ranges of parameters reported in the previous studies 

on the turning of wrought (Klocke et al., 2013a, 2013b) and electron beam melted gamma titanium 

aluminide (Priarone et al., 2014). Flood cooling method was adopted within all the turning 

experiment with 10% emulsion from Fuchs Ecocool S-HL water mixable oil. Two levels of coolant 

flow rate (2 L/min and 9 L/min) were investigated. 
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Table 2. Machining parameters and their selected values. 

Input Parameter Abbreviation Level 1 Level 2 Level 3 

Insert radius (mm) R 0.4 0.8 - 

Coolant flow rate (L/min) Q 2 9 - 

Cutting speed (m/min) V 40 60 80 

Depth of cut (mm) ap 0.1 0.2 0.3 

Feed rate (mm/rev) f 0.05 0.075 0.1 

Taguchi L36 design of experiment approach was applied to capture the effect of the input 

parameters on the surface roughness (Ra) and the main/tangential cutting force (Fc). Total of 36 

experiments were performed and to increase the reliability of the data; each experiment was 

repeated two times. Fig. 4(a) shows the experimental setup for the turning experiments. The surface 

roughness Ra of the machined γ-TiAl workpieces was recorded by employing a Taylor Hobson 

Surtronic-25 device (see Fig. 4(b)). For each machined part, the roughness readings were captured 

at three random locations on the sample by rotating the chuck. The cutting forces were also recorded 

during the turning experiments by fixing the tool-holder on a dynamometer from Kistler 9257B 

(see Fig. 4(a)). Although, three cutting forces were recorded in all the experiment; the main cutting 

force (Fc), radial force (FR) and feed force (Ff) (see Fig. 4(a)). However, later for briefness, only 

the main cutting force (Fc) was used in the statistical analysis because it has the most considerable 

influence on the tool wear, microstructure alterations and power consumption. An example of a 

machined γ-TiAl workpiece is shown in Fig. 4(c). 

 

Figure 4. (a) Experimental setup with a tool holder mounted on a dynamometer, (b) surface 

roughness measurement setup after each turning experiment, (c) surface quality of the workpiece 

before and after machining. 
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3 Results and discussions 

Fig. 5 shows the history of the cutting force recorded with the dynamometer for experiment number 

9 and 23. It can be seen that the force-time signal for the 0.4 mm insert radius shows a incessant 

increment in the cutting forces while the force signals for the 0.8 mm insert radius remains steady 

and does not increase with time. A similar trend was observed in other experiments as well. It is 

because the cutting edge strength of the 0.4 mm insert is lower as compared to the 0.8 mm inserts 

and therefore 0.4 mm inserts are susceptible to high tool wear (leading to higher cutting forces) 

particularly at higher values of V, ap and f. 

 

Figure 5. Cutting forces during turning at (a) insert radius 0.4 mm, Q = 2 L/min, V = 80 m/min, 

ap = 0.3 mm and f = 0.05 mm/rev, (b) insert radius 0.8 mm, Q = 2 L/min, V = 60 m/min, ap = 0.3 

mm and f = 0.1 mm/rev 

The list of the experiments performed according to the L36 design of experiments and the recorded 

results for the main cutting force (Fc) and the surface roughness (Ra) are presented in Table 3. 

Signal to noise ratio was calculated for the main cutting force (Fc) and the surface roughness (Ra) 

for all the combinations of the experiments presented in Table 3. Lower values of Fc and Ra are 

desirable during machining for lowering the power consumption/microstructural alterations and 

obtaining the better part quality respectively. Therefore, smaller the better characteristic was used 

for S/N ratio calculations. Table 4 shows the significance of the five input factors on the cutting 

force based on the S/N ratios. Depth of cut shows the highest rank followed by the feed rate in 

affecting the cutting force. The same information can be noticed in Fig. 6 where S/N ratios are 

plotted for cutting force along with the input factors. 
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Table 3. Experimental results of the cutting force (Fc) and surface roughness (Ra) (Rep = Repeat, 

Avg = Average) 
Exp 

# 

Insert 

Radius 

(mm) 

Flow 

rate 

(L/min) 

Cutting 

speed 

(m/min) 

Depth 

of cut 

(mm) 

Feed rate 

(mm/rev) 

Manin cutting force, Fc 

(N) 

Surface roughness, Ra 

(µm) 

