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Abstract 

Electrochemical Machining (ECM) has found wide abplicati&$ i n  
aerospace, automobile, nuclear and similar other industries. ~o&e&r ,  from thk. 
manufacturer point of view, ECM is still a random process whicha'e~i~s theuse 
of this technology. This paper submits theoretical models ahd computer 
simulation to solve problem of the dimensional accuracy in  the^^^ prpceis. i n  
the present work, dimensional accuracy has been investigated,:thrbu& the 
computation of the standard deviation of workpiece dimensions shich,has not 

. . , I ,  

been considered before. A special test rig has been established to confine with the 
features of this process. It is. however, felt that the capacities of the ha& 
not been fully exploited, due to the difficulties encountered in the ptediction of 
the ECM accuracy. This problem delays the use of this process. The resu1ts.sho.w . , .  .: ,. . 

that standard deviation is a promising factor towards an accurate prediction cif the 
dimensional accuracy of the ECM process. , . 

. , , ..T,. .,. . . ... . 
1 . Introduction . . .  

3 . , 
. . 

Non-traditional machining processes, particularly electrochemical 
machining (ECM), offer the unique advantages of a better accuracy and a high 
surface integrity of the machined components [I]. In the ECM process. metal 
removal takes place when a voltage is applied between two metal el'ectrodes that 
are immersed in an electrolyte. "ions," electrically charged groups of atoms. 
migrate physically through the electrolyte and in doing's0 cany thecurrent. The 
transfer of electrons between the ions and electrodes completes the~electrtcal 
circuit and also brings about the phenomenon of metal dissolution at thipdsitive 
electrode, or "anode" which is the workpiece [2-31. . ;,:...., .. . 
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The process was developed primarily to machine 'advanced aerospace 
materials for complex shapes. Recent applications of the ECM prdcess have been 
~ ~ s e d  in operations similar to cavity sinking. broaching, trepanning. contouring. 
drilling. smoothing, deburring, turning. shaping, grinding and micro ma chin in^ of 
complex surface geometry and difticult-to-machine contours irrespective of 
material shear strength, hardness etc. E C M  is now used in areas such as 
aerospace, automotive, nuclear, surgical implant components, computer parts. 
forging dies, etc., for fast production with high quality of surface integrity than 
other machining processes [4-71. 

It is, however, felt that the capabilities of the process have not been hlly 
exploited, due to the difficulties encountered in the prediction of ECM accuracy 
[4] This problem delays the use of this process. The accuracy ofthe ECM 
process should be considered from several angles: compliance of the finished part 
with its drawing in terms of shape and dimensions; transfer of tool shape to the 
workpiece; and repeatability of dimensions in parts taken from a suficiently large 
lot machined with the same tool electrode. In electrochemical diesinking the 
primary objective is to maintain the form tolerance as closely as practicable [7] 
To achieve this, it is essential to use a tool of the right form and size and the right 
process parameters. This requires for the design of a suitable tool and, in 
consequence, the computation of the form and dimensions of the finished part that 
will be produced by a given tool. All of this can be achieved only from the 
analysis of ECM accuracy [7]. 

Many papers concerning the accuracy in theECM [8-141 process have 
been published. The concept of the standard deviation has been submitted in ECM 
to study roughness and gap size [15-171. However, it has not been submitted 
before to consider the dimensional accuracy. 

The objectives of this investigation are to: 1) develop the theoretical 
models of the standard deviation of the dimension of the workpiece in the ECM 

2) perform computer simulation concerning the standard deviation of 
workpiece dimension; 3) analyze the' influence of the process parameters 
occurring within the machining area on standard deviation of workpiece 
dimension; and 4) design and carry out.the experiments to verify validity of the 
developed theoretical models. 

2 .  Modeling of the Dimensional Accuracy 

In the manufacturing process. it has been reported that the dimensional 
accuracy depends on the natural tolerance which is r?-3a, [IS], where o, is the 
standard deviation of the dimension ofthe workpiece. The standard dev~ation of 
the dimension of workpiece a, is affected by a number of parameters such as. 
cathode feed rate vf, electrolyte conductivity~ , volumet& electrochemical 

equivalent K,, applied voltage . gap size S, initial gap size So, initial workpiece 
dimension A ,  and their standard deviations a",, gz, a,,, a,, a,, aso. 4, 



respectively. It is essential to find the hnctional standard deviation of workpiece 
o, 'to establish the influence' of the'process parameters as well as those 

phenomena occurring within the machining area. 

