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Abstract

Electro-dissolution — the controlled anodic removal of metal into ionic species — underpins
electropolishing, electrochemical machining (ECM), and electrochemical microfabrication.
Three concurrent physical phenomena determine dissolution quality: local current distribution
at surface micro-topography features that governs surface leveling selectivity, diffusion layer
accumulation of dissolved metal ions that produces concentration polarization and limits
dissolution rate, and Joule heating that introduces thermal gradients causing geometric
distortion in precision ECM applications. Conventional constant current (CC) electro-
dissolution applies a temporally invariant anodic current that cannot independently address
these three phenomena.

This paper presents the application of the Generated Pattern Current (GPC) paradigm,
implemented through the Dynamic Defined Pattern Charging (DDPC) framework, to electro-
dissolution. GPC is the electrochemical symmetry counterpart of GPC electroplating (Paper 9
[26] of this series [26]): the same diffusion layer physics and Butler-Volmer nonlinearity apply,
but with anodic rather than cathodic current direction. GPC applies a three-phase temporal
anodic current: an aggressive dissolution phase that exploits the nonlinear Butler-Volmer
selectivity between surface micro-peaks and valleys; a controlled removal phase at moderate
anodic current; and an ion-clearing relaxation phase during which dissolved metal ions diffuse
away from the surface, restoring the diffusion boundary layer. Faraday’s law of electrolysis
guarantees that the total dissolved mass [Eq. (3)] depends only on the time-averaged current,
so GPC preserves the material removal rate (MRR) while improving surface quality and
geometric accuracy. Theoretical predictions include 30-50% reduction in surface roughness
Ra, suppression of micro-pitting, improved geometric accuracy in ECM, and extended bath life
through reduced diffusion layer saturation.

The novelty of GPC electro-dissolution lies in treating temporal current structure as an
independent engineering variable in anodic dissolution processes. Existing
electropolishing and ECM literature has optimized electrolyte chemistry, electrode
geometry, flow conditions, and workpiece material — but has not systematically
exploited the temporal dimension of the applied current as a control handle for
simultaneously addressing surface leveling, diffusion layer dynamics, and thermal
management. GPC fills this gap by providing a rigorous theoretical foundation based
on Jensen’s inequality and Faraday’s law invariance, and a practical three-phase
protocol architecture that is deployable on existing industrial electro-dissolution
equipment without hardware modification [1,2].
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1. Introduction

1.1 Electro-Dissolution and Industrial Applications

Electro-dissolution encompasses all processes in which a metal anode is dissolved into solution
by an externally imposed anodic current. The dissolution reaction follows Eq. (1):

M — MNz+) +zew (1)

where M is the metal being dissolved, z is the number of electrons transferred
per metal ion (valence), and e~ denotes an electron.

Four major industrial application domains exploit this reaction. Electropolishing applies anodic
dissolution in concentrated acid electrolytes to reduce surface roughness on stainless steel
medical devices, food processing equipment, semiconductor wafer holders, and precision
optical components [2,3,7]. The leveling mechanism relies on preferential dissolution at
surface micro-peaks, where the local current density j is higher due to the thinner diffusion
layer and more intense electric field. Electrochemical machining (ECM) applies high current
density (5-200 A/cm?) with continuously refreshed electrolyte to machine hard metals—nickel
superalloys, titanium, hardened steel—to complex geometries that are difficult or impossible
to achieve by conventional cutting [4,5,6]. Electrochemical microfabrication applies the same
principles at the microscale to produce MEMS components, micro-channels, and high-aspect-
ratio features in biomedical and aerospace applications [3,7]. Corrosion testing uses controlled
anodic dissolution to characterize metal corrosion resistance by measuring dissolution current
as a function of potential [9].

Across all four application domains, the quality of the dissolution outcome—surface roughness
Ra, pit density, geometric accuracy of machined features, dissolution current uniformity—
depends on the temporal structure of the applied anodic current. Conventional CC electro-
dissolution applies an invariant anodic current that simultaneously drives all three quality-
limiting phenomena, preventing independent optimization.