            Rep-1 Rep-2 Avg Rep-1 Rep-2 Avg 

1 0.4 2 40 0.1 0.05 28.12 26.39 27.26 0.25 0.23 0.24 

2 0.4 2 60 0.2 0.075 62.4 52.54 57.47 0.36 0.33 0.34 

3 0.4 2 80 0.3 0.1 158.77 165.69 162.23 0.58 0.57 0.58 

4 0.4 2 40 0.1 0.05 29.42 28 28.71 0.27 0.26 0.26 

5 0.4 2 60 0.2 0.075 58.31 54.4 56.36 0.31 0.39 0.35 

6 0.4 2 80 0.3 0.1 165.62 149.92 157.77 0.65 0.72 0.69 

7 0.4 2 40 0.1 0.075 33.68 39.12 36.40 0.23 0.26 0.25 

8 0.4 2 60 0.2 0.1 64.16 67.27 65.72 0.59 0.57 0.58 

9 0.4 2 80 0.3 0.05 62.71 76.34 69.53 0.29 0.23 0.26 

10 0.4 9 40 0.1 0.1 43.5 43.95 43.73 0.50 0.48 0.49 

11 0.4 9 60 0.2 0.05 45.5 50.5 48.00 0.33 0.25 0.29 

12 0.4 9 80 0.3 0.075 79.19 74.44 76.82 0.41 0.37 0.39 

13 0.4 9 40 0.2 0.1 67.39 66.29 66.84 0.74 0.71 0.73 

14 0.4 9 60 0.3 0.05 65.17 72.24 68.71 0.28 0.25 0.26 

15 0.4 9 80 0.1 0.075 36.44 31.25 33.85 0.26 0.27 0.27 

16 0.4 9 40 0.2 0.1 68.96 69.34 69.15 0.68 0.58 0.63 

17 0.4 9 60 0.3 0.05 59.99 60.97 60.48 0.27 0.26 0.27 

18 0.4 9 80 0.1 0.075 49.62 42.08 45.85 0.46 0.48 0.47 

19 0.8 2 40 0.2 0.05 55.3 57.58 56.44 0.23 0.26 0.24 

20 0.8 2 60 0.3 0.075 85.54 90.46 88.00 0.35 0.31 0.33 

21 0.8 2 80 0.1 0.1 41.69 47.17 44.43 0.32 0.33 0.33 

22 0.8 2 40 0.2 0.075 65.44 60.6 63.02 0.28 0.36 0.32 

23 0.8 2 60 0.3 0.1 101.01 103.62 102.32 0.39 0.34 0.36 

24 0.8 2 80 0.1 0.05 38.7 38.8 38.75 0.23 0.18 0.21 

25 0.8 2 40 0.3 0.075 88.26 88.06 88.16 0.23 0.31 0.27 

26 0.8 2 60 0.1 0.1 56.74 51.53 54.14 0.35 0.39 0.37 

27 0.8 2 80 0.2 0.05 57.23 58.22 57.73 0.20 0.21 0.20 

28 0.8 9 40 0.3 0.075 83.17 80.18 81.68 0.32 0.34 0.33 

29 0.8 9 60 0.1 0.1 30.22 44.56 37.39 0.25 0.25 0.25 

30 0.8 9 80 0.2 0.05 65.42 71.74 68.58 0.21 0.24 0.23 

31 0.8 9 40 0.3 0.1 96.11 102.67 99.39 0.47 0.47 0.47 

32 0.8 9 60 0.1 0.05 35.7 36.32 36.01 0.29 0.29 0.29 

33 0.8 9 80 0.2 0.075 70.19 70.78 70.49 0.30 0.29 0.30 

34 0.8 9 40 0.3 0.05 75.98 73.19 74.59 0.24 0.25 0.24 

35 0.8 9 60 0.1 0.075 44.06 49.69 46.88 0.23 0.22 0.22 

36 0.8 9 80 0.2 0.1 74.2 81.7 77.95 0.47 0.41 0.44 
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Table 4. Response table for the signal to noise ratios for Fc 

 

Level R Q V ap f 

1 -35.14 -35.75 -35.52 -32.05 -34.3 

2 -35.93 -35.49 -35.11 -35.95 -35.85 

3   -36.22 -38.85 -36.7 

Delta 0.79 0.26 1.11 6.8 2.4 

Rank 4 5 3 1 2 

 

 

Figure 6. Effect of the turning parameters on the signal to noise ratio (S/N) for the main cutting force (Fc) 

Table 5 shows the significance of the five turning parameters on the surface roughness based on the S/N 

ratios. Feed rate shows the highest rank followed by the insert radius in affecting the surface roughness. 

