
 
 
 

 
 
 
 

Technical Report ARWSB-TR-19007 
 
 

Anodic Dissolution Model Parameterization for 
Magnetically-Assisted Pulsed Electrochemical Machining (PECM) 

 
Proceedings of the COMSOL Conference 2018 

October 3-5, 2018 
Boston, Massachusetts 

 
 

C. Bradley 
 

 
Research, Development and Engineering Command 

Armament Research, Development and Engineering Center  
Weapons Software & Engineering Center 

Benét Laboratories 
Watervliet, NY 12189 

 
 
 
 

October 2018 
 
 
 
 

 
 
 
 
 
 
 

Distribution A.  Approved for public release: distribution unlimited. 

AD 



 
 
 

 
 
 
 
 
 
 
 
 

 
The views, opinions, and/or findings contained in 
this report are those of the author(s) and should not 
be construed as an official Department of the Army 
position, policy, or decision, unless so designated 
by other documentation. 
 
The citation in this report of the names of 
commercial firms or commercially available 
products or services does not constitute official 
endorsement by or approval of the U.S. 
Government. 
 
Destroy this report when no longer needed by any 
method that will prevent disclosure of its contents or 
reconstruction of the document.  Do not return to 
the originator. 
 



 Standard Form 298 (Rev. 8-98) 
 Prescribed by ANSI-Std Z39-18 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection 
of information, including suggestions for reducing this burden to Washington Headquarters Service, Directorate for Information Operations and Reports, 
1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, 
Paperwork Reduction Project (0704-0188) Washington, DC 20503. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 
Oct 2018 

2. REPORT TYPE 
Technical/Conference Proceedings  

3. DATES COVERED (From - To) 
      

4. TITLE AND SUBTITLE 
Anodic Dissolution Model Parameterization for 
Magnetically-Assisted Pulsed Electrochemical Machining (PECM) 
 

5a. CONTRACT NUMBER 
      

5b. GRANT NUMBER 
      

5c. PROGRAM ELEMENT NUMBER 
      

6. AUTHOR(S) 
C. Bradley 

5d. PROJECT NUMBER 
      
 
5e. TASK NUMBER 
      

5f. WORK UNIT NUMBER 
      

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
U.S. Army ARDEC-Benet Laboratories 
RDAR-WSB 
Watervliet, NY 12189-4000 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 
ARWSB-TR-19007 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
      

10. SPONSOR/MONITOR'S ACRONYM(S) 
      

11. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 
      

12. DISTRIBUTION AVAILABILITY STATEMENT 
Distribution A: Approved for public release: distribution unlimited.  

13. SUPPLEMENTARY NOTES 
Proceedings of the COMSOL Conference 2018 on October 3-5, 2018 in Boston, Massachusetts 
 
14. ABSTRACT 
Electrochemical machining (ECM; is required for the manufacture of some complex micro-scale parts for biomedical 
devices and micro reactors that require an excellent surface  finish. Additionally, the ECM current can be pulsed 
bidirectionally for bipolar pulsed ECM (PECM) to assist the electrochemical performance on passivated materials. The 
process be further assisted with a magnetic  field, where Lorentz forces can drive a magnetohydrodynamic (MHD) 
electrolyte flow. Modeling the effects of bipolar PECM in a magnetic field is a necessary first step to  efficiently 
negotiating this complex parameter space with a comprehensive design methodology. 

15. SUBJECT TERMS 
Electrochemical machining (ECM); Pulsed ECM (PECM); Material Removal Rate (MRR); Model Parameterization 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
SAR 

18. NUMBER 
OF PAGES 
7 

19a. NAME OF RESPONSIBLE PERSON 
C. Bradley 

a. REPORT 
U 

b. ABSTRACT 
SAR 

c. THIS PAGE 
SAR 

19b. TELEPONE NUMBER (Include area code) 
(518) 266-4838 



INSTRUCTIONS FOR COMPLETING SF 298 

STANDARD FORM 298 Back (Rev. 8/98) 

1. REPORT DATE. Full publication date, 
including day, month, if available. Must cite at 
lest the year and be Year 2000 compliant, e.g., 
30-06-1998; xx-08-1998; xx-xx-1998. 