1.2 Three Quality-Limiting Phenomena

Surface leveling selectivity is the primary quality metric of electropolishing. The leveling
mechanism relies on the difference in local current density between micro-peaks (higher j,
thinner local diffusion layer) and micro-valleys (lower j, thicker local diffusion layer) [2,7].
This selectivity peaks when the viscous diffusion layer thickness 6 is comparable to the surface
roughness amplitude R _a—the Jacquet condition. Under CC electropolishing, the diffusion
layer thickens progressively as dissolved metal ions accumulate near the surface, reducing the
peak-to-valley j contrast and degrading leveling selectivity over time. Additionally, the high
local current density at micro-peaks can produce micro-pitting through localized transpassive
dissolution if the potential exceeds the transpassive threshold [2,3].
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Diffusion layer accumulation of dissolved M”(z+) ions creates concentration polarization that
opposes further dissolution. The diffusion layer of thickness 6 grows under CC operation as
shown in Eq. (2):

C s(t)=C s,0+jt/(=FDW) (2)

where C s is the surface concentration of dissolved ions, D is the diffusion coefficient of
M*(z+), and C s,0 is the bulk concentration. As C_s approaches the saturation concentration
C_sat, the dissolution rate is limited by mass transport rather than charge transfer kinetics, and
the current efficiency drops [7,8]. In ECM with flowing electrolyte, forced convection limits
diffusion layer growth but cannot eliminate it entirely at high current densities.

Joule heating in ECM generates thermal gradients that cause workpiece thermal expansion
during machining. The power dissipated per unit area P = j-V_cell produces temperature
increases AT =P-R_thermal in the inter-electrode gap. For precision ECM of aerospace turbine
blade cooling channels, thermal deformation of 1-5 um is significant relative to the required
dimensional tolerance. Under CC, the continuous power dissipation maintains a steady-state
thermal distortion that must be compensated by dimensional allowances in the tool design [4,5].

1.3 Limitations of CC and Pulse Reverse Electro-Dissolution

CC electro-dissolution cannot independently control leveling selectivity, diffusion layer
thickness, and Joule heating because all three are monotonic functions of the applied current
density. Increasing j improves dissolution rate but worsens diffusion layer accumulation and
Joule heating; decreasing j reduces thermal gradients but also reduces leveling selectivity and
MRR.

Pulse reverse (PR) electro-dissolution—alternating cathodic pulses with the anodic dissolution
current—has been explored for electropolishing [3,12,13]. The cathodic phase partially
replates dissolved ions onto the surface, preferentially at concave sites (valleys), which can
improve leveling. However, the cathodic redeposition consumes charge without contributing
to net dissolution, reducing current efficiency relative to CC. The fixed pulse parameters
(anodic:cathodic time ratio and amplitude) cannot adapt to the evolving surface state. GPC
eliminates the cathodic redeposition penalty by using low-current anodic phases for ion
clearing rather than cathodic reversal.

1.4 GPC as Temporal Anodic Current Design

Generated Pattern Current (GPC), protected under PCT/TR2025/051176 and USPTO
Application No. 19/298,223 (priority date July 23, 2025), applies temporally structured anodic
current I(t) to the dissolution cell. The theoretical foundation is identical to GPC electroplating
(Paper 9 [26] [26]): Jensen’s inequality applied to the nonlinear Butler-Volmer kinetics:

) # ¢lw))
where f represents any nonlinear dissolution response. Faraday’s law guarantees that the total
dissolved mass m = (I)-t-M/(z-F) depends only on the time-averaged anodic current (I), so
GPC preserves the MRR identically to CC at the same (I) while changing the temporal
distribution to improve surface quality and geometric accuracy. This is the electrochemical
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symmetry argument: the same physics that GPC exploits in cathodic deposition (Paper 9 [26]
[26]) applies in reversed polarity to anodic dissolution.

1.5 Scope

Section 2 presents the electro-dissolution electrochemical physics. Section 3 analyzes the three
GPC quality mechanisms. Section 4 describes GPC protocol design including GigaPulse Lab
implementation. Section 5 addresses electropolishing, ECM, and microfabrication application-
specific considerations. Section 6 quantifies expected outcomes. Section 7 presents the
experimental validation framework. Section 8 discusses the electrochemical symmetry with
GPC electroplating. Section 9 concludes.

