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Abstract
Metal additive manufacturing offers design freedom, but high surface roughness can limit key properties such as fatigue and
pressure drop. Machining all over is a common strategy to mitigate surface roughness, which unfortunately becomes technically
and economically prohibitive in the case of significant geometric complexity, e.g., an internal lattice structure. In this paper, a
strategy for finishing the surfaces of lattices using the commercial electrochemical machining (ECM) process COOLPULSE is
proposed and demonstrated. Inconel 718 lattice coupons and complementing cathode tooling were designed and manufactured
via laser powder bed fusion (LPBF). The tooling featured prongs to reach into the core of the lattice coupon in order to establish
proximity between cathode and lattice surface (workpiece) as well as ports to allow electrolyte circulation in and around the
lattice coupon. Both features extended the electrochemically active region into the core of the workpiece. Inspection of the
processed lattice specimens revealed that a significant amount of material was removed from internal surfaces with accompa-
nying improvement in roughness. Depth profiling indicated that the improvement of lattice surface state extended well into the
core of the specimen without diminishment, in contrast to an external-only blasting process.
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1 Introduction

Additive manufacturing (AM) provides significant flexibility
to create parts and components with unique and complex
shapes. This flexibility extends to free-form parts, for exam-
ple, those that have been optimized through topology optimi-
zation [1]. It is also enabling of lightweight, stiff lattice struc-
tures [2–4] that are filled volumetrically with nodes connected
by ligaments. Lattices and cellular structures have application
in the medical industry [5, 6] as well as emerging potential in
aerospace [7–9] and other industries [10, 11]. One niche in

aerospace is parts with a fixed aero skin that require internal
support [12]. Furthermore, lattices can provide attractive mul-
tifunctional capabilities [13, 14].

Though AM is a capable means of creating 3D parts with
complex shapes, components built using metal additive
manufacturing tend to have high roughness, particularly on
overhanging/downskin surfaces [15, 16], which trend in se-
verity with surface orientation angle [17, 18]. Among the rea-
sons driving this phenomenon is that upskin surfaces tend to
have an underlying fast thermal transport pathway through
solid material (melted and solidified in prior layers) [15],
whereas the downskin orientation has a less thermally conduc-
tive pathway through powder which can lead to locally higher
temperatures, melting below the current layer, and larger sur-
face undulations upon solidification [19].

This roughness can sometimes be advantageous, in partic-
ular for heat transfer in heat exchangers and heat sinks [20, 21]
or for bone in-growth and fixation in medical implants [22,
23]. Unfortunately, roughness can also be disadvantageous,
for example, high pressure loss in a heat exchanger [20] or
cooling architecture [24] as well as via degradation of me-
chanical properties. The technical impediment to finishing
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complex surfaces, and especially to finishing internal surfaces
including lattices, has been identified as a significant barrier to
adoption of additive manufacturing in industry [25].

One of themost affected mechanical properties is high cycle
fatigue (HCF), which is sensitive to surface defects, stress con-
centrations, subsurface porosity, and other surface imperfec-
tions [26]. As-built surfaces of additively manufactured parts
carry a significant stress debit [26] compared with the bulk
properties of the material. That is, if the as-built surface is left
intact, a part must be designed to a lower service stress than
would be expected from measured fatigue properties of the
bulk material (which are often obtained by removing surface
material using a low-stress grinding operation). This debit can
be on the order of 33% [27] in order to achieve the same
lifetime (number of cycles) as a part with bulk properties and
could potentially negate advantages associated with additive
manufacturing. Higher roughness, particularly larger maxi-
mum pit height Sv, correlates with fewer cycles to failure
[28]. In general surface post-processing operations tend to re-
duce roughness and improve fatigue performance [29, 30].

The HCF performance of an additively manufactured lat-
tice is a function of geometric factors combined with material
factors, which results in several competing mechanisms lim-
iting fatigue life, notably cyclic ratcheting [31, 32] and fatigue
crack initiation/growth [32–34]. The dominant mechanism
can shift depending on unit cell design [35] and condition of
lattice ligaments. Surface defects do appear to be among the
primary factors in additive lattice fatigue damage develop-
ment [32–37]. Therefore, as part of a larger HCF mitigation
strategy also including unit cell design [35] and microstruc-
tural control [33], lattice surface condition (e.g., presence of
defects, roughness) should be improved in order to mitigate
reduction in fatigue life compared with bulk properties.