To develop the models of the dimensional accuracy the following 
assumptions are presumed: (I)  Ohm's law. holds over the entire gap up to the 
surfaces of the electrodes; (2) the electric conductivity of the electrolyte in the 
gap remains constant in both time and space; (3) at each electrode, the potential 
remains the same over the entire surface area and throughout the machining time: 
(4) current efficiency for the anodic dissolution ofthe metal is the same at any 
point on the surface of the workpiece; (5) no heat transfer through the 
interelectrode gap is considered. 

The general procedure to develop the models of the dimensional accuracy 
are. first, the function of the dimension B, which is related to the geometric 
parameters of the workpiece and the process parameters mentioned above, has to 
be found. Then, by using the tolerance transfer law [19] along with the anodic 
dissolution relation and the gap size equation the standard deviation of the 
dimension B of the workpiece can be developed. In this section, the models of the 
dimensional accuracy consider both namely; with no feed rate and with feed rate. 

2.1 Morlcls of tlrc Dimensionnl Accurncy unrlcr ECM stntionnry Tool 
Conditions 

A stationary tool (no feed rate case) is often used in finishing operations 
[4.5,6.7]. It is therefore important to know how the macro irregularities originally 
present on the surface of the workpiece vary with the progress of the ECM 
process. In the ECM process the configuration of stationary electrode tool and 
workpiece is shown in Fig. 1. Two models are developed. 

A) Moddfor given initinlgnp size So nnd machining time t ,  

From Fig. 1. the geometrical relations of the initial gap size and the 
dimension B of the workpiece can be found as follows : 

H =  L - S .  (2) 

For feed rate I = 0, from Faraday's law and Ohm's law the anodic 
dissolution can be written in the form of [6] 

where x is the electrolyte conductivity (A/v.mm), K,  is the volumetric 
electrochemical equivalent -of the anodic material (mm3/A.min), u is applied 
voltage (volts), S is (hhe gap size (mm), I ,  is the machining time (min), So is 
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' . (a)'B'efore . machi~ng (b) After machining 

Figure 1. Workpiece and tool dimensions in the . .  ECM . . proce'ss 
. > . . I  !:,!>;, . ,  . . 

' y  1 .  . < ,  ' 

j. ! 

mitial gap size (mm).,By integrating the Eq. (3) from i=;P to i=t,,,. the gap size is 

then obtained in the form of :  .., 

1 'I' 1 w o p  1 

Substituting Eq. (4) and Eq. (1 )  into Eq. (2). the function of the dimension B will 
be equal to : 

, . . .  I 

Gellert et al. [19] have described the tolerance transfer law as: the 
variance o: is a sum of the products the variances of the noise factors, cr:, , and 

the sensitivity coefficients, (@f 1 a,)'. By using the tolerance transfer law [19] 

the standard deviation of the dimension B can be expressed in the next form. The 
general formula which has been suggested to represent a, in the manufacturing 
process has been adapted to confine with all the parameters. 

A .  
. . 

where ~,,o,,oso .ox ,aKv .q, .a, are the standard deviations of A ,  B, So, X ,  KV, 

( I .  1,". respectively, Therefore, by using Eq. (5) along with Eq. (6)  the standard 

deviation of the dimension B can be finally derived in the form of :  
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By using Eq. (7). the dimensional accuracy of workpecies in this case can 
be simulated, and controlled. 

B) Morlel for given macliining time t , ,  distance L, and initial dimension A 

Substituting Eq.(l) into Eq.(4), yields : 

Substituting Eq.(8) into Eq.(2), we get : 

Similarly, by using the tolerance transfer law the standard deviation of dimension 
B can then be derived as : 

2.2 Models of the Dimensional Accuracy with Feed Rate 

In practice, the ECM process with feed rate is widely used [4,5,6,7]. In 
this case the gap size varies with machining time in two states, i.e., transient state . 
and steady state. The configuration of tool and workpiece dimensions under feed 
rate can be represented as shown in Fig.2. 

The gap size equation (for Vr # 0) is [7] 



xKJJ and S,, = L - A 
- v/ 

tool 

(a) Before machining (b) After machining 

Figure 2 . The configuration of workpiece and tool in the ECM process 

A) Theoretical models for transient state 

It is defined as the transient state before the gap size reaches the 
equilibrium gap. Here, the theoretical models of the dimensional accuracy will be 
developed under different input parameters. 