2. Electro-Dissolution Electrochemical Physics

2.1 Faraday’s Law and MRR Invariance

The total dissolved mass is governed by Faraday’s law:
m=()-t-M/(z-F) (3)

The material removal rate (MRR) is given by Eq. (4):
MRR=(1)-M/(z-F-p) (4)

where M is the molar mass, z is the valence of the dissolved metal ion, F is Faraday’s constant,
and p is the metal density. Both m and MRR depend only on the time-averaged anodic current
(I), not on its temporal structure. GPC therefore preserves m and MRR identically to CC at the
same average current, regardless of the current waveform shape [9].

2.2 Butler-Volmer Anodic Kinetics and Leveling Selectivity

The anodic dissolution current density at the metal-electrolyte interface follows Butler-Volmer
kinetics [9]:

j a=jo-exp(o_aFn a/RT) (5)

where jo is the exchange current density, o_a is the anodic transfer coefficient, and n_a is the
anodic overpotential. The exponential relationship between j_a and n_a is the thermodynamic
basis for surface leveling: micro-peaks protrude into the electrolyte where the local electric
field is higher, producing higher local _a and therefore exponentially higher local j_a relative
to the valleys. The leveling selectivity I' =j peak/j valley increases with overpotential.

Jensen’s inequality applied to the exponential Butler-Volmer anodic kinetics confirms that the
time-averaged dissolution selectivity under GPC differs from the selectivity at the time-
averaged current:

I1w))> I((1)

because I'(j) is a convex function of j. This means GPC’s high-current phase, which transiently
elevates j and therefore n_a, produces a higher instantaneous leveling selectivity that more than
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compensates for the lower selectivity during the low-current ion-clearing phase. The time-
averaged leveling selectivity under GPC is strictly higher than under CC at the same average
current density.

2.3 Diffusion Layer and Concentration Polarization

The diffusion boundary layer controls the transport of dissolved M”(z+) ions from the surface
to the bulk electrolyte. Under CC, the surface concentration C_s of M”\(z+) increases over time
as:

dC s/dt = j/(zF) — D-(C_s — C_0)/5> (6) (6)

where C_0 is the bulk concentration and ¢ is the diffusion layer thickness. At steady state, C s
=C 0+j-0/(z-F-D). As C_s approaches saturation, the dissolution kinetics shift from charge-
transfer control to mass-transport control, limiting the achievable dissolution rate and reducing
leveling selectivity [7,8]. GPC’s ion-clearing relaxation phase allows C_s to decrease toward
C_0, resetting the diffusion boundary conditions before the next aggressive dissolution phase.

2.4 Joule Heating in ECM

In ECM, the inter-electrode gap resistance R _gap generates Joule heating P =j>-R_gap per unit
area. The transient temperature rise in the gap is given by Eq. (7):

AT() = P-R_th-(1 — exp(—t/zr_th)) (7)

where R th is the thermal resistance of the electrolyte film and t_th is the thermal time constant
of the gap (~1-10 ms for typical ECM gaps of 50-500 um). Since P « j*> [Eq. (11)], GPC’s
low-current ion-clearing phase dissipates negligible power while providing thermal recovery,
allowing the gap temperature to decrease below the steady-state CC value before the next high-
current phase begins. The thermal stabilization efficiency factor ¥ _th = AT CC/(AT) GPC
quantifies this benefit.

3. Three GPC Dissolution Quality Mechanisms

3.1 Surface Leveling Enhancement

The leveling enhancement mechanism exploits the superlinear relationship between local
current density and dissolution selectivity. GPC’s aggressive dissolution phase at I high =~ 1.5—
2.0-1 dc temporarily elevates the local overpotential n_a at all surface sites, but the elevation
is disproportionately larger at micro-peaks (where the base overpotential is already higher due
to the geometric focusing effect). The instantaneous peak-to-valley selectivity I' =
j_peak/j_valley during the high-current phase is therefore substantially higher than under CC
atI dc.

The time-averaged Ra reduction factor from GPC’s leveling enhancement is:

¥ Ra =Ra CC/Ra GPC = (I'(I1))/T((I)>1 (8)
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where [(l) is the nonlinear Butler-Volmer leveling selectivity function, Ra_CC
and Ra_GPC are the surface roughness under CC and GPC respectively at
equal average current, and ([(I(t))) is the time-averaged selectivity over one
GPC pattern period.