To improve the material properties of the surface back to-
ward the level of the bulk, machining to remove the rough and
defective outer surface layer is generally taken to be an effec-
tive strategy for AM parts [38–40]. Unfortunately, lattices are
not able to be machined due to their geometric complexity and
inability to access most surfaces with a machine tool. A vari-
ety of surface finishing processes exist as an alternative to
machining [29, 30, 41]. Mechanical processes such as vibra-
tory, tumbling, and centrifugal barrel finishing use abrasion to
remove material from primarily external surfaces [40, 42].
Shot peening imparts compressive residual stress to the sur-
face [30]. Chemical etching processes likewise use surface
attack to removematerial [43]. Electropolishing [30] and elec-
trochemical machining (ECM) [44] oxidize metal atoms in the
outer layer of a metal additive part which causes them to be
removed and the surface to be smoothed. Figure 1a shows the
anodic metal dissolution process with a NaNO3 electrolyte.
Conventional ECM requires a close approach between cath-
ode and the surface of a workpiece (100–600 μm) [44], which
limits application in additive parts.

Lattices and internal surfaces present challenges to
these alternative surface finishing processes. Blasting or
shot peening from the outside has a limited penetration
depth into the core of a lattice part, and the high energy
impact has the potential to damage the lattice [45]. Other
abrasive strategies have been proposed to address the
challenges of internal surfaces including modified abra-
sive flow finishing, magnetic abrasive finishing, and flu-
idized bed machining [46, 47], but little progress or proof
of concept has been reported for lattices. The geometric
complexity of lattices serves as a barrier to the use of
ECM with its small standoff gap [44]. Moreover, charac-
teristic nonuniformity of electropolishing suggests issues
with finishing the interior of a lattice [48]. Nevertheless,
chemical etching and electrochemical polishing of lattices
have been reported [48–52] with improvement in fatigue
performance [53], but many require use of hazardous
chemicals such as hydrofluoric acid [49–52]. In some
cases, chemical etching actually increases roughness by
causing micro-pitting but may concomitantly enhance fa-
tigue life [54]. Limited penetration depth of chemical
etching into the core of lattice specimen has been reported
[45].

COOLPULSE (CP) [55] is a commercial surface finishing
process based on the anodic metal dissolution principle inher-
ent to ECM (Fig. 1a), where the workpiece part to be ma-
chined is the anode (positively charged pole) and the tool is
the cathode (negatively charged pole). The workpiece, cath-
ode tooling, and insulation are assembled in a sometimes in-
tricate fashion (Fig. 1b) depending on the complexity of the
surfaces to be finished. Both cathode and anode are connected
to a controlled DC current supply (Fig. 1c) and separated by a
gap, while a conductive electrolyte solution is flowed between
them through the gap. As a result, the electrochemical reaction
forces the workpiece to release metal ions into the electrolyte
where they form hydroxides. The dissolution effect improves
the surface of the part. Critically, the gap between cathode and
anode is larger, on the order of 3–4 mm, compared with tra-
ditional ECM processes. The large standoff distance, in prin-
ciple, simplifies the shape of a cathode to address all lattice
surfaces. The layout of the system is provided for reference in
Fig. 1d.

This paper is intended to report (1) a novel cathode
tool design that makes use of the large gap and (2) a
proof-of-concept demonstration of the use of CP using
this tooling. Systematic studies of parameters are reserved
for future work. The paper is laid out as follows. In
Section 2, design and fabrication of a lattice structure
and cathode tooling are described, and characterization
methods are presented. Experimental results of CP lattice
processing on surface condition and lattice geometry are
described in Section 3. Outlook and needs for improve-
ment are discussed in Section 4.
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2 Methods and materials

2.1 Specimen design and manufacturing

Small test coupons were designed with a lattice infill of 40%
volumetric density (Fig. 2a and b). The side length of the
coupons was 25 mm. The interior of the coupons was filled
with cubic lattice unit cells having overall side dimension of
4 mm. Six ligaments intersected at each lattice node in a cubic
pattern. Each lattice ligament had square cross section with
1.7 mm side length (Fig. 2c). Using square ligament cross
sections as opposed to round provided flat surfaces that were
easier to inspect than curved ligament surfaces. The lattice
coupon also contained a cutaway for visual inspection of the
interior. Though more advanced and exotic lattice designs are
well-known, the lattice design used here was selected for the
practical consideration of studying the suitability of the pro-
posed process. The applicability to more advanced lattices
should be studied in the future.