2. REPORT TYPE. State the type of report, such 
as final, technical, interim, memorandum, 
master's thesis, progress, quarterly, research, 
special, group study, etc. 

3. DATES COVERED. Indicate the time during 
which the work was performed and the report 
was written, e.g., Jun 1997 - Jun 1998; 1-10 Jun 
1996; May - Nov 1998; Nov 1998. 

4. TITLE. Enter title and subtitle with volume 
number and part number, if applicable. On 
classified documents, enter the title classification 
in parentheses. 

5a. CONTRACT NUMBER. Enter all contract 
numbers as they appear in the report, e.g. 
F33615-86-C-5169. 

5b. GRANT NUMBER. Enter all grant numbers 
as they appear in the report, e.g. 
1F665702D1257. 

5c. PROGRAM ELEMENT NUMBER. Enter all 
program element numbers as they appear in the 
report, e.g. AFOSR-82-1234. 

5d. PROJECT NUMBER. Enter al project 
numbers as they appear in the report, e.g. 
1F665702D1257; ILIR. 

5e. TASK NUMBER. Enter all task numbers as 
they appear in the report, e.g. 05; RF0330201; 
T4112. 

5f. WORK UNIT NUMBER. Enter all work unit 
numbers as they appear in the report, e.g. 001; 
AFAPL30480105. 

6. AUTHOR(S). Enter name(s) of person(s) 
responsible for writing the report, performing the 
research, or credited with the content of the 
report. The form of entry is the last name, first 
name, middle initial, and additional qualifiers 
separated by commas, e.g. Smith, Richard, Jr. 

7. PERFORMING ORGANIZATION NAME(S) 
AND ADDRESS(ES). Self-explanatory. 

8. PERFORMING ORGANIZATION REPORT 
NUMBER. Enter all unique alphanumeric report 
numbers assigned by the performing 
organization, e.g. BRL-1234; AFWL-TR-85-
4017-Vol-21-PT-2. 

9. SPONSORING/MONITORS AGENCY 
NAME(S) AND ADDRESS(ES). Enter the name 
and address of the organization(s) financially 
responsible for and monitoring the work. 

10. SPONSOR/MONITOR'S ACRONYM(S). 
Enter, if available, e.g. BRL, ARDEC, NADC. 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S). Enter report number as assigned 
by the sponsoring/ monitoring agency, if 
available, e.g. BRL-TR-829; -215. 

12. DISTRIBUTION/AVAILABILITY 
STATEMENT. Use agency-mandated 
availability statements to indicate the public 
availability or distribution limitations of the report. 
If additional limitations/restrictions or special 
markings are indicated, follow agency 
authorization procedures, e.g. RD/FRD, 
PROPIN, ITAR, etc. Include copyright 
information. 

13. SUPPLEMENTARY NOTES. Enter 
information not included elsewhere such as: 
prepared in cooperation with; translation of; 
report supersedes; old edition number, etc. 

14. ABSTRACT. A brief (approximately 200 
words) factual summary of the most significant 
information. 

15. SUBJECT TERMS. Key words or phrases 
identifying major concepts in the report. 

16. SECURITY CLASSIFICATION. Enter 
security classification in accordance with 
security classification regulations, e.g. U, C, S, 
etc. If this form contains classified information, 
stamp classification level on the top and bottom 
of this page. 

17. LIMITATION OF ABSTRACT. This block 
must be completed to assign a distribution 
limitation to the abstract. Enter UU (Unclassified 
Unlimited) or SAR (Same as Report). An entry in 
this block is necessary if the abstract is to be 
limited. 