From the convexity of the Butler-Volmer exponential, ¥ Ra > 1 for any non-constant I(t), with
the magnitude depending on the overpotential level and the pattern amplitude. For typical
electropolishing conditions (o a = 0.5, n a = 0.3-0.6 V), ¥ Ra = 1.3-1.6 is predicted,
corresponding to 30—40% Ra reduction relative to CC at the same average current density.

(a) CC electropolishing — residual roughness + micrékpi@Mgelectropolishing — enhanced leveling, suppressed micro-pitting
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Figure 1. Surface profile comparison: CC electropolishing (residual roughness, micro-pitting) vs GPC
electropolishing (enhanced leveling, suppressed micro-pitting, Ra reduction 30-50%,).

3.2 Diffusion Layer Relaxation and Ion Clearing

The ion-clearing mechanism is the anodic mirror image of the diffusion replenishment
mechanism in GPC electroplating (Paper 9 [26] [26]). In plating, fresh metal ions are
replenished at the cathode during low-current intervals; in dissolution, accumulated M”(z+)
ions diffuse away from the anode during low-current intervals. The governing physics is
identical—Fickian diffusion at the electrode surface—with the only change being the direction
of the concentration gradient.

The diffusion time constant for M*(z+) clearance is T_diff ~ 6*/D. For typical electropolishing
conditions (D_Fe3+ ~ 0.7x107° m?%s, d ~ 100-200 um), T_diff ~ 1560 ms. GPC’s low-current
ion-clearing phase of 10-50 ms duration is sufficient to substantially reduce C_s below the
saturation threshold, restoring charge-transfer-controlled dissolution at the start of the next
aggressive phase. The cumulative effect over multiple pattern cycles is a reduction in the time-
averaged concentration polarization overpotential _conc:

(n_conc) GPC <n_conc,CC((I) (9)

where n_conc is the concentration overpotential arising from dissolved ion
accumulation near the electrode surface, and (-) denotes the time average over
one GPC pattern period.
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This reduction manifests as improved dissolution efficiency (higher current efficiency at the
same average current density) and reduced surface roughness from diffusion-limited non-
uniform dissolution.

(a) CC — ion accumulation, concentration polarization (b) GPC — periodic diffusion clearing
Metal 6 thick Bulk electrolyte Metal |6 thin Bulk electrolyte
anode (ion saturated) (low [M~z+]) anjpaErigdic renpwal) (low [M~z+])
j_eff I (condentration polarization) J_eff maintained (6 renewed)

Figure 2. Diffusion layer dynamics: CC electro-dissolution (M"z+ accumulation, thick diffusion layer o,
concentration polarization) vs GPC (periodic ion clearing, thin J, maintained dissolution rate and leveling
selectivity).

3.3 Thermal Stabilization in ECM

The thermal stabilization mechanism reduces the time-averaged Joule heating in the ECM
inter-electrode gap relative to CC at the same average current density. Since P_Joule « j?, the
three-phase GPC pattern produces:

(P_Joule) GPC = (I _high*t h + 1 mid*t m + 1 low*t )/ (t h+t m+t [) (10)

subject to the constraint (I) =1 dc. By Jensen’s inequality for convex functions, (I?) > (I)?, so
the average Joule heating under GPC is generally higher than CC at the same (I) if the high-
current phase is not compensated. However, the practical benefit of GPC’s thermal
management comes from the decoupling of peak dissolution rate (set by I_high) from the time-
averaged thermal load: GPC enables higher instantaneous j during the aggressive phase—
producing faster dissolution of hard materials—while the low-current phase provides thermal
recovery that prevents progressive temperature accumulation in the gap. This enables higher
average MRR at the same thermal distortion tolerance than fixed-current CC.

4. GPC Electro-Dissolution Protocol Design

4.1 Three-Phase Current Architecture

The GPC electro-dissolution protocol [Eq. (12)] integrates the three quality mechanisms into a
composite three-phase anodic current profile:

1(t) =1 _high [aggressive dissolution, t_ h] — I _mid [controlled removal, t m] — I low
[ion clearing, ¢t 1] (11)
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The time-average constraint (I(t)) = I dc is satisfied by design. I high is set to achieve the
desired peak leveling selectivity and dissolution rate; I mid sustains dissolution at moderate
rate; I low at 5-15% of I dc minimizes dissolution during the ion-clearing phase. The phase
durations t h, t m, and t 1 are determined by the relevant timescales: the Butler-Volmer
selectivity response time (t BV ~ 1_double-layer ~ us—ms), the diffusion layer clearing time
(t_diff ~ 15-60 ms for electropolishing), and the thermal recovery time (t_th ~ 1-10 ms for
ECM).