Lattice cubes were additively manufactured via laser pow-
der bed fusion (LPBF) by C&A Tool Engineering, Inc.
(Churubusco, IN, USA) on an EOS M280 using Inconel 718
powder. The specimens were oriented at 45° during the addi-
tive build to avoid flat ligament faces pointing directly

downward. Layer thickness was 40 μm. Following fabrica-
tion, the lattice specimens were stress relieved in a vacuum at
1066 °C and cut off the build plate. The exteriors were sub-
jected to a low-intensity grit blast consisting of steel shot and
size 8 glass bead (Fig. 2d)—referred to as the baseline condi-
tion in subsequent discussion—and processed by CP.

2.2 Tooling design and manufacturing

Based on the component’s CAD model, a CP tool was de-
signed to complement the coupon geometry for the purpose of
improving the inner and outer surface of the specimen, as
show in Fig. 3a. The driving principles were to (1) minimize
the average gap between the cathode tooling and lattice sur-
face and (2) flush the lattice interior with electrolyte to provide
fresh reactant and remove reaction product. A simple consid-
eration of Ohm’s law in the electrolyte

U ¼ IR ¼ Js

σ
ð1Þ

where U is the voltage drop, I is the current, and R is the
resistance. Recognizing that I = JA where J is the current den-
sity and A is the area and also that R = s/(σA) where s is the

(a) (b)

(c)

(d)

Cathode 

(tool)

Machine

Electrolyte

Baseplate connected 

to power supply

Fixture (anode, cathode and 

assembly components)

DC power supply 

(Generators)

Nickel reduction unit 

(optional)

Electrolyte chiller
Spare barrel electrolyte

Chamber filter press

Machine unit

Fig. 1 a Principle of electrochemical machining (ECM) process with NaNO3 electrolyte. General COOLPULSE setup: b tooling mode, c machine
schematic diagram, and d system layout
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Fig. 2 Lattice specimen: a
exterior design, b vertical cross
section, c close-up cross section,
and d as-built baseline with light
grit blasting
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gap between cathode and workpiece and σ is the conductivity,
then the right hand side of Eq. (1) results. An inverse relation-
ship between current density and gap is apparent, hence the
imperative to minimize gap. When nonuniformity is present,
total mass m removal can be expressed by an integral form of
Faraday’s law of electrolysis

m ¼ M
Fz

∫
Γ
∫
t

0
J x; τð Þdτdx ð2Þ

where t indicates machining time, Γ indicates the surface of
the lattice, x indicates position on the surface, M is the molar
mass of the material being machined, F is Faraday’s constant,
and z is the valence number.

An outer cathode assembly was created to fit around the
exterior of the cube. The tooling featured openings to allow
for continuous flushing of electrolyte around the exterior and
into the interior of the lattice specimen. An inner cathode with
29.5-mm-long prongs having 1.0 × 1.0 mm cross sections was
created to address the interior lattice surface. The inner cath-
ode was intended to be inserted into the lattice, with the prongs
occupying the open space between ligaments. These prongs
extended the reach of the cathode, reducing the gap between
cathode and remote surface of the lattice and hence extending
the region of electrochemical activity from the outside of the
coupon into its core. Each prong featured a 0.5-mm-diameter
cylindrical channel along its long axis which was intended to
facilitate electrolyte flow to reach the lattice structure uniform-
ly, flushing it to improve the effectiveness and homogeneity
of the material removal process. The holes in the cathode
plates also allowed the electrolyte to flow within the cathode,
reaching the outer walls of the lattice structure. Care was taken
to avoid contact between the lattice and the inner cathode in
order to avoid a short circuit.

Co-design of both the lattice and the inner cathode was
critical to use of CP. A straight insertion path for the inner
cathode was provided by aligned lattice interstitials as
depicted by the top-down view in Fig. 3b. Cathode prongs
were designed based on the relatively large allowable
cathode-workpiece gap characteristic of the CP process (3–
4 mm) compared with the unit cell spacing. In the final design,
distance from the exterior face of one cathode prong to imme-
diately adjacent lattice face ranged from 0.65 to 0.92mm (Fig.
3b). Distance to the centerline of adjacent lattice was 1.5 mm
(Fig. 3c), and the maximum separation was 1.63 mm, occur-
ring between the cathode prong and the middle of adjacent
vertical lattice ligament skin as depicted in Fig. 3b. In all
cases, interior lattice surface was closer than the 3–4 mm
guideline for the maximum cathode-workpiece separation of
CP. Separation between the exterior of the lattice coupon and
outer cathode was around 4 mm.

