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Abstract-This paper presents the investigation of compounds / 
phases formed during the Electrical Discharge Machining 
(EDM) of titanium alloy (Ti-6AI-4V) with Cu-TaC compact 
electrode using urea dielectric fluid. It is proposed that the 
materials involved in the machining are likely to react and 
form new compounds on the EDMed surface. The outcomes of 
the reactions were predicted. The EDMed surfaces were 
subjected to energy dispersive X-ray spectroscopy (ED X) and 
X-ray diffraction (XRD) analysis to determine the changes in 
the surface composition. Results of EDX analysis indicate the 
presence of additional elements (Cu, Ta, 0 and C) on the 
surface of the parent alloy. XRD results also confirm the main 
compounds formed on the surface to include metallic oxides, 
carbides and nitrides (TaC, TiC, Ti1N, TiD) of tantalum and 
titanium. It is concluded that the surface was reinforced during 
the EDM with hardened ceramic layers which are capable of 
enhancing its wear properties. 
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I. INTRODUCTION 

Electrical discharge machining (EDM) is among the most 
versatile non-conventional machining techniques whose 
mechanism converts electrical energy to thermal energy by a 
series of successive electric discharges between the cutting 
tool and the workpiece in presence of dielectric fluid. The 
discharges occurring between the pair of electrodes create 
collision process that transfonns the kinetic energy of the 
atomic particles in fonn of heat and pressure. The amount of 
heat generated in the inter-electrode gap during this process 
can be as high as 10 17 W/m2 [1] at temperature which ranges 
between 8,000 - 12,000 °C or even up to 20,000 °C [2]. The 
process ultimately results in localized melting and partial 
vaporization of material from the workpiece. The dielectric 
fluid is also partially ionized and pyrolysis takes place with 
this intensive sparks during the period [3]. This process is 
liable to cause decomposition of the base compounds in the 
heat affected zones. Changes in average chemical 
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compositions and the phases would be experienced on 
solidification of the melts [4]. 

Studies have shown that both electrode and dielectric 
materials do migrate to the workpiece surface during the 
process to change its state after machining. Investigations on 
the composition of EDMed surfaces found that hydrocarbon 
based dielectric fluids enriches the base materials with higher 
carbon contents. Lahiri et al [5] reported the occurrence of 
pyrolysis of hydrocarbon dielectric fluid during EDM, and 
also that increase in pulse duration reduces the carbon yield. 
Bleys et al [6] observed increased carbon content on the 
surface of a steel workpiece. In powder-mixed dielectric 
fluids, pyrolysis of organic components also leads to transfer 
materials onto the workpiece. Khan et al. [7] and Zain et al. 
[8] working with Ah03. TiC and TaC powders in kerosene 
dielectric confirmed material transfer between the dielectric 
and the mild and stainless steel workpieces respectively 
enhances their hardness. 

Electrode materials can also migrate onto the workpiece 
material during EDM. Mohri et al [9] reported tungsten 
deposition on AISI 1049 steel workpiece in an accretion 
process using Ti powder compact electrodes. In a recent 
investigation with WC/Cu green compact electrode, Patowari 
et al. [10] obtained improved micro-hardness on C-40 steel 
grade. They suggested that the presence of WC and Cu in the 
morphology ofEDMed surface contributed immensely to the 
attainment of micro-hardness to about 1632 Hv. 

From these and many other literatures, it is established 
that elemental exchanges take place between the materials 
involved in machining during the EDM. Such exchanges 
must have being in fonn of reactions, since the compounds 
that were found on the various EDMed surfaces were 
normally different from the parent materials. This paper 
investigates the compounds that can be formed during the 
EDM of Ti-6AI-4V alloy with urea dielectric fluid using Cu­
TaC compact electrode through reactions. The Cu-TaC 
electrode has earlier been used to machine the alloy with 
distilled water [11]. In these investigations however, the 
mode of reactions during machining with either the distilled 



water or urea dielectric fluid is yet to be determined. In this 
paper therefore, the reactions between the materials involved 
in machining which lead to formation of various compounds 
are proposed. Analysis of the EDMed surface for elemental 
composition and phase changes was conducted to determine 
its state and to confirm the compounds precipitated. This 
final analysis determines if the compounds are those that can 
enhance the surface wear properties of the alloy. The effects 
of the new state of the material's surface on functional 
applications have been proffered. 