4.2 GigaPulse Lab Reference Implementation

The GigaPulse Lab platform serves as the reference implementation for GPC electro-
dissolution. GP Lab connects to the I and V control input terminals of the existing
electropolishing or ECM power supply—no hardware replacement is required. Real-time
feedback—measured anodic current I, cell voltage V, electrolyte temperature T, and optionally
in-situ surface roughness index derived from electrochemical impedance—returns from the
power supply to GP Lab for closed-loop control.

The platform’s real-time analysis module tracks the dissolution current efficiency (ratio of
actual dissolved mass to Faradaic prediction), detects the onset of concentration polarization
through the characteristic V-I signature shift, and monitors the cell resistance R_cell as a proxy
for diffusion layer thickness. The decision engine adaptively extends t 1 when polarization
onset is detected, preventing diffusion-limited dissolution non-uniformity. For ECM
applications, the thermal index derived from I>:R_cell triggers additional cooling phases when
the estimated gap temperature exceeds a threshold.

(a) €CC — constant, ion accumulation, polarization buildup
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(b) Pulse reverse — partial improvement, anodic + cathodic phases
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(c) GPC — three-phase: aggressive dissolution - controlled removal - ion clearing
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Figure 3. Current profile comparison: CC electro-dissolution (constant, progressive ion accumulation), pulse
reverse (anodic + cathodic phases, redeposition penalty), and GPC three-phase pattern (aggressive
dissolution - controlled removal - ion clearing). All profiles share the same mean anodic current (I).
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(a) GPC Electro-Dissolution System Architecture

(b) GigaPulse® Lab Dev — Reference Implementation
a8 refower Source Electro-Dissolution Cell (USPTO 19/298,223 | PCT/TR2025/051176)
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Fig. 4. (a) GPC-based electro-dissolution system architecture: GP Lab sends |_refV'_ref to Power Source; dissolution cell connects to Power Source only.
(b) GigaPulse® Lab 4-channe! development unit — reference hardware implementation with real-time V, I, T monitoring and closed-loop pattern control.

Figure 4. GPC-based electro-dissolution system architecture. GP Lab connects to Power Source I and V control
input terminals — no hardware replacement required. Real-time feedback (I, V, T, Ra index) enables closed-
loop diffusion layer monitoring and adaptive ion-clearing control.

5. Application-Specific Considerations

5.1 Electropolishing

Electropolishing of stainless steel in phosphoric-sulfuric acid electrolytes is the highest-volume
electropolishing application, with critical requirements for surface roughness (Ra < 0.4 pm for
medical devices per ISO 13485), micro-pit density, and electrolyte bath life [2,3]. GPC’s
leveling enhancement mechanism directly addresses all three: the high-current phase increases
peak dissolution selectivity, the ion-clearing phase prevents diffusion-limited micro-pitting,
and the periodic C s reduction extends bath life by delaying electrolyte saturation with
dissolved metal ions.

For aluminum electropolishing in perchloric-acetic acid or phosphoric acid—used for optical
mirror surfaces and semiconductor wafer holders—GPC’s diffusion layer control is
particularly important because aluminum’s high dissolution rate at polishing current densities
(~50-200 mA/cm?) rapidly saturates the diffusion layer under CC. GPC’s ion-clearing
intervals maintain the diffusion layer in a transport-limited regime, enabling polishing at higher
current densities than CC without deterioration in surface quality.

5.2 Electrochemical Machining

ECM of nickel-based superalloys (Inconel, Waspaloy) for aerospace turbine blade cooling
channels requires simultaneous high MRR (to be economically viable) and tight dimensional
tolerance (£25-50 um on channel diameter) [4,5,6]. CC ECM at the current densities required
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for adequate MRR (~50-150 A/cm? in NaNOs electrolyte) produces Joule heating and
diffusion layer effects that degrade dimensional accuracy. GPC’s thermal stabilization
mechanism enables higher average MRR through aggressive high-current phases while the
low-current phase provides gap thermal recovery, maintaining the dimensional accuracy
budget.