Cathode tooling pieces (interior, exterior) were additively
manufactured from Inconel 718, the same material as the

lattice, via LBPF using an EOSM270with 40-μm layer thick-
ness by RTI Directed Manufacturing, Inc. (Pflugerville, TX,
USA). The parts received a stress-relief heat treatment, were
cut off from the build plate by wire electrical discharge ma-
chining (EDM), and subjected to a glass-bead grit blast. The
individual pieces are shown in Fig. 4, including the inner
cathode in Fig. 4a–b. The pieces were assembled with the
aid of fasteners.

Given the high aspect ratio of the prongs, an expected risk
of the inner cathode tooling design was deformation due to
thermomechanical distortion from the AM build. Therefore, a
fit-check was performed to ensure that the inner cathode tool
could be inserted into the lattice coupon without physical con-
tact. All full-size prongs were able to be insertedwithout issue.
Unfortunately, there were a few prongs at the edges that did
not pass the inspection. This was caused by the fact that the
unit cells in these locations were truncated—that is, they were
terminated prematurely by the wall and did not have the full 4-
mm size. This caused the associated inner cathode prong to
have unusually high aspect ratio and be more prone to distor-
tion. In these few edge locations, the prongs were clipped off
at the baseplate of the tool. This caused the immediately ad-
jacent lattice to be left partially unfinished; fortunately this
effect was confined to an edge of the specimen at the wall.
The great majority of the specimen was able to be finished as
planned. Future work should capture this effect in the lattice
and/or tooling design stage.

The partially assembled tooling was installed into the CP
equipment as shown in Fig. 5a. The lattice specimen was then
placed over the inner cathode (Fig. 5b), protected from direct
contact with the prongs by several insulating spacers (see Fig.
3). The top cap was then placed over the outer cathode and
secured (Fig. 5c). Finally, contact between the lattice speci-
men and anode was made by fitting a contact tool through the
central hole in the top cap, taking care to avoid direct contact
with the top cap.

Process parameters listed in Table 1 were determined
by CP software given the workpiece material (IN718)
and desired material removal of 150 μm. A DC power
supply (see Fig. 1d) creates the difference of potential
needed between anode and cathode (7 V for this case).
Based on the total surface to be processed, a current of
13 A per cycle was determined. A COOLPULSE 1000
system (able to provide 1000 A) was used for the work.
In this system, concurrent processing of a batch of up
to 76 lattice specimens is possible, subject to restric-
tions on the assembly size and layout (Fig. 1b–c). The
standard electrolyte [56] was used, consisting of
ethanediol, ammonium nitrate, ammonium chloride, am-
monium sulphamidate, and water. The electrolyte is
flushed during the machining process to remove resul-
tant metal hydroxide and filtered via the chamber filter
press (Fig. 1d).
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2.3 Inspection and analysis

White light interferometry (WLI) inspection of interior lattice
surfaces was performed with a Zygo NewView 7300 with

MetroPro v. 9.1.8 software removing 4th order waviness.
Average roughness parameter Sa was computed, as defined
in Eq. (3) [57] where A is the measurement area and z(x,y) is
the distance between the measured surface and mean plane.

(a) (b)

(c)

Fig. 5 Cathode tool assembly and
installation in COOLPULSE
equipment: a before insertion of
lattice specimen, b with lattice
specimen, and c with top cap

(c)

(d) (e)

(f)

(a) (b)
Fig. 4 Additively manufactured
cathode tooling: a, b wide and
close views of inner cathode,
respectively, c outer cathode, d
top cap, e spacer plate, and f
cathode block bottom
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Sa ¼ 1

A
∬
A
jz x; yð Þjdxdy ð3Þ

In order to perform inspection of interior lattice lig-
aments, the coupons were sectioned along a plane as
shown in Fig. 6a. The two resulting pieces were re-
ferred to as sides A and B. Due to the 45° build angle,
side A surfaces exposed by the cut plane were
downskin surfaces, whereas exposed side B surfaces
were upskin. Horizontal and vertical ligament surfaces
were examined, and the results were tracked according
to the nomenclature indicated in Fig. 6b–c, where H
indicates a horizontal ligament and V indicates a verti-
cal ligament. The first number refers to the ligament
row, and the second number indicates the ligament col-
umn. Thus, AH34 indicates a horizontal ligament in the
third row from the top and fourth column from the left
of side A.

