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Abstract: Electrochemical machining (ECM) is widely applied to manufacture parts with complex
geometries, used in electronic components and the automotive, military, and aeronautics industries.
These parts have a surface shaped by controlled anodic dissolution at high current density levels,
using a neutral solution of inorganic salts (i.e., NaCl or NaNOj3) as the electrolyte. Such conditions
generate a high amount of sludge that deposits onto the surfaces of equipment, devices, cathodes, and
working pieces, requiring daily and complicated sludge management during the series production in
the industry. Thus, the main goal of the present work is to propose a simple way to reduce sludge
generation in the ECM industrial process. To do so, complexing (EDTA) or reducing (ascorbic acid)
agents were added to the electrolyte composition, creating parallel reactions to keep the metallic
ions from precipitating. The complexing agent EDTA resulted in a 30% reduction in sludge mass,
using an alkaline solution (pH > 10.0). The reducing agent, ascorbic acid, resulted in a 90% reduction
in sludge mass, using an acidic solution (pH < 5.0). This sludge reduction has the potential to
contribute significantly to increasing equipment, devices, and cathode lifetime, as well as reducing
costs associated with centrifuge or filter maintenance (sludge removal from electrolyte) and increasing
the productivity of industrial ECM processes.

Keywords: electrochemical machining; reduce sludge generation; waste management; electrolyte
investigation; industrial ECM process

1. Introduction

Electrochemical machining (ECM) is an effective and well-established technology
for shaping complex machinery pieces [1] and for microfabrication [2,3], using different
substrates such as titanium [4], copper [5] nickel alloys [6,7], stainless steel [8,9], and re-
fractory materials [10]. Another advantage of ECM is the absence of any residual stress,
plastic deformation, fatigue, or burrs, and the low roughness of the surface, due to the
absence of physical contact between the workpiece and the ECM electrode [10-13]. These
characteristics are key factors in the wide application of this technology in different sec-
tors, such as the automotive, aeronautics, and military industries, and microelectronic
component fabrication.

The ECM process is based on the anodic dissolution of a metallic workpiece, where
the workpiece acts as the anode of a two-electrode electrochemical cell. A counter-electrode
is used as a cathode and a constant flow of an electrolytic solution passes through it. A high
voltage is applied between the electrodes, and the dissolution is observed by the formation
of a current. The shape of the counter-electrode determines the geometric configuration
and the interfacial morphology of the workpiece. Other experimental parameters such as
the chemical composition of the electrolyte, processing time, and applied potential also
contribute to the final features of the workpiece.
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Fast and direct fabrication is very important in industry, so large current densities
(about 10~100 A cm~2), high speed and pressure of the electrolyte (about 5~50 m s~!
and 1~20 bar, NaCl or NaNOs aqueous solution), and gap control between the electrodes
(0.5 ~1.5 mm) are normally employed to achieve the desirable geometry and roughness
of the final workpiece [12-15]. The overall process and the redox reactions are presented
in Appendix A. The overall redox reaction results in the formation of metal hydroxides
and/or oxyhydroxides, as established in the following reactions:

Me(s) +nHyO(1) — nHy(g) + Me(OH) ,(s)

Me(s) + nH,O(1) — nHj(g) + MenOm @ xH,O(s)

On an industrial scale, the generation of solid oxyhydroxides in the electrolyte results
in several operational difficulties, such as interruptions of production for maintenance,
the frequent need to replace machine components and electrolytes, constant cleaning
of the reaction chamber, high rates of equipment corrosion, and daily removal of solid
waste using external machinery, drastically reducing the effectiveness of the process as a
whole and having an enormous negative effect on productivity [12,13]. Furthermore, the
complex composition of the solid waste also requires appropriate treatment and disposal,
including physical-chemical pre-treatments such as coagulation and precipitation, followed
by incineration, as well as expensive handling of heavy metals [16,17]. In some cases, the
sludge can be reused as building materials and catalysts or recovered by pyrometallurgy
and hydrometallurgy [16,17], but this is not common for most of the sludge generated
in the ECM industry, and simpler and more cost-effective alternatives are still necessary.
Alternatives to reduce this solid waste generation in ECM could minimize daily production
difficulties while improving productivity and waste management [18].