(1) For given machining time tm and initial gap size So 

From Fig. 2.2 the geometric relationsships of the dimension B can be 
found from : 

B= F-S, (12) 

Substituting Eq. (13) and Eq. (14) into Eq. (12). yields : 

B= A + S , - V , t , - S .  (1 5 )  

By using the tolerance transf& law along with Eq. (11). the standard 
deviation of the dimension B can be derived in the form of [20] 



(2) For given mnchining time im nnrl rlistnncc L 

Substituting Eq.(13) into Eq.(12), yields : 

B= L-Vft,-S (17) 

By following the same previous procedure the standard deviation of the 
dimension B can be derived in the form of: 

(3) For given initial gny size So and distance F 

By using Eq. (17) and the tolerance transfer law, the standard deviation of 
dimension B can be derived as 

(I) For given distances L and F 

By using the tolerance transfer law and refemng Eqs. (12) and (14), the 
standard deviation of th'e dimension B.and initial gap size can be expressed as 
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It is defined as steady state in the ECM process when the gap size reaches 
equilibrium. Once the gap geometry is stabilized, for all practical purposes the 
part configuration is no longer changing because the work material at all points 
on the surface of the part is being dissolved at a rate equal to the too] feed rate. 
Theoretical models of the dimensional accuracy with different input parameters 
are presented as following: 

( I )  For given machining time tm and initial gap size So 

From Fig. 2 the geometric relation of dimensions can be written as : 

B = A + S , - V , t , - S f  (21) 

By using the tolerance transfer law, the standard deviation of dimension B can be 
expressed as : 

(2) For given machining time t,,, anddisfance L 

From Fig. 2 the geometric relation of dimensions can be written as : 

H =  L-V, t , -Sf  (23) 

By using the tolerance transfer law, the standard derivation of dimension B can 
then be expressed'as : 



From Fig.:! the geometric relation for dimension B can be written as : 

By using the tolerance transfer law, the standard deviation of B can be expressed 
as : 

3. Computer Simulation of the Dimensional Accurncy 
. , .  . , ,. 

. In order to analyze the dimensional accuracy of the workpiece in the E C ~  
process the computer simulation has been perfarmed by u&ngthe present 
theoretical models. The parameters used in the simulation of the dimensional 
accuracy are collected from the present experimental results and listed in Tables 1 
and 2. The simulation results are shown in Figs (3-8) to present how .the 
parameters affect the dimensional accuracy of the workpiece for each' particular 

, .  , . : case. 
. , .  

Table I The parameters used in the simulation for standard deviation with no feed 
rate" . .,: . '  . .  . .  

Fig. 3 presents the simulation of the dimensional accuracy for the 
stationary ECM by using Eq. (7), which shows the effect of machining time on UB 
at different voltages. Fig. 4 is another simulation result using Eq. (lo), which 
shows the effect of initial gap size on uB at different K,. This trend has been 
attributed to the increase of MRR as a function of the increase in the time.   he 
applied voltage has been found to have a direct proportional relationship with the 

. . . . ,  

' ' 

No. 
1 
2 

3 ' 

4 

Parameter 
Electrolyte conductivity 
Volumetric electrochemical 
equivalent 
Standard deviation of A 
Standard deviation of initial 

Symbol 
x 
Kv 

UA 

oso 

Value 
0.0117 . 
1.91 

0.01366 
0.01366 

Unit: . % '  .. 

,i,lv:- 

mm' l A .  min 

mm 
mrn 



. Table 2 The parameters used in the simulation for.standard deviation of B with 
feed rate 

. , 

No Parameter 

.. . 

where a: is variance of B. B, is the dimension of workpiece. 3 is sample mean. 
n is the sample size. 

This expectation has been attributed to the increase of MRR at the high 
value of the applied voltages. Aninversely relation has been found between gap 
size and a, The increase of initial gap size leads to decrease of current and 
current density and causes MRR become less. 

For transient state case (Figs. 5 and 6)  it has been found that as feed rate. 
applied voltage and machining time increase, o, decreases. This result is due to 
the acceleration of the steady state condition. For steady state condition (Figs.7 
and 8) it has been found that as feed rate increases and applied voltage decreases. 
a, decreases. This result is due to the decrease of the equilibrium gap value 

which usually leads to the increase of current density. Controllability of the 
process affects the value of the dimensional accuracy. The increase of electrolyte 
conductivity has led to the increase of a, because of the decrease of electrical 
electrolyte resistance which leads to higher metal removal rates. 