The dissolution front homogeneity in ECM—the degree to which all points on the workpiece
surface are dissolved at the same rate—is directly related to the uniformity of the current
distribution across the inter-electrode gap. Diffusion layer thickness variations cause local
current density variations that produce surface waviness on the machined feature. GPC’s
periodic diffusion layer refresh produces a more spatially uniform C_s distribution at the start
of each aggressive dissolution phase, improving dissolution front homogeneity.

5.3 Electrochemical Microfabrication

The GPC framework adapts to diverse electro-dissolution process geometries through
parameterization of the three-phase protocol. In copy-type ECM — where a shaped
tool electrode is advanced toward the workpiece to reproduce the tool geometry — the
relaxation phase timing t_relax must be synchronized with the inter-electrode gap
dynamics: as the gap narrows, ion clearing becomes more critical and t_relax is
extended adaptively [4,5]. In electrochemical drilling of deep holes and cooling
channels in turbine blades — where the dissolved ion transport path length increases
with depth — GPC compensates by progressively extending the relaxation phase as
depth increases, maintaining the diffusion boundary layer thickness below the critical
concentration polarization threshold throughout the drilling operation [5,6]. In
electrochemical deburring — where the objective is selective removal of burrs at edges
without affecting adjacent surfaces — the GPC high-dissolution phase duration is
calibrated to the burr height, stopping before the adjacent surface becomes active.
These adaptations require only recalibration of the GigaPulse Lab application-specific
calibration file; no hardware changes are required [1].

Electrochemical microfabrication for MEMS and microelectronics requires sub-micron depth
control and minimal lateral undercutting [3,7]. At the current densities used in microfabrication
(0.1-10 mA/cm?), the diffusion layer dynamics operate on longer timescales than in ECM, but
the leveling selectivity and ion accumulation effects are still present and determine the
achievable feature edge sharpness. GPC’s ability to independently control the aggressive
dissolution phase duration (which determines feature depth per cycle) and the ion-clearing
phase duration (which determines lateral selectivity) provides a two-dimensional parameter
space for optimizing the tradeoff between depth rate and lateral precision.

6. Expected Outcomes

The GPC dissolution quality improvement factors are defined in Egs. (9) and (10) separately
for electropolishing and ECM:
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Y Ra =Ra CC/Ra GPC (electropolishing surface quality) (12)
¥ acc = Adim_CC / Adim_GPC (ECM geometric accuracy) (13)

Parameter CC electro-dissolution GPC electro-dissolution

Surface roughness Ra Reference 1 30-50% reduction
Micro-pit density Reference | Suppressed
Dissolution current efficiency Reference 1 Improved
ECM geometric accuracy Reference 1 Improved
Thermal deformation (ECM) Reference | Reduced
Material removal rate (MRR) Reference Preserved (same (1))
Bath life (electropolishing) Reference 1 Extended
Y Ra quality factor 1.0 1.3-1.6%

Table 1. Predicted GPC electro-dissolution outcomes compared to CC baseline at equal average anodic current
density and equal MRR.

7. Experimental Validation Framework

7.1 Proposed Protocol

Independent experimental validation requires parallel comparison of CC and GPC electro-
dissolution protocols applied to identical workpiece samples with equal average current density
and equal total charge passed. For electropolishing validation, the primary measurement suite
includes: surface roughness Ra from profilometry and AFM; micro-pit density from SEM
imaging; mass loss for current efficiency calculation; and gloss/reflectance for optical surface
quality. Stainless steel (316L) electropolishing in 60:40 HsPO4:H2SOa4 at 50-80°C provides a
well-characterized model system with established CC literature baselines [2,3].

For ECM validation, the measurement suite includes: machined cavity depth and diameter from
profilometry; dissolution front waviness from cross-section metallography; gap temperature
from thermocouple measurement; and current distribution uniformity from multi-point current
measurement on segmented tooling. The GPC pattern frequency and duty cycle should be
varied systematically to map the parameter space of quality improvement.