To this end, the use of complexing and reducing agents in ECM electrolyte compo-
sitions is an interesting alternative. Such substances can reduce the metal oxyhydroxide
precipitation level due to competitive reactions with the metal anodic dissolution. EDTA
forms a metal complex with great stability due to the hexadentate ligand property, as
is well known in the literature [19,20], and iron is the major component of SAE 4144M
steel, representing more than 95% of the steel. Its application in an electrolyte solution
creates parallel complexing reactions with the metallic ions dissolved. Along with EDTA,
ascorbic acid has a huge reducing capacity due to its easy oxidation to deidroascorbic
acid in aqueous media. Thus, its use in ECM electrolyte solutions could reduce metal
ion valence and consequently increase metal ion solubility, avoiding precipitation [21,22].
The iron valence reduction from Fe>* to Fe?* reduces the formation of a precipitate, since
Fe?* has significantly higher solubility in aqueous media. Both substances show large
availability and no operational restrictions for industrial environment applications, rea-
sons why the use of these substances is considered an interesting strategy to avoid heavy
metal oxyhydroxide precipitation in the ECM process. The workpiece material tested in
this study was SAE 4144M steel, used in a diesel fuel injection pump from Robert Bosch
Ltda. The material was forged, quenched, and tempered, leading to a final hardness of
39 £ 3 HRC, and pre-machined before the ECM industrial process.

The novelty of this work is the great potential for significant sludge reduction by using
complexing or reducing agents in a practical application of the ECM industrial process.
EDTA'’s complex-formation mechanisms and ascorbic acid’s reducing mechanisms are well
known in the literature, but their use as additives in an anodic dissolution reaction (which
occurs in the ECM process) is reported here for the first time. The proposed addition
of these substances in the conventional ECM electrolyte (aqueous solution containing an
inorganic salt, commonly NaCl or NaNOj3) can also contribute to the overall ECM industrial
process efficiency and improve the process sustainability by decreasing the volume of solid
residue treatment required.
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2. Materials and Methods
2.1. Tests Procedure

A scale-down of the industrial ECM process was necessary so that experiments could
be conducted in the laboratory. Figure la shows the main components of the anodic
dissolution cell used in this work. The counter-electrode employed has the same material
as the industrial one, and the workpiece was replaced by an SAE 4144M rectangular steel
piece with fixed dimensions of 10.0 & 1.0 mm x 20.0 £ 1.0 mm x 5.0 £ 1.0 mm. A
geometrical area of 1.0 cm? was delimited by a synthetic enamel film. The workpiece
has a smooth surface (roughness Ra < 0.5 pm and Rz < 2.0 pm) measured by the Mahr
Perthometer Concept (PKR), and it was ensured that the ECM process did not have any
significant effect on the morphology of the electrodes, as verified by the SEM images before
(Figure 2a) and after (Figure 2b) the ECM process.

(b)

Figure 1. Scheme of a laboratory scaled-down two-electrode cell, with a metallic workpiece of
SAE 4144M steel and a counter-electrode of Brass-CuZnszPbj alloy (a) before and (b) after the
ECM process.

150 pm
(@) (b)

Figure 2. Representative SEM images of the workpieces (a) before and (b) after the ECM process in
the reference electrolyte.

The optimized experimental parameters of the ECM used in the experiments are
presented in Table 1. In summary, a voltage of 5 V was applied for 180 s. Each experiment
was performed in triplicate, and the average and standard deviation for each parameter
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were considered for comparison. The standard electrolyte employed was a 100 g L™}
NaCl solution. The standard solution was modified by adding four concentrations of
the complexing agent, EDTA tetrassodium: 5.0, 15.0, 25.0, and 35 g L~!. The standard
electrolyte was also modified by three concentrations of the reducing agent, ascorbic acid
(Fluka): 10.0,20.0,and 30.0 g L.

Table 1. Experimental parameters used in the anodic dissolution procedure.

Experimental Parameter Value
Anodic dissolution time 180s
Voltage applied 50V
Current density 1.5+ 02A
el emprure
Mixing level 800~1000 RPM
Electrolyte volume 30 mL
Workpiece surface area 1.0 cm?
Counter-electrode surface area 2.5 cm?