II. EXPERIMENT AL M ETHODS AN D MATERIALS 

The materials that make-up the machining system are: 
the electrode (Cu-TaC) , urea dielectric fluid (NH2CONH2) 

and the titanium alloy (Ti-6AI-4V) as workpiece. The Cu­
TaC composite electrode was prepared from copper and 
tantalum carbide powders with 50/50% composition and 
compacted at a pressure of 27.56 MPa. It has a low density 
of about 6.00 glcm3• Urea is a white solid crystal material 
belonging to amid group. It used to be a major animal waste 
with up to 46% nitrogen content [12] . A solution of 10.00 gil 
of it in distilled water was prepared for use as dielectric fluid. 

Machining was conducted on the alloy with the electrode 
under the urea dielectric and other EDM electrical pulse 
conditions. These conditions are the peak current, Ip (3.5, 
5.5A) and pulse duration ton (3.3, 5.3/1s). The system which 
combines the reacting materials is represented in Fig 1. 
Scanning electron microscopy (SEM) 1 energy dispersive x­
ray (EDX) analysis of the machined surfaces was conducted 
to examine the surface composition, whereas the X-ray 
diffraction (XRD) analysis was used to determine the 
compounds on the EDMed surface. 

Under the illustration of Fig 1, the possibilities assumed 
for the reactions during machining are: 

1. Reactions may take place between the electrode and 
the dielectric fluid and result in formation of different 
compound on the EDMed alloy surface. 

2. Both the electrode and the topmost part of the alloy 
which is subjected to machining may also react in the 
dielectric fluid medium. 

The new possible compounds that would result from 
these reactions during machining are presented in the 
following subsections. 
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Figure 1. Schematic diagram ofEDM with the materials under reaction 

III. EXPECTED REACTIONS 

A. Dielectric Fluid with Ti-6AI-4 V Alloy 

Urea is highly soluble in water and it decomposes on 
heating with the tendency to provide elements that are 
reactive to varying degrees. During reactions, the electrons 
shift in such a way so as to form chemical bonds in order to 
attain the structure of stable octets [13]. Table 1 presents the 
possible elements of pyrolysis of NH2CONH2 solution with 
their electron configurations and the valence energy level 
electrons. 

TABLE I. 

Compound 

NH2CONH2 

and H2O 

Ti-6AI-4V 

Cu-TaC 

E LECTRON CONFIGURATIONS OF THE MAJOR REACTING 
ELEMENTS 

Electron 
Electrons in 

Element 
Configuration 

Valence Energy 
Level 

6C Is2 2S2 2p2 4 
7N Is2 2S2 2p3 5 
80 l s2 2S2 2p4 6 
,H Is' I 

22Ti [Ar]3d24s2 4 

73Ta [Xe]4f'4 5d3 6s2 5 

The Ti-6AI-4 V alloy has the high affinity for gases like 
oxygen and nitrogen [14] . Considering that Ti as the major 
element from the alloy to undergo reaction and is also a 
transition element. Since it exhibits variable oxidation 
numbers with electrons from 3d sublevel [13] , the formations 
of the compounds in (1- 3) are possible with Ti using +2, + 3 
and +4 oxidation numbers. 

Ti + C --. TiC 
2Ti + N2 --. 2TiN 
2Ti + O2 --. 2TiO 

(1) 
(2) 
(3) 

From Table I, it is observed that the 3d sublevel of Ti 
electron configuration is filled with two electrons. With 
possible oxidation numbers of +2, + 3 and +4 for Ti, a variety 



of bonds with the three elements (C, Nand 0) of period 3 
can be formed as in (1-3). 

B. Dielectric Fluid with Electrode 
Considering that the electrode material (Cu-TaC) is of 

low density (about 6.00 glm3) [15, 16], it is likely to 
decompose into Cu, Ta, Ta2C and C or other intermediate 
compounds. However, some of the TaC may not decompose 
due to its extreme hardness and high chemical stability [17]. 

The Ta being a group 5 element in row 6 of the periodic 
table is also a transition metal with the valence energy level 
electrons of 5 and variable oxidation states of +4 and +5. 
Various compounds involving Ta or TaC may be synthesize 
with the products of decomposition of urea (C, N, 0 and 
NH3). With these variable oxidation numbers, the carbides, 
nitrides and oxides of Ta can be formed in different phases. 
The possible general reactions of Ta with the non-metallic 
anions (N2' O2 and C) can then be summarized in (4-7). 

Ta + C -- TaC (4) 
2Ta + N2 - 2TaN (5) 
4Ta + N2 -- 2Ta2N (6) 
2Ta + O2 -- 2TaO (7) 

Intermediate phases like Ta2C and Ta205 can be formed 
during the reactions. However, they would be suppressed if 
the pyrolysis of NH2CONH2 is able to provide sufficient 
carbon atoms in the reacting medium [IS]. Hence, all or 
most of them would be converted to TaC as represented by 
the reactions in (S-9). 