 



Anodic Dissolution Model Parameterization for

Magnetically-Assisted Pulsed Electrochemical Machining (PECM)

C. Bradley
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Abstract

Electrochemical machining (ECM) is required for
the manufacture of some complex micro-scale parts
for biomedical devices and micro reactors that re-
quire an excellent surface finish. Additionally, the
ECM current can be pulsed bidirectionally for bipo-
lar pulsed ECM (PECM) to assist the electrochem-
ical performance on passivated materials. The pro-
cess can be further assisted with a magnetic field,
where Lorentz forces can drive a magnetohydrody-
namic (MHD) electrolyte flow. Modeling the ef-
fects of bipolar PECM in a magnetic field is a nec-
essary first step to efficiently negotiating this com-
plex parameter space with a comprehensive design
methodology. The final workpiece geometry in this
cell type is determined on a time scale much larger
than the time scale over which the electrical pulses oc-
cur. These disparate time scales require a method for
bridging them in a cohesive simulation. In the present
work, cell average electrical conductivity and Faraday
efficiency are chosen to parameterize machining per-
formance for use in a finite element method model.
Experiments used a 7075 aluminum workpiece in an
NaNO3 electrolyte with a 316 stainless steel tool. The
findings in this paper show the parameterization used
in the magnetically assisted PECM model had an av-
erage error of 4%. Additional parameters are also
proposed to capture higher fidelity morphology per-
formance, evaluated against a novel XOR volume per-
formance metric.

1 Introduction

Non-conventional manufacturing processes such as
electrochemical machining (ECM) has been required
to manufacture complex micro-scale parts such as

biomedical devices and micro reactors with an ex-
cellent surface finish from a wide range of specialty
metals. ECM uses workpiece anodic dissolution in an
electrolyte where the shape and proximity of a tool
cathode partially determines the shape [1]. ECM can
be assisted by pulsing the current between the elec-
trodes [2]. Reverse polarity pulses can be added mak-
ing the pulsed electrochemical machining (PECM)
bipolar, further assisting the performance of the pro-
cess by removing passivation layers to increase surface
quality and efficiency [3, 4, 5, 6, 7].

PECM relies on an electrolyte to transfer machin-
ing energy to the workpiece where there are elec-
trochemical and fluid interactions that play a sig-
nificant role in process performance [8]. The liter-
ature on ECM discusses pulsed electric fields that
improve conductivity and as a result an increase in
machining performance in terms of material removal
rate (MRR) [9, 10]. Magnetic fields are another
way to assist ECM performance [8, 11]. Magnetic
fields increase the Lorentz force on the electrolyte in
the inter-electrode gap (IEG), increasing electrolyte
flow. This flow can then increase conductivity and
efficiency to improve ECM performance in terms of
MRR [12, 13, 14]. Both assistances, PECM and
magnetic fields, can be combined for a dual-assisted
anodic-dissolution process that further increases per-
formance [15, 16, 17]. This dual-assisted ECM will
generate a complex magnetohydrodynamic (MHD)
electrolyte flow, where the electromagnetics are cou-
pled with the fluid dynamics.

In the case of PECM on-times are typically much
smaller than the total machining time they are used
over. To study large time scale effects caused by small
time scale events the effects must be bridged from the
smaller up to the larger. Studies in the literature have
considered empirical modeling methods of PECM in
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2. THEORY

terms of peak current and efficiency [2]. Idrisov et
al. [18] used a 1D simulation of bipolar PECM to pre-
dict a theoretical “localization factor” as a measure
of accuracy based on current over a large time scale.
Additionally, Weber et al. [19] used electrochemical
impedance spectroscopy (EIS) and the Fourier trans-
form to convert current pulses to an exponential func-
tion in order to predict steady-state PECM current in
a large time scale numerical model. Numerical finite
element method (FEM) models have also been used
to simulate the PECM current from one pulse for a
small time scale model [20]. Feng et al. [21] simulated
MRR in PECM by averaging a 3kHz pulse so that
it could be used in a large time scale model. Chen
et al. [22] assumed a quasi-steady state using cur-
rent averaging to simulate MRR with respect to IEG
temperature. EIS has also been used to determine
conductivity for a hydrodynamic flow model over a
small time scale in a PECM cell [23].