2.2. Characterization

After the workpiece anodic processing and sludge formation (Figure 1b), the electrodes
were removed, and the liquid medium containing the generated sludge was centrifuged
(Spinlab SL-5M-PLATE, Sao Paulo, Brazil) using falcon polypropylene tubes for 30 min at
4500 rpm, and the supernatant electrolyte was removed. The wet sludge was submitted to
air drying (Sterilifer Model SX 1.3 DTME, Sao Paulo, Brazil) for 48 h at 90 °C and the final
mass was verified.

The removed electrolyte was submitted to pH and conductivity analysis and UV-Vis
spectroscopy (Agilent Cary 60, Santa Clara, CA, USA) to determine the ionic iron species
concentration in the electrolyte. For the calibration curves, the Fe?* source was FeSO4-7H,O
and the Fe>* source was FeCls. In the case of the standard electrolyte with EDTA addition,
the calibration curves were made using the absorbance at 474 nm and the combination
of 100 g L1 of NaCl with 15 g L' of EDTA (Figures Al and A2—Fe®*) [19,23]. The Fe3*
calibration curves gave better adjustments, so to evaluate all the electrolytes generated,
they were previously treated with H,O, to ensure that the possible remaining Fe?* ions
were converted to Fe**. Then, all the iron determination was performed with the Fe*
calibration curves (Figure A2—Fe3*).

In the case of the standard electrolyte with the addition of ascorbic acid, the calibration
curves were made using the absorbance at 350 nm and the combination of 100 g L~! of
NaCl with 20 g L~! of ascorbic acid. Both curves (Figures A3 and A4—Fe>") presented
very similar behavior and adjustments [21,22]. As ascorbic acid is an excellent reducing
agent, possibly all remaining Fe** ions were converted to Fe?*. Based on this ascorbic
acid property, the iron determination was performed with the Fe?* calibration curves
(Figure A3—Fe?*) for this electrolyte’s configuration.

The dried sludge was characterized by FTIR (Bomen Hartman, with a resolution of
4 cm~1), using KBr pellets. Finally, the workpiece surface was characterized by scanning
electron microscopy and energy-dispersive X-ray spectroscopy (FEI Quanta 200, Hills-
boro, OR, USA), with a minimum of five different points of each sample to verify the
reproducibility and reliability of the anodic dissolution procedure.
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The anodic dissolution rate (ADR) was obtained by the mass difference of the work-
piece, using Equation (1) and considering the electrochemical machining time and SAE
4144M steel density (psapsiaam = 787 g cm~3) [24]:

ADR < mr?n3 ) _ (Minitial — Mfina1) )
min Palloy X tprocess

3. Results and Discussion

Figure 1 shows a scheme of the experimental setup for the scaled-down process.
During the process, macroscopic changes are visible, especially sludge formation. The
sludge has a dark brown color, and besides forming in the electrolyte, it also adheres to the
workpiece and the counter-electrode surfaces. These macroscopic aspects were observed
in all experiments and demonstrate how this residue can adsorb onto any part of the
machinery used in industrial production. The sludge formation requires that all ECM
industrial processes stop at least three times in a workday (one stop every 8 work hours) for
electrode replacement and cleaning of the adsorbed residue. Naturally, these interruptions
result in a huge productivity loss, corresponding to about 10% of the equipment’s idle time
(i.e., ECM industrial process of Robert Bosch Ltda).

Sodium chloride (NaCl) was used as a reference electrolyte (100 g L1, as normally
used in industrial ECM processes. In the laboratory-scale setup, 232 + 33 mg of sludge was
generated after the anodic dissolution procedure and the pH of the electrolyte increased
from 6.5 £ 0.1 to 10.6 £ 0.1. The pH increases mainly due to hydroxyl generation in
the counter-electrode from water electrolysis and pH determination improves the under-
standing of what this behavior would be when complexing or reducing agents are added
to the electrolyte. The workpiece mass loss was 67 £ 15 mg and the removal rate was
2.9 + 0.5 mm3 min~!. Figure 2 shows the morphology of the workpiece before (a) and after
(b) the anodic dissolution. An increase in surface roughness after the process can be seen
due to material removal from the workpiece surface. These results were considered a valid
reproduction of the industrial process and were used as a reference for comparison with
other electrolyte compositions.