4. Experimental Verification 

The experiments were performed on an ECM cell, which consists of an 
electrolyte holding tank, a pump, power supply and appropriate hosing and 
pressure fittings to transport the electrolyte to and from the electrochemical cell. 
Measurements have been used to conduct the electrochemical accuracy 
experiments included an IBM compatible 386125 MHz PC, conductivity and 
temperature probe meters (Orion, model 160). a precision laboratory scale 
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(Sartorius. E-1200s) with a readability of 0. lmg. and' a state-of -the-art high 
speed data acquisition pabkage (ISO-16) t o  collect data from theECM cell. 
Brown & Sharp Microval Coordinate Measurin$Machine (CMM) was used to 
meai re  the dimensions of workpiece after and before the ECM process. 

The constructed ECM machining cell, consists of a cathode (tool) and the 
anode (workpi'ece) kept at .a constant gap from each other by controlling the 
height ofthe tool with an accuracy of 0.01mm through CMM equipment. The cell 
was designed to withstanding a high electrolyte pressure. The constructed cell 
was made from stainless steel 304 and Teflon to avoid corrosion and to reduce 
the wear. Tool and workpiece holders were made from stainless steel (304 
stainless steel). The specimen to be machined has a rectangular shape (workpiece 
height A=22.86mm, width b=3.073mm, length G=40mm .and surface area of  
122.8 mm'). The specimens were made of ground die steel (Badger 01) 
produced in U.S.A.(0.94% Carbon, 0.3% Silicon, 1.2% Manganese, 0.5% 

Computer  F l  

card (ISC-16) 
Cathode 

U 

7 Anode 

I 
Timer 
[(Gralob 645j 

I 

Relay 

Power 

Supply ' . 

v: - 
+ I : -  

Figure 9 . Schematic diagram of the data acquisition system 

Tungsten, 0.5% Chromium). The electrolytes used in these experiments were 
15% NaN03 and 15% NaCl aqueous solutions.(by weight) maintained at an initial 
temperature of 20°C. To overcome the problem of temperatke i%g &ring the 
ECM process a large quantity of electrolyte was pumped through the working 
gap to minimize the temperaturerise. The experiments have been done under the 
stationary tool feed rate. 

. . 
i 

The experimental set-up includes a precision engineered transistorized 
power supply. The generator is capable of supplying maximum current of 200" 
amperes, a voltage ranging from 5 to 30 volts-With 0.5% RMS. ripple. This is 
controlled by a Siemens power relay which in &mi$ controlled by a ~ r a l a b  645 a 

Digital timer for accurate machining time and 'easy control. An accurate 
machining timer was needed for calculating the material removal rates precisely. 



IJsin. the experimental set-up described above, the experiments on 
9 .  

standard dewation of dimension of B were performed where the sample size for 
each value of standard deviation is 12. The standard deviation of B varying with 
the voltages, initial gap sizes. machining times and electrolyte have been obtained 
These values are shown in Figs 10-13. 

The present investigations have been carried out to optimize the 
dimensional accuracy in the ECM process specially under the stationary 
machining. Experimental test (Fig. 10-13) revealed that the present analysis and 

/ ,;. 

simulation is adequate to predict the o, of the ECM process under different ,.. e,, ~, 

working conditions i 3 r of applied voltage (Fig. 10) .  gap size (Fig. 11). machining 
time (Fig.12) and electrolyte type (Fig. 13). The verification of o,, was ranged 
from 0 pm to 5 pm for NaNO, and about 8 pm for NaCI. 

- Dimensional accuracy in the ECM process has a complex nature due to 
the interaction of many parameters in the same time. 

Theoretical model and computer simulation proved its adequacy 
to improve the concept of dimensional accuracy through the computation 
of the standard deviation for all the working parameters. 

The present results provide the tool designer with the standard deviation 
of the basic parameters to control the dimensional accuracy of the ECM 
process. 

The present adopted technique could be extended to tolerance control 
in the ECM process and to control the removal of recast layer for 
EDM products surface by ECM action under controllable dimensional 
accuracy. 
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Figure 3 . Effect of the machining time on 0, at Merent voltages 

Figure 4 . Effect of initial gap size on CJ,, at different K,'s 



Figure 5 . Effect of feed rate on oB ,at merent voltages -- 
,. 
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Figure 6 . Effect of machining time on a, at different voltages 



Figure 7 . Effect of feed rate on o, at different x 's 

Figure 8 . Effect of feed rate on o, at different voltages 
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Figure 10.  Effect of applied voltage ono8 

-A- Experimental +Theoretical 

0.15 0.2 0.25 0.3 0.35 0.4 0.45 
Initial gap size (SO), mm 

.Figure 11 . Effect of initial gap size on o, 
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Figure 12 . Effect of machining time on oB 
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Figure 13 . Effect of the electrolyte type on oB 