In the case of magnetically assisted electrochem-
ical cells several methods have been used in time-
dependent models over a large time scale. Empirical
and analytic models have been developed for current
on a steady state electrode in magnetically assisted,
reversible electrochemical cells, but those cell types
are not necessarily representative of non-reversible
PECM [24, 12]. Empirical models specific to magnet-
ically assisted ECM have also been studied in relation
to accuracy [13, 14]. While another empirical model
presented a characterization of magnetically assisted
PECM, based on waveform phase difference [17]. Ad-
ditionally, there is one magnetically assisted ECM
model of MRR on a large time scale that studied
turbulent MHD electrolyte flow under different mag-
netic field orientations [25]. While the cited studies
may consider PECM performance or magnetically as-
sisted ECM it was either not concurrent or did not
address MRR.

Considering the above state-of-the-literature, this
paper proposes a parameterization of a magnetically
assisted PECM cell to capture MRR performance in
a numerical simulation. This parameterization helps
to capture the small time scale effects for use in a
large time scale model of anodic dissolution (AD).
The average simulation results of MRR are within 4%
of the experimental results. Additionally, the effect
of a surface current limit is investigated in an effort
to capture higher fidelity morphology performance.

The remainder of the paper is structured as follows.
Section 2 and Section 3 discuss the theory and exper-

iment details respectively. Section 4 presents the de-
tails of the numerical model, while Section 5 outlines
the results. Finally, section 6 outlines the specific
conclusions that can be drawn from this study.

2 Theory

The time averaged parameters for conductivity (Yave)
and current efficiency (θ) aggregates the small time
scale effects of PECM frequency coupled with the
magnetic field over the large time scale of the total
machining time, tfinal. By averaging these cell param-
eters a DC ECM simulation can simulate a magneti-
cally assisted PECM cell. This is possible because the
definition of Faraday’s Laws rely on the total charge,
Q, passing through the workpiece, which is the inte-
gral of the current, I,

Q =

∫ tfinal

0

I dt =

∫ tfinal

0

Yave · V dt. (1)

Faraday’s laws of electrolysis determine the mass
of material removed per unit charge during the cell
reaction. The additional term, θ, in Eq. 2 is the ex-
perimentally derived cell efficiency and can be cal-
culated as the ratio of actual mass removed in an
experiment divided by the theoretical mass predicted
by Faraday’s laws of electrolysis summarized by,

mpred = θ

(
Q

F

)(
Meqv

zeqv

)
, (2)

where the predicted mass removed of the equivalent
alloy is m, machining electrical, Q, Faraday’s con-
stant, F , alloy molar mass, Meqv, and zeqv is the
alloy ion valency [26, 27].

So by combining a small time scale measurement
of average conductivity over a PECM pulse and a
large time scale measurement of cell efficiency a time-
dependent simulation of AD will capture the volume
and by extension the MRR performance according
to Eqns. 1 and 2. That allows the MRR of a given
cell with a certain set of conditions to be character-
ized by the parameters Yave and θ. This characteri-
zation assumes the secondary current distribution is
not dominated by ion concentration.

Model fidelity can be investigated for a wider range
of problems if a secondary current distribution is con-
sidered that takes electrolyte concentration into ac-
count. While this should not impact MRR for typ-
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3. EXPERIMENTAL DESIGN

ical concentrations considered in this work the con-
centration dependence can significantly change the
morphology of the machined surface. Alloy cation
concentration was used to define electrode kinetics
based on their convection and diffusion, allowing sim-
ulations to be run over a range of current limits.
The effect of the current limit on the machined hole
morphology requires the evaluation of a performance
metric that captures differences in surface shape in a
mathematically bounded manner.

The morphology metric used to quantify simulation
error in this current study is the alpha shape of the
simulated hole surface combined with the scan of the
experimental hole. When the two surfaces are com-
bined using the alpha shape function the new volume
forms the XOR of the two hole volumes. The XOR
volume can then be divided by the total scanned hole
volume and is a robust measure that quantifies mor-
phological error [28, 29].