The sludge was characterized by FTIR spectroscopy, and in general, the presence of a
mixture of different iron oxyhydroxides was verified (Figure A5). The characteristic peak
around 580-600 cm ! suggests the presence of hematite [x-Fe;O3], and the peak around
450 cm ™! could be attributed to a small amount of goethite [FeO(OH)] [25,26].

3.1. Complexing Agent Presence on Electrolyte Composition

Due to the formation of strong and highly stable metal-EDTA complexes, as shown in
Figure 3e, this complexing agent was used in the electrolyte to create a competitive reaction,
avoiding oxyhydroxide formation by the generation of strong iron—-EDTA complexes.

Different concentrations of EDTA tetrasodium were added to the reference electrolyte
(NaCl 100 g L), and the ECM process was carried out the same way. The initial pH
value of the electrolyte containing EDTA was above 10 for all EDTA concentrations, as
expected. EDTA tetrasodium in aqueous solution will form the anion EDTA*~ with exposed
O~ groups (Figure 3e), which contribute to pH increase. The higher the concentration
added, the more the pH increases due to the O~ presence, which also contributes to
EDTA’s deprotonation and the improvement of the complexing behavior towards iron
ions [19,20,23]. In the reference electrolyte, the pH increased from 6.5 to 10.6 with the ECM
process. In the electrolytes containing the EDTA, there was a less significant increase, since
the pH value is already higher than 10 before the ECM process starts, as shown in Figure 3c.
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Figure 3. Results of electrolyte modification with EDTA. (a) Mass of sludge generated after ECM
process with different EDTA concentrations, units in mg; (b) Fe~-EDTA complex concentration after
ECM process, obtained by UV-Vis spectroscopy (S/N = 3), units in mg L~1; (c) comparison of pH
values before and after ECM process with different EDTA concentrations (S/N = 3); (d) SEM image
of workpiece after ECM process using electrolyte containing EDTA [100 g L~! NaCl combined with
15¢g L1 EDTA, pH > 10]; (e) EDTA behavior to form metal-EDTA complexes in the electrolyte
(FellI-EDTA described as an example).

The presence of EDTA caused both a reduction in the sludge (Figure 3a) and an
increase in the concentration of iron ions in the electrolyte (Figure 3b), indicating successful
complexation. EDTA reduced the sludge mass by 30%, with an equivalent increase in the
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iron ion concentration in the electrolyte. However, no significant differences in the sludge
mass and iron concentration were observed between the several EDTA concentrations
studied, which suggests that the minimum concentration (5 g L!) is enough to promote
maximum complexation. The dissolution rate remained like the reference electrolyte with
a value of 2.8 +- 0.1 mm3 min~!, and the morphology of the workpiece surface showed no
significant changes in the SEM images (Figure 3d).

3.2. Reducing Agent Presence on Electrolyte Composition

Besides the iron ion concentration in the electrolyte, the Fe?* /Fe3* ratio also directly
affects the final iron solubility: the Fe?* ion is easier solvated and presents higher pH
stability when compared with Fe3*. Therefore, the larger the Fe>* /Fe®* ratio, the easier it is
to avoid oxyhydroxide precipitation. In this scenario, the addition of ascorbic acid is quite
interesting, since it would promote the reduction of Fe** ions into Fe?* ions, contributing
to the overall reduction in sludge formation [21,22,27]. This treatment is already employed
in the conditioning of sludge in reactors, boilers, and ponds, for instance [22].

Since iron is the major component of the SAE 4144M steel (95~97%), it was used as
an example. The iron solubility product (Ksp) constant indicates that Fe?* jons have a
lower tendency to form solid residue ([Ks, Fe(OH); at 25 °C = 4.87 x 10~] and Fe3* [Ksp
Fe(OH); a 25 °C = 2.79 x 107%9]), and therefore, it would be recommended to have the
largest number of ions in the smaller valence in order to keep it from precipitating. Adding
ascorbic acid (AA) to the 100 g L~! NaCl aqueous solution creates a parallel reduction
reaction for the metal ion dissolved in the electrolyte. The main goal is to reduce the
cation valence of the metal ion through ascorbic acid oxidation into deidroascorbic acid, as
demonstrated in Figure 4e.