In addition to WLI, specimens were examined by optical
stereomicroscope (Olympus SZH10) and scanning electron
microscope (SEM, Phenom XL desktop SEM). The speci-
mens were cleaned in acetone prior to SEM to remove organic
residue. Finally, lattice ligament thicknesses were measured
using a digital caliper.

3 Results

Images of specimens before and after CP processing are
given in Fig. 7. The exterior surface was notably more
reflective after CP processing than the baseline condi-
tion. Lattice ligaments of the CP-processed specimen
visible from the exterior were also noticeably thinner
than those of the baseline specimen, reflecting signifi-
cant material removal.

The CP-processed specimen did have unfinished regions
caused by (1) high-aspect ratio prongs having been removed
at the edge due to distortion or (2) surface covered by insulat-
ing contact. Both issues could be mitigated in the future de-
pending on specimen and tooling design. Additionally, burn
marks were present on the exterior associated with the elec-
trode contact; to avoid burning, lattice coupons could be fab-
ricated with sacrificial contact tabs.

High-resolution stereoscope views of the exterior of the
top-most lattice unit cell show the effect of CP processing
on exterior lattice surfaces. Baseline specimens (Fig. 8a) had
a visually apparent rough surface. CP processing (Fig. 8b)
caused ligaments to appear thinner due to removal of material.
Significant rounding of corners also occurred due to material
removal. In addition, the CP-processed surface became very
reflective, indicating transformation of rough texture to
smooth.

The average thickness of the top row of ligaments perpen-
dicular to the section plane (normal to Fig. 6a section plane)
was determined by measurement with a digital caliper
(Table 2). The baseline lattice was 2.08 and 2.07 mm on sides
A and B, respectively. Lattice subjected to CP processing was
thinner on both sides, 1.63 and 1.64 mm, respectively,
amounting to approximately a 22% reduction in thickness
versus baseline.

BH11 BH12 BH13 BH14 BH15

BH21 BH22 BH23 BH24 BH25

BH31 BH32 BH33 BH34 BH35

BH41 BH42 BH43 BH44 BH45

BH51 BH52 BH53 BH54 BH55

(c)

AH11 AH12 AH13 AH14 AH15

AH21 AH22 AH23 AH24 AH25

AH31 AH32 AH33 AH34 AH35

AH41 AH42 AH43 AH44 AH45

AH51 AH52 AH53 AH54 AH55

(b)

BH61 BH62 BH63 BH64 BH65

Rows

Columns

AV12 AV13 AV14 AV15

AV22 AV23 AV24 AV25

AV32 AV33 AV34 AV35

AV42 AV43 AV44 AV45

AV52 AV53 AV54 AV55

BV11 BV12 BV13 BV14

BV21 BV22 BV23 BV24

BV31 BV32 BV33 BV34

BV41 BV42 BV43 BV44

BV51 BV52 BV53 BV54

Side A

Section plane

Side B

Downskin faces Upskin faces(a)

Fig. 6 a Specimen sectioning for internal inspection and b nomenclature for internal inspection locations on side A and c side B. H and V signify
horizontal and vertical ligaments, respectively. First number is row, second number is column

Table 1 COOLPULSE machining parameters

Parameter Setting

Potential difference 7 V

Current 13 A

Electrolyte COOLPULSE ES-G8020

Cycle time 30 min
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3.1 Downskin surfaces

An inspection of the interior surfaces of the coupon revealed
similar improvement to the state of lattice surfaces. Pictures of
cross sections under varying conditions are given in Fig. 9 for
side A downskin surfaces. Visually rough texture were present
on both vertical and horizontal ligaments in the baseline con-
dition, as expected due to the lack of support leading to

unsteadiness of the melt pool. The texture varied slightly in
baseline condition (Fig. 9a) due to the light grit blasting of the
exterior, especially from the upper left corner to the lower
right corner. In contrast, CP processing transformed the sur-
face in all regions of the cross section (Fig. 9b and d), chang-
ing it from matte to reflective with fine-scale features re-
moved, though the surface did retain some coarse uneven
texture.