3 Experimental Design

The experimental study used a 316 stainless steel tool
(cathode) and a flat 7075 aluminum alloy workpiece
(anode). Table 1 lists the aluminum alloy composi-
tion commonly used in the aerospace industry [30].
The non-ferromagnetic cathode and anode do not in-
teract with the magnetic field, allowing a more con-
sistent field that can be measured offline from the
assembled flow cell [31].

The constant magnetic field is shown in Fig. 1 with
labels indicating the tool and workpiece diameters.
Magnetic flux density is measured in the “Y” direc-
tion from one permanent magnet North pole to the
opposite magnet South pole. The consistency of the
field is seen in that the range of the flux density is
only 6% of the mean and much more consistent within
the IEG defined by the tool diameter.

The flow cell is shown in Fig. 2 with the major
components noted. The flow cell, workpiece seals,
and magnet brackets are 3D printed. By using po-
sition indicators printed into the flow cell and mag-
net brackets the magnets are positioned precisely and
consistently and this in turn controls the magnetic
flux density.

Tool Workpiece

Figure 1: Magnetic field flux density map in the “Y”
direction from one magnet face to the other

Table 1: Summary of experimental conditions

Workpiece 7075 aluminum, 3.175 mm diameter,
Al 89.3%, Cu 1.6%, Mg 25%, Other
1.0%, Zn 5.6%

Tool 316 stainless steel 1.5 mm diameter,
insulated diameter

Magnetic • Flux Density (B): 370 mT
Field

Process • NaNO3 Mass Concentration: 20%
• Temperature: 21◦-23◦C
• Inter-electrode Gap: 110 µm
• Electrolyte Flow: 116 − 125 ml

min
• Machining Time (tfinal): 15 s
• Average Conductivity (Yave): S
• Efficiency (θ): %

Voltage • Voltage(V ): +6.5, −5 V
Pulse • Frequency (f):

4000 Hz
• Duty Cycle: 50% anodic,

20% delay, 2% cathodic

Output • Total Volume Error (Volerr): %
• Alpha Volume Error (αerr): %

4 Numerical Model

The AD model output is the deformed surface. The
total volume removed during a simulation is calcu-

–iii–
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4. NUMERICAL MODEL

electrolyte

anode 
(workpiece)

cathode 
(tool)

flow cell permanent
magnet

workpiece
seals

Y

Z
X

electrolyte
ports

insulator Inter Electrode Gap (IEG)

Figure 2: Partial cutaway of experimental flow Cell
model with permanent magnets

Tool
Workpiece

Figure 3: Surface current density on workpiece

lated as the integral of the “Z” deformation of the
surface seen in Fig. 3. The current density overlaid
on the deformed mesh surface in Fig. 3 also shows
the current flow noted by the vertical “yellow” ar-
row and the direction of electrolyte flow noted by
a “blue” arrow along the “X” axis. All simulations
were conducted in COMSOL 5.2 R© using the electro-
chemistry, deformed geometry, and the transport of
diluted species modules to solve the secondary cur-
rent distribution, mesh deformation, and the alloy
ion convection-diffusion equations respectively.

The AD model uses the parallel direct solver (PAR-
DISO) for the secondary electrode current distribu-
tion simulation simultaneously with the other physics
modules [32]. PARDISO is also used to solve the
convection-diffusion equation for alloy ions concen-
tration as well as account for mesh deformation. This
current distribution is the primary driver of anodic
dissolution over time based on alloy density, molar

a) b)

Figure 4: Workpiece surface depth from starting da-
tum (a) simulation of deformed mesh sur-
face, (b) surface scan of workpiece from ex-
periment

mass, and Faraday’s laws of electrolysis from Eq. 2.

The simulation begins with a stationary simula-
tion step to set initial conditions for electrical current
and ion concentration. Each time-varying simulation
step is fully coupled and includes current, deforma-
tion, and ion concentration. Workpiece dissolution is
mimicked by deforming the mesh over time using the
arbitrary Lagrangian-Eulerian (ALE) method driven
by current density that is also a function of ion con-
centration. A deformed mesh is compared to a sur-
face scan from an experimental conducted under the
same cell conditions in Fig. 4a and b. The simula-
tion yields a deformed surface that can be directly
compared to an experimental surface.