Fig. 7 graphically presents the S/N ratios for surface roughness along with the input factors. It could be 

noticed from Fig. 5 and Fig. 6 that the coolant flow rate appears to have minimal effect on the cutting force 

and the surface roughness within the employed range of the parameters. However, there is a difference of 

7 L/min between the tow used coolant flow rates. Therefore, the lower value (2 L/min) should be preferred 

to save the environment from the harmful effects of the coolant. Similarly, the cutting speed also shows 

very little influence on the cutting force and the surface roughness as compared to the feed rate, depth of 

cut and the insert radius. However, it should be noticed that higher levels of the cutting speeds can lead to 

severe tool wear and deterioration of the surface integrity which is not the scope of the current work. In the 

current work, the surface roughness is still acceptable at higher values of the cutting speed (e.g. V = 80 

m/min) because the selected levels of the feed rate and the depth of cut are not very aggressive. 

To further investigate the cutting force and surface roughness results, the analysis of variance (ANOVA) is 

performed with the confidence interval of 95%. Furthermore, the mathematical models are developed to 

capture the effect of the turning parameters on the cutting force and surface roughness. For this 

purpose, regression equations and response surface models are developed for each output response 

by initially employing the second-order full quadratic models. Later, by using the backward 
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elimination method the insignificant factors in the models are removed. A factor is termed as 

insignificant based on its contribution factor. 

Table 5. Response table for the signal to noise ratios for Ra 

Level R Q V ap f 

1 8.517 10.101 9.563 10.67 12.183 

2 10.718 9.574 9.941 9.472 10.207 

3   10.009 9.371 7.123 

Delta 2.201 0.527 0.447 1.3 5.06 

Rank 2 4 5 3 1 

 

Figure 7. Effect of the turning parameters on the signal to noise ratio (S/N) for the surface roughness (Fc) 

Table 6 shows that regarding the cutting force, the depth of cut (ap) is the most influential 

parameter with 57.23% contribution in the model followed by the feed rate (f) with 16.54% 

contribution. This is because as the depth of cut and feed rate increase, the chip cross-sectional 

area increases and the chip becomes stronger and exerts more load on the tool before chip-

breakage. Cutting speed has shown only 5.45% overall contribution. It is due to the reason that the 

cutting speed does not have a continuous increasing effect on the cutting force as can be seen in 

Fig. 6. As the cutting speed increases, the cutting temperatures also increase resulting in the 

softening of the machined material. This leads to decrease in the cutting forces. Coolant flow rate 

and the insert radius are not found to be very influential on Fc as compared to other turning 

parameters including f, ap and V. The coefficient of determination (R-sq) is calculated as 87.62% for 

the cutting force (Fc) model. This means that the model has a high significance of 87.62%. 

The ANOVA results for the surface roughness are shown in Table 7. Again, the feed rate (f) emerges as the 

most significant factor affecting the surface roughness with 51.90% contribution. It is because higher feed 

rate (f) leaves aggressive grooves and thick feed marks on the machined surface leading to the higher 

surface roughness. After the feed rate, the insert radius is the most significant factor affecting the surface 

roughness. This is because high insert radius results in the higher contact area between the tool and the 

workpiece as compared to the smaller radius insert at the same level of depth of cut and feed rate. This 
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results in exerting higher compressive stresses on the machined surface in case of the high insert radius and 

thus suppressing the peak to valley distances on the surface, which results in lowering the surface roughness. 

The coefficient of determination (R-sq) is calculated as 98.75% for the cutting force (Fc) model. This means 

that the model has a high significance of 98.75%. 

Table 6. Results of ANOVA for Cutting Force (Fc) 

Source DF Seq SS Contribution Adj SS Adj MS 

R (mm) 1 3.4 0.01% 195.51 195.51 

Q (L/min) 1 608.9 1.93% 13.77 13.77 

V (mm/min) 2 1720.2 5.45% 1034.37 517.18 

ap (mm) 2 18052.2 57.23% 8306.36 4153.18 

f (mm/rev) 2 5216.3 16.54% 1677.22 838.61 

R*f 2 1622.1 5.14% 1197.65 598.83 

Q*V 2 597.4 1.89% 186.54 93.27 

V*ap 4 315.8 1.00% 472.26 118.06 

V*f 4 805.4 2.55% 935.14 233.78 

ap*f 4 2210.6 7.01% 2210.65 552.66 

Error 11 393.6 1.25% 393.59 35.78 

Lack-of-Fit 5 273.4 0.87% 273.41 54.68 

Pure Error 6 120.2 0.38% 120.18 20.03 

Total 35 31546 100.00%   
                                 Model Summary 

S      R-sq    R-sq(adj)     R-sq(pred) 

0.0558969  87.62%     83.95%   78.10% 

Table 7. Results of ANOVA for surface roughness (Ra). 