In-plane thickness values measured by digital caliper are
shown in Fig. 10 for both horizontal and vertical lattice liga-
ments. The figure plots mean thickness (average of all col-
umns in a row) versus row where higher row number corre-
sponds to deeper into specimen core (see Fig. 6b). The base-
line condition displayed relatively constant thickness as a
function of row. The CP-processed specimen showed liga-
ment thickness reduction compared with the baseline: approx-
imately 9% for horizontal ligaments and 6% for vertical liga-
ments versus baseline. These data are consistent with appre-
ciable material removal over the volume of the lattice. The
measured ligament thickness of CP horizontal specimens
was lower at low row numbers (closer to exterior of specimen)
and increased as row number increased (deeper into specimen
core). This correlates to greater material removal at the mouth
of specimen, decreasing with distance into the interior. It was
suspected that this was caused by greater electrochemical re-
action rate at the mouth brought on by more efficient flushing
of the electrolyte; that is, more vigorous flow from outside the
specimen reduced concentration polarization relative to the
core. The difference between the thickness reductions

(a)

(b)

Fig. 8 Stereoscope images of exterior of a baseline and b after
COOLPULSE processing

(a) (b)Fig. 7 Lattice coupons a baseline
and b after COOLPULSE
processing

Table 2 Average out-of-plane thickness of horizontal ligaments in top
row of side A and side B

Location Baseline With COOLPULSE

AH1 2.08 1.63

BH1 2.07 1.64

Out-of-plane refers to the direction normal to the section plane in Fig. 6a.
Units are mm
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observed in horizontal versus vertical ligaments was attributed
to higher electrochemical reaction rates caused by differences
in ohmic polarization. Horizontal ligaments were separated by
less distance (0.65 mm, see Fig. 3) from the cathode prongs
compared with vertical ligaments (0.92 mm at closest ap-
proach), thus resulting in lower losses from charge transport
in the electrolyte.

In the vicinity of location AV53, WLI indicated the elim-
ination of fine-scale feature characteristic of the baseline sur-
face in favor of larger-scale wavy features after CP processing
(Fig. 11a–b). WLI scans of vertical ligaments from near-

exterior (location AV13) to bottom of cavity (location
AV53) further revealed a slight increase of Sa into the core
of the lattice in the baseline condition (Fig. 11c). In contrast,
roughness was uniformly reduced for the lattice subject-
ed to CP, with an average of Sa = 10.9 μm. The trend
of roughness is consistent with the trends of ligament
thickness (i.e., material removal) in Fig. 10. Notably,
the improvement of surface condition well into the core
of the lattice specimen contrasts with the limited pene-
tration depth reported for a chemical etching-only pro-
cess [45] and external blasting.

(d)

(a) (b)

(c)

AH52

AH52
AV53

AV53

Fig. 9 Internal views of
downskin surfaces (side A) along
section plane: a, c baseline lattice
and b, d after COOLPULSE
processing. Stereomicroscopy
used for (c) and (d), in vicinity of
location AV53 (near the bottom
of the cavity)

Fig. 10 Average in-plane liga-
ment thickness by row (top to
bottom) in side A, see Fig. 6b for
row position diagram
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SEM inspection provided a higher resolution view of the
surface state before and after CP. Images from side A are
given in Fig. 12 in the baseline (a) and CP-processed condi-
tions (b) at location AH52. The baseline condition was char-
acterized by a significant amount of partially melted powder.
Below the adhered spheroids, large undulations in the surface
are apparent leading to peaks and valleys seemingly penetrat-
ing far into the surface.

Specimens subjected to CP processing (Fig. 12b) did not
have partially melted powder adhered to the surface. The sur-
face also appeared significantly flattened and smoothed, con-
sistent with preferential material removal at the peaks of the
surface. This correlates to an optically bright appearance as
seen in Fig. 9b and d. Some trenches were present, which were
likely the remnants of the deepest valleys in the baseline con-
dition. Given the general smoothing and flattening observed
on the processed surfaces, longer duration of the CP process
was expected to remove sufficient material depth that these
valleys would also be eliminated.

Fig. 11 WLI topography of lattice measured at internal scan location