The surface data is then exported via an “STL”
file format to perform computational geometry cal-
culations in MATLAB R©. The surface integral of the
“Z” depth is used as the measure of material removed
during machining. This integral calculation is a stan-
dard method for determining volume.

To asses the morphological difference between a
hole machined in simulation and one from an exper-
iment the alpha shape function is used to define a
bounding region. The volume of this bounding region
is representative of the morphological difference. The
alpha shape is a generalization of the convex hull [33].
The convex hull is the intersection of all convex sets
containing a finite set of points. A convenient way
to describe the convex hull is the shape created by a
rubber band stretched around a set of points. The
alpha shape is then the shape created when a circle
defined by a radius α presses into the convex hull rub-
ber band shape without passing through any points.
As that radius goes to infinity the alpha shape be-
comes the convex hull. All alpha shape calculations
used a radius of 10 µm. When the alpha shape func-
tion is applied to the points that represent both the

–iv–

DISTRIBUTION STATEMENT A. Approved for public release; distribution unlimited.



5. RESULTS AND DISCUSSION

Figure 5: Alpha shape function representing the vol-
ume XOR comparing one experimental run
to one simulation at a current limit of
0.08 A

mm2

simulated and experimental surfaces the result is the
logical exclusive “or” function of the two volumes or
XOR. If two surfaces overlap exactly then the XOR
of the points tends toward zero.

5 Results and discussion

Two experiments were run under the same conditions
and then simulations were run based on measure-
ments of Yave and θ, over a range of surface current
limits from 0.065 to 0.090

(
A

mm2

)
. All other process

parameters were held constant.

The machined hole was measured using a struc-
tured light surface scanner. The total volume error,
Volerr, for the two experiments had a mean of 4%
and a one standard deviation error bar at 6%, re-
gardless of surface current limit. This indicates the
volume and MRR are well parameterized by Yave and
θ. The total volume error, Volerr, for the simulations
is shown in the circumscribed bar graph in Fig. 6.

Separately, the alpha shape combines the simu-
lated hole from Fig.4a and experimental hole scan in
Fig. 4b. The XOR volume as calculated using the al-
pha shape function and is shown in Fig. 5 with trans-
parency to show surface texture. When the XOR
volume is divided by the total experimental hole vol-
ume it quantifies morphological simulation error and
is robust when scan points differ significantly from

the simulation mesh in resolution or alignment. The
best error at one standard deviation in Fig. 6 is at a
surface current limit of 0.08 A

mm2 with an error of 9%.
The alpha error, αerr, is shown in the surrounding bar
graph in Fig. 6. The total volume was near constant,

Workpiece Surface Current Upper Limit
(

A
mm2

)0.065 0.07 0.075 0.08 0.085 0.09
E
rr
o
r
(%

)

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

αerr =
Vol(α-shape)

Vol(Exp. scan)
× 100

Volerr =

(
1−

Vol(Sim.)
Vol(Exp. scan)

)
× 100

Figure 6: Total volume error, Volerr, as a function
of surface current limit shown in circum-
scribed bar graph with alpha volume error,
αerr, comparing morphology shown in sur-
rounding bar graph

independent of the current limit, whereas the mor-
phology is highly affected by the current limit, seen
in Fig. 6.

6 Conclusion

By parameterizing machining performance the total
volume and MRR can be accurately simulated from
a measured Yave and θ. However, the morphology re-
quires additional measures to parameterize the ma-
chining conditions including the current limit and
possibly other parameters. The machining environ-
ment parameters of magnetic field flux density and
PECM frequency interact in a complex manner that
is difficult to directly simulate, but total volume is
well characterized using Yave and θ. This has the
potential to simplify the design process when nav-
igating and optimizing within the complex design
space. Conceivably, a design methodology based on
this parameterization could allow extrapolation and
prediction in the design space of magnetically assisted
PECM.
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