Source DF Seq SS Contribution Adj SS Adj MS 

R (mm) 1 0.10454 15.34% 0.02017 0.020168 

Q (L/min) 1 0.00374 0.55% 0.0083 0.008297 

V (mm/min) 1 0.0007 0.10% 0.0007 0.000704 

ap (mm) 1 0.02711 3.98% 0.00645 0.006445 

f (mm/rev) 1 0.35365 51.90% 0.00215 0.002147 

f*f 1 0.02113 3.10% 0.02113 0.021127 

R*f 1 0.07042 10.33% 0.05428 0.054279 

ap*f 1 0.0157 2.30% 0.0157 0.015704 

Error 27 0.08436 12.38% 0.08436 0.003124 

Lack-of-Fit 21 0.05258 7.72% 0.05258 0.002504 

Pure Error 6 0.03178 4.66% 0.03178 0.005296 

Total 35 0.68135 100.00%   
Model Summary 

S                     R-sq           R-sq(adj)        R-sq(pred) 

5.98168          98.75%      96.03%           75.86% 
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From the ANOVA results in Table 6, the reduced second-order regression model for the cutting force is 

given as follows in Eq. 1. 

Fc = 28.3 + 118.1 ∗ 𝑅 − 1.284 ∗ 𝑉 − 166 ∗ 𝑎𝑝 − 154 ∗ 𝑓 − 1430 ∗ 𝑅 ∗ 𝑓 + 2.79 ∗ 𝑉 ∗ 𝑎𝑝
+ 14.37 ∗ 𝑉 ∗ 𝑓 + 3633 ∗ 𝑎𝑝 ∗ 𝑓 

Eq. 1 

From the ANOVA results in Table 7, the reduced second-order regression model for the surface 

roughness is given in Eq. 2. 

Ra = 0.227 + 0.476 ∗ 𝑅 − 0.473 ∗ 𝑎𝑝 − 3.67 ∗ 𝑓 + 82.2 ∗ 𝑓2 − 9.93 ∗ 𝑅 ∗ 𝑓 + 10.78 ∗ 𝑎𝑝 ∗ 𝑓 Eq. 2 

It should be noted that due to the minimal influence of the coolant flow on the Fc and Ra, it is eliminated 

from both the models in Eq.1 and Eq. 2. Therefore, in the later results, the coolant flow rate will not appear.  

Response surfaces are generated by using the developed models (Eq. 1 and Eq. 2) to show the influence of 

the turning parameters on the cutting force (Fc) and surface roughness (Ra) and to estimate the desired level 

of these responses. It is worth mentioning that for each output response, the effect of only two most 

significant parameters is presented as evident from the corresponding ANOVA tables. It could be seen in 

the response surface plot in Fig. 8(a) that the cutting force is significantly increased by increasing the ap 

(depth) and f (feed). Moreover, the effect of the depth of cut is more pronounced as compared to the feed 

rate. This is consistent with the ANOVA results as shown in Table 6 where the contribution of the depth of 

cut is greater than the of the feed rate. Fig. 8(b) shows the response surface developed by utilizing the 

surface roughness model (Eq. 2). The effect of feed rate is very dominant regarding the surface roughness. 

However, at a higher value of the insert radius (0.8 mm), the effect of the feed rate diminishes, as explained 

earlier, due to the higher contact area between the tool and workpiece. This is inline with the ANOVA 

results in Table 7, where there is a considerable interaction between the f (feed) and R (tool radius).  

In order to further verify the reliability and accuracy of the developed models for cutting force and surface 

roughness, two additional experiments were performed at conditions other than those listed in Table 3. The 

parameters for the new set of experiments, the measured responses and the corresponding predicted values 

are listed in Table 8. The maximum error of 4.95% is calculated between the predicted and the experimental 

values in case of the roughness (Ra) and 11.92% in case of the force (Fc). This clearly demonstrates the 

capability of the developed models to predict the major turning output responses while machining the EBM 

γ-TiAl accurately. 

By using the developed models of the cutting force and surface roughness, an optimization of turning 

parameters is performed within the current range of the experimental parameters as given in Table 1. The 

optimization is performed by employing the desirability function based approach in Minitab (“Minitab,” 

n.d.) with an aim/goal of achieving the minimum value for each output response. The desirability function 

evaluates how well a combination of input parameters meets the desired goal set for the output responses. 

This is done by converting each predicted output response into a desirability number varying from 0 to 1. 