7.2 GigaPulse Lab Integration

GPC electro-dissolution is directly implementable on existing electropolishing and ECM
equipment without modification of the electrolyte tank, tooling, or workpiece fixturing. GP
Lab connects to the I and V control terminals of the existing rectifier or potentiostat. For ECM
applications, the adaptive thermal index monitoring capability of GP Lab provides process
protection against gap short-circuit and thermal runaway—a safety benefit that fixed-parameter
pulse ECM cannot provide. The application-specific calibration files for stainless steel,
aluminum, nickel superalloy, and titanium encode the relevant Butler-Volmer parameters,
diffusion coefficients, and thermal time constants for each material-electrolyte combination.
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8. Electrochemical Symmetry: Dissolution as the Mirror of Deposition

Paper 9 of this series analyzed GPC electroplating of copper, nickel, and other metals from
cathodic deposition. The three mechanisms in cathodic GPC—diffusion replenishment,
leveling/deposit uniformity, and thermal control—have direct anodic counterparts in GPC
electro-dissolution analyzed here: ion clearing (mirror of ion replenishment), leveling
enhancement (mirror of deposit thickness uniformity), and thermal stabilization (same in both
directions).

This symmetry is not coincidental. It reflects the fundamental reversibility of electrochemical
processes: the Butler-Volmer equation describes both cathodic and anodic reactions, Faraday’s
law is symmetric in charge direction, and Fickian diffusion governs transport toward or away
from the electrode surface with the same governing equations. The GPC framework therefore
applies to every direction of current-controlled electrochemistry—deposition, dissolution,
conversion, and synthesis—as a universal temporal current optimization paradigm. This
universality is formalized in the Jensen inequality argument: for any nonlinear electrochemical
response function f(I), the time-averaged response (f(I(t))) differs from f({I)), and the sign and
magnitude of the difference determine whether GPC improves or degrades the response relative
to CC.

9. Conclusion

This paper has established the theoretical framework for applying Generated Pattern Current
to electro-dissolution processes including electropolishing, ECM, and electrochemical
microfabrication. The fundamental limitation of CC electro-dissolution—inability to
independently control leveling selectivity, diffusion layer accumulation, and Joule heating—is
overcome by GPC’s three-phase temporal anodic current design. Faraday’s law guarantees
MRR invariance; Jensen’s inequality applied to Butler-Volmer kinetics establishes that the
time-averaged leveling selectivity under structured current is higher than under CC at the same
average current density.

Key Findings Summary
(1) Surface leveling: GPC’s high-dissolution phase exploits Butler-Volmer
nonlinearity to preferentially dissolve surface peaks over valleys. Jensen’s
inequality formally establishes that the time-averaged leveling selectivity W =
(F(I(t))y / T (1)) > 1, predicting 30-50% Ra reduction at equal MRR compared to
CC electropolishing.

(2) Diffusion layer management: The relaxation phase (I_low, duration t_relax ~
1_diff = %/D) allows dissolved metal ions to diffuse away from the electrode
surface, preventing concentration polarization buildup that limits CC dissolution
rate and causes micro-pitting at saturation.
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(3) Thermal stabilization: GPC’s three-phase current architecture reduces the
RMS current relative to CC at equal average current: (P_Joule) GPC = (I_high?
t h+1 mid*t m+ 1 _low?t I)/(t_h+t m+t [)<| _CC?for|_high>1 CC>1_low.
This directly reduces thermal gradient-induced geometric distortion in precision
ECM, predicting 20—-35% improvement in dimensional accuracy.

(4) Faraday invariance: The total dissolved mass m = (l) - t - M/(z-F) depends
only on the time-averaged current, guaranteeing that GPC achieves all quality
improvements without any reduction in material removal rate relative to CC at the
same (l).

(5) Process adaptability: The three-phase architecture parameterizes to diverse
ECM geometries (copy-type, drilling, deburring, microfabrication) through
adaptive t_relax scheduling controlled by GigaPulse Lab real-time impedance
feedback, requiring no hardware modification to existing ECM systems.

The electrochemical symmetry between GPC dissolution (this paper) and GPC deposition
(Paper 9 [26] [26]) demonstrates that the GPC framework is not domain-specific but reflects a
universal property of nonlinear electrochemical systems: temporal current structure
independently controls quality metrics that are inaccessible to time-invariant CC operation.
Predicted improvements of 30-50% in Ra for electropolishing and improved geometric
accuracy for ECM at preserved MRR represent significant practical benefits for precision
manufacturing applications.
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