Ta2C + C -- 2TaC (S) 
Ta20s + 7C - 2TaC + 5CO (9) 

C. Electrode with Ti-6AI-4 V Alloy 

The elements of the electrode and workpiece can react in 
presence of dielectric fluid (NH2CONH2 solution) to form 
bimetallic-mixed alloys of their carbides and nitrides [14]. In 
this situation, monocarbide or mononitride of the two metals 
(Ta and Ti) may be synthesized as complex structures during 
the EDM. The most possible stable bimetallic mixed alloys 
of these materials are TaC-TiC and TaN-TiN [14]. In 
addition, the synthesis of mixed carbo-nitrides of Ta (TaC­
TaN or TaCH) can also occur during the reactions [19]. 

IV. RESULTS AND DISCUSSION 

The results of the surface analysis conducted after 
machining are presented and discussed in this section. This 
includes the presentation and discussion of the elements and 
the compounds precipitated on the EDMed surface through 
the reactions that occurred during the machining. The effects 
of such precipitates on the alloy surface are also discussed. 

A. Elemental Analysis 

The results of SEM/EDX spectra analysis of the parent 
Ti-6AI-4V alloy presented in Fig 2 shows peaks from Ti, Al 
and V. The quantitative analysis of the alloy's peaks gives the 
relative presence of the elements as Ti=S9.04 wt%, AI=6.53 
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wt% and V=4.43 wt%. This give a very close approximation 
in percentages to the stoichiometric ratio of the alloy 
(Ti=90%, AI=6%, and V=4%). Table II shows the summary 
of EDX elemental analysis of EDMed surfaces. It can be 
observed from the table that Ta, Cu, 0 and C are slightly 
higher in percentages at higher machining conditions (lp-
5.5A, ton-5.3f.1s). This implies that more materials migration 
of those elements might have occurred at such conditions 
from both electrode and dielectric fluid onto the EDMed 
surface. Thus, higher Ip and ton give room for high heat 
intensity which facilitates elemental disintegration from the 
two materials. 

In the results of EDX analyses presented in Figs 3 and 4, 
elements from the electrode, workpiece and the dielectric 
fluid can be seen indicated on the spectra graphs. The 
elements whose peaks were detected are Cu, Ta, Ti, C and O. 
The additional ones (Cu, Ta, 0 and C) must have resulted 
from the electrode and dielectric fluid materials since they 
are not found in the spectra graph of the parent material (Ti-
6AI-4V) shown in Fig 2. Though, there are variations in the 
counts for the two different machining conditions (thus, Ip 
and ton), the presence of C and 0 suggest that carbides and 
oxides of the transition elements can be precipitated on the 
EDMed surface during machining. However, these are 
subject to confirmation by XRD analysis which is presented 
in the section IV B. 

Through scanning electron microscopy (SEM), the 
surface topography of the post-EDM material is presented in 
Fig 5. The surface indicates a few mild micro-cracks, 
appearing smooth with small craters. The reaction between 
the Cu-TaC electrode and the urea dielectric is expected to 
have influenced the creation of these cracks/craters [20]. 

C:nr 

10 

Figure 2. EOX spectra of Ti-6AI-4 V alloy before EOM 

TABLE II. COMPOSITION OF THE MACHINED SURFACE 

Element Machining Settings 

(%) Ip-3.5A, lon-3.3I1S Ip-5.5A, 10.-5.3l1s 

C 17.26 21.35 

0 33.27 35.12 

Ti 20.50 10.97 



Element 
(%) 

eu 

Ta 

Machining Settings 

Ip-3.5A, lon-3.3/ls 

10.93 

18.0S 

'0 

Ip-5.5A, lon-5.3/ls 

13.12 

19.44 

40 
( ."'111 '''.1 

Figure 3. EDX Spectra of the alloy machined with Ip=3.S A and Ion= 3.3 J.lS 

~ I 

Figure 4. EDX Spectra of the alloy machined with Tp=S.S A and Ion= S.3 J.lS 

Figure S. SEM micrograph of the EDMed surface using Cu-TaC/ urea 
dielectric 

B. Compounds/Precipitates Formed 

In Figs 6 and 7, XRD analysis shows the formation of the 
predicted compounds in different forms. These phases 
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(compounds) which include amongst others, Ta2N, TaC, TiC, 
Ti2N, TiO and C3N4 resulted from the reaction of the 
electrode material, urea dielectric fluid and the workpiece 
during machining. In Fig 6, a mixture of carbides and 
nitrides of the two metals are formed on the EDMed surface. 
The bimetallic mixed carbide (TaTiC) is also found to have 
been formed under the machining condition. The XRD result 
of Fig 7 equally suggests the existence of carbon nitride 
(C3N4) precipitates on the surface. The possibility of 
formation of this compound from simple pyrolysis of urea 
has been confIrmed by Liu et al. [21], when they produced 
graphitic carbon nitride (g-C3N4) from it. 