The influence of the pH was also studied for the electrolyte containing ascorbic acid,
shown in Figure 4c. It is clear that the higher the AA concentration, the lower the initial
pH. Also, the pH increased after the ECM process for all AA concentrations assessed, due
to the OH™ generation in the counter-electrode. However, in this case, the pH does not
increase drastically because the OH™ generated combines with the excess H* from the
AA’s oxidation. This also contributes to the diminishment of iron oxides, reducing the final
mass of sludge even more.

Figure 4 shows the influence of ascorbic acid on the final mass of sludge generated
after the ECM process (a) and on the concentration of iron ions in the electrolyte (b).
One can observe a huge mass sludge reduction of about 90% in the presence of AA and
a higher concentration of iron ions in the electrolyte when compared to the reference
electrolyte. The dissolution rate in all electrolyte configurations was kept constant at
2.82 + 0.15 mm>.min~!, which is at an equivalent level of all EDTA-containing config-
urations and pure NaCl previously presented. Also, the surface morphology was not
significantly affected, as shown in the SEM image in Figure 4d.

Analyzing the different AA concentrations one can notice that the three concentrations
used had a similar effect on the sludge mass generated. However, for the 10 g L~! AA
modified electrolyte, the iron concentration on the electrolyte is much smaller than the
other two (Figure 4b). Also, the pH after the ECM process is 5.4 (Figure 4c), the highest
value for all the AA concentrations assessed. These two factors lead to the assumption that
Fe?* ascorbate is forming, which can happen only for pH > 5.3. Fe?* ascorbate no longer
absorbs at 350 nm, and thus is no longer accounted for in the quantification performed.
Another possibility is the diketo-L-gluconic acid formation through deidroascorbic acid
hydrolysis [27].
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Figure 4. Results of electrolyte modification with ascorbic acid (AA). (a) Mass of sludge gener-
ated after ECM process with different AA concentrations, units in mg; (b) Fe™ concentration in
the electrolyte after ECM process, obtained by UV-Vis spectroscopy (S/N = 3), units in mg L™1;
(c) comparison of pH values before and after ECM process in reference electrolyte and in its composi-
tions with different AA concentrations (S5/N = 3). (d) SEM image of workpiece after ECM process
using electrolyte containing ascorbic acid [100 g L~! NaCl combined with 20 g L~! AAJ; (e) overall
redox reaction involving ascorbic acid and metallic ions, with iron as an example.

3.3. Workpiece Surface Characterization

The SEM analyses of the surface morphology of the electrodes processed with the
modified electrolytes (Figures 3d and 4d) suggest that the electrolyte composition plays no
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major part in the surface morphology, and that the major influence is from the electrolyte
hydrodynamics (pressure and flow parameters) [24,28], which are not changed during the
experiments.

Besides SEM images, the ECM workpieces had their surface compositions analyzed
by ICP-OES (inductively coupled plasma optical emission spectrometry). The results are
shown in Table 2. From the data, one can conclude that the interfacial composition of the
workpiece did not change, no matter which alterations were made in the electrolyte, and
the technical specifications required were all maintained.

Table 2. ICP-OES of workpiece surfaces before and after ECM process in the proposed electrolyte

compositions.
. Workpiece after ECM Process
Chemical Element Specification (%) Workpiece before 152 L1 EDTA (oH 1A b
SAE 4144M Steel ECM Process (%) 100gL-1NaCl  *1°8 pH  +20gL " Ascorbic
>10.0) Acid (pH < 5.0)
C 0.42~0.46 0.453 0.456 0.46 0.46
Si 0.20~0.30 0.268 0.267 0.266 0.269
Mn 0.90~1.10 1.07 1.06 1.06 1.06
P max 0.025 0.0251 0.0253 0.0241 0.0237
S 0.010~0.020 0.0195 0.017 0.0178 0.017
Cr 1.15~1.30 1.26 1.25 1.27 1.26
Ni max 0.25 0.196 0.198 0.197 0.201
Mo 0.25~0.35 0.309 0.31 0.309 0.314
Cu max 0.35 0.157 0.159 0.159 0.16
Fe Remaining 96 96 96 96

Both techniques were effective in decreasing the amount of sludge generated. How-
ever, ascorbic acid not only showed a significant decrease in the sludge mass in comparison
with EDTA or no additives, but also offers two other advantages. First, the solubilized
metals in the aqueous electrolyte have the potential to be recovered according to the method-
ology proposed by Skinn et al. [29,30]. Second, there is even a possibility of recycling of the
additive itself, by reducing the dehydroascorbic acid back to ascorbic acid in very acidic
media, as is well known in the literature [27]. These advantages make ascorbic acid a
preferential candidate to be used as an additive in the ECM industrial process, showing
potential to mitigate the effects of sludge deposits on the surface of equipment, devices,
and cathodes and increase the productivity of the overall ECM process.