The desirability value approaching 0 shows that the goal has not been achieved whereas the value 

approaching 1 indicates that the best outcome has been achieved for the given combination of the input 

parameters. It should be noted that when a single output response is optimized, the computed desirability 

is termed as individual desirability (d). Whereas, when more than one output responses are optimized 

together for a single setting of input parameters the calculated overall desirability is called as composite 

desirability (D). 

1530



Proceedings of the International Conference on Industrial Engineering and Operations Management 

Dubai, UAE, March 10-12, 2020 

 

© IEOM Society International 

 

 
Figure 8. Response surface plots showing the effect of the most influential parameters on (a) cutting 

force, (b) surface roughness. 

Table 8. Comparison of the validation experiments with the predicted values from the models 

      Ra (um) Fc (N) 

 R 

(mm) 

Q 

(L/min) 

V 

(m/min) 

ap 

(mm) 

f 

(mm/rev) Exp Predicted Error % Exp Predicted Error % 

Test 1 0.8 9 80 0.3 0.15 1.01 1.06 4.95 159.3 178.3 11.92 

Test 2 0.8 9 60 0.3 0.1 0.46 0.45 2.17 106.8 111.45 4.35 

 

During the optimization process, all the input parameters and output responses are assigned equal 

importance and weightage. Table 9 shows seven iterations of the solutions and the corresponding composite 

desirability (D) computed for minimizing the cutting force (Fc) and the surface roughness (Ra). It should 

be noted that more than nine solutions were computed. However, solutions with significantly lower 

composite desirability were neglected. Coincidentally, the suggested turning parameters in solution 3 are 

the parameters used in trial-24 in Table 3. The error (%) between the predicted (solution 3) and the actual 

level (trial-24) of the Fc and Ra is 5.88% and 14.28% respectively. Hence, the achieved set of the turning 

parameters in Table 9 can be considered as optimal leading to the superior surface quality of turned γ-TiAl 

samples with lower cutting forces. 
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Table 9. Multi-response optimization solutions for the cutting force (Fc), and surface roughness (Ra) 

Solutions 

R 

(mm) 

V 

(m/min) 

ap 

(mm) 

f 

(mm/rev) 

Fc  

(N) 

Ra 

(µm) 

Composite 

desirability (D) 

1 0.80 80.00 0.10 0.06 38.32 0.22 0.9384 

2 0.80 80.00 0.10 0.05 36.47 0.24 0.9322 

3 0.80 40.00 0.10 0.07 39.63 0.23 0.9295 

4 0.80 60.00 0.10 0.06 41.94 0.22 0.9252 

5 0.80 40.00 0.10 0.05 47.94 0.24 0.8887 

6 0.80 80.00 0.11 0.10 50.35 0.31 0.8115 

7 0.80 40.00 0.19 0.10 57.49 0.36 0.7377 

4 Conclusions 
This paper investigates the results of the electron beam melting of the γ-TiAl (gamma titanium aluminide) 

and shows the characterization of the 3D printed parts in terms of their surface roughness, microstructure 

and hardness. All the qualities (hardness and microstructure) of the electron beam melted parts are 

satisfactory except the surface roughness. The turning operation was utilized to reduce the surface 

roughness of the gamma titanium aluminide parts, by using a wide range of the machining parameters. The 

turning experiments were performed by using the L36 Taguchi array. The goal was set to optimize the 

turning parameters to produce lower surface roughness while also keeping the main cutting force low to 

minimize the risk of microstructure alterations beneath the machined surface. Following main conclusions 

could be realized from this work. 

1. The S/N ratios and the ANOVA results show that the ap (depth) and f (feed rate) are the most 

noteworthy parameters concerning the Fc (cutting force) while the f (feed rate) and R (insert radius) 

appears to be the most dominant parameters manipulating the surface roughness. The cutting speed 

shows some influence on the Fc (cutting force), while the Q (coolant flow rate) does not seem to 

have any major influence on turning performance. 

2. From the response surface plot of the Ra (surface roughness), an interesting finding is that the 

adverse effect of the f (feed rate) on the surface quality (Ra) could be diminished by using higher 

insert radius. 

3. The results of the computed regression models for Fc and Ra closely agree with the validation 

experiments results with maximum errors of 11.92% and 4.95% respectively. This point out that 

the achieved models are reliable for predicting the turning performance in terms of the Ra and the 

Fc. 

4. Seven optimal combinations of the turning parameters are reported by using the composite 

desirability approach for simultaneous minimization the Fc and Ra. The comparison of solution 3 

of the multi-response optimization with the experimental data shows the prediction errors in Fc and 

Ra as 5.88% and 14.28% respectively. 
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