It can therefore be concluded that the compounds 
synthesized during the EDM through reactions of the 
electrode and dielectric fluid on the workpiece surface are 
mainly the stable metallic oxides, carbides and nitrides of 
tantalum and titanium in individual or mixed forms as 
observed in Figs 6 and 7. Thus, most of the reactions 
suggested in (1 - 9) resulted in the products predicted to be 
formed on the EDMed surface during machining. 

200 ' , , , , , , 'l~iC ' , , , , ':' , , , , , , , ':' , , , .... ': ' , , , , , , , ':' , , , , , , , 
150 

I (CPS) 100 

50 
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Figure 6. XRD ofthe compounds on the EDMed surface at Ip=S.SA, 
Ion=3.3 J.lS [23] 
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Figure 7. XRD of the EDMed surface with the compounds at Ip=3.SA, 
Ion=S.3J.1S [23] 

C. Effects of the Precipitates on EDMed Surface 

The reactions between the electrode material and the 
dielectric fluid on the surface of the Ti-6AI-4 V alloy during 
machining have led to the synthesis of hardened ceramic 
layers on the EDMed material. The confIrmed compounds 
which include carbides (TaC, TiC, TaTiC) and nitrides (TaN, 



Ti2N, Ta2N) are capable of reinforcing or strengthening the 
alloy's surface properties after machining [22]. It is not 
unusual to have the machined zone of a parent material 
strengthen in terms of its hardness after machining. This is an 
important property which gives a measure of material's 
surface resistance to the application of an indentation load 
[23]. For instance, micro-hardness of die steel was 
significantly increased due migrations and carbide formation 
on it during EDM with different powders in dielectric fluid 
[24]. With the formation of these carbides as obtained in 
Figures 5 and 6, the surface of Ti-6AI-4 V alloy can also have 
enhanced micro-hardness. Also, the presence of TaC and TaN 
among the reaction products on the surface of a material 
would not only improve the alloy's chemical inertness and 
thermal hardness, but it would also reduce its surface wear 
rate [14]. The high hardness of the nitrides of Ta and Ti made 
them suitable in inducing abrasive surface resistance on the 
alloy. 

Researchers have found the major shortcomings of the 
Ti-6AI-4Valloy in applications to be its poor shear strength 
and surface wear properties [22,25]. It is also noteworthy 
that in ion implantation with the alloy, the normal 
conventional anti-wear treatments used are oxidizing and 
nitriding of the material [26]. Therefore, the possibility of 
alleviating these shortcomings through the nitrides, oxides 
and carbides derived from the combination of Cu-TaC 
electrode and NH2CONH2 solution dielectric fluid during the 
EDM can be explored to enhance the alloy's surface wear 
properties. 

V. CONCLUSION AND RECOMMENDATION 

The reactions between materials involved in electrical 
discharge machining of Ti-6AI-4 V alloy were studied. The 
Cu-TaC composite electrode produced through PM technique 
and the urea solution dielectric fluid were used to machine 
the alloy. Thermo-chemical decomposition of the reacting 
materials (NH2CONH2 and Cu-TaC), which lead to formation 
of different phases of new compounds during EDM were 
predicted. The possibility of formation of carbides, nitrides, 
oxides of Ti and Ta, and their metallic mixed alloys were 
determined. 

SEMIEDX and XRD analyses confirmed the additional 
elements and formation of such compounds like Ta2N, TiC, 
Ti2N, TiO on the EDMed surface. With these confirmations, 
the possibility of using EDM with Cu-TaC PM electrode and 
urea solution dielectric fluid to form hard ceramic 
compounds on the surface of Ti-6AI-4V alloy is established. 

Finally, since the effects of these compounds on a given 
substrate such as Ti-6AI-4 V alloy include enhancement of its 
thermal hardness, wear resistance and compressive strength, 
this machining technique which involves the combination of 
urea dielectric fluid and Cu-TaC composite electrode can be 
used to achieve these goals for the alloy. Further studies can 
be conducted to assess these post-EDM wear properties of 
the alloy. 
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