4. Conclusions

ECM is an important and well-established industrial process for manufacturing metal-
lic pieces with complex forms. However, the industrial process still has several inconve-
niences, such as environmental poisoning due to the high sludge generation (oxyhydrox-
ides). This work proposes a simple and efficient alternative to minimize this negative
impact by working on electrolyte compositions with no influence on the workpiece surface
quality or the anodic dissolution rate.

A 90% reduction in sludge generation was obtained by the addition of ascorbic acid
(pH < 5.0), and a reduction of about 30% was achieved by adding EDTA (pH > 10.0) into the
100 g L~! NaCl electrolyte. This is due to the different mechanisms of iron removal: while
EDTA forms a stable complex with the iron cations, avoiding precipitation, the ascorbic acid
reduces Fe?* cations to Fe?* cations, which are more soluble, also avoiding precipitation
and solid waste formation. This study shows that the reduction in the iron cation valence is
a more effective strategy to reduce solid waste formation in the industrial ECM process of
the SAE 4144M steel workpiece. In addition, the final surface of the piece, the dissolution
rate, and the process performance did not show any significant changes with the presence
of the additives.

Therefore, these electrolyte compositions show the potential to overcome the main
operational difficulties, such as the many interruptions of production for the replacement of
machine components and electrolytes, and cleaning of the reaction chamber. The significant
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reduction in sludge mass shown in this work has the potential to increase equipment, device,
and cathode lifetime. It can contribute to cost-savings by decreasing the need for frequent
centrifuge or filter maintenance for sludge removal from electrolytes, thus increasing
the overall efficiency of the industrial process. Additionally, ECM sludge reduction also
contributes to decreasing the efforts of solid residue treatment, due to less sludge volume,
and consequently improves the overall sustainability of the ECM industrial process. These
findings hold great potential for practical applications in industrial ECM processes.

This work developed a simple, low-cost, and effective strategy to reduce sludge gener-
ation in the industrial ECM process, which can be also reproduced and further evaluated
for other complexing and reducing agents. The study of these additives” incorporation
in different electrolyte compositions (e.g., NaNO3) and workpiece steel compositions is
recommended. These evaluations could be combined with the work of Zander et al. [31]
and open a new research field to optimize electrochemical machining processes. Zander’s
work shows the influence of the current density applied in the ECM process related to the
oxidation numbers of metals in the 42CrMo4 alloy, which leads to different sludge compo-
sitions of mixed oxyhydroxide metals, and consequently, more or less sludge formation in
the process.

Aiming for a robust implementation on an industrial scale of the proposed changes
in the ECM process, which was outside the scope of this work, the lifetime of the mod-
ified electrolyte would have to be further evaluated, and a method for optimizing the
concentrations of complexing or reducing agents and for the electrolyte regeneration would
need to be developed. However, for small-scale applications, the electrolyte configurations
presented in this work can be applicable.
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Appendix A. Overall ECM Process and the Redox Reactions Involved: I—Initial
Condition; II—During ECM Process; III—Final Condition
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Figure A3. Calibration curve for the quantity of Fe2* ions in the electrolyte, with composition of
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Figure A4. Calibration curve for the quantity of Fe3* ions in the electrolyte, with composition of
NaCl 100 g L~! and ascorbic acid 20 g L~! and the following adjustments.

Appendix C. FTIR Spectra
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Figure A5. FTIR analysis of electrolyte sludge generated after ECM process. Blue spectra: Reference
electrolyte (100 g L~ NaCl, 6.5 < pH < 7.5). Green spectra: Electrolyte containing EDTA (100 g L~!
NaCl+15g L1 EDTA, pH > 10). Red spectra: Electrolyte containing ascorbic acid (100 g L1 NaCl +

20 g L~ ascorbic acid, pH < 5.0). Resolution: 4 cm~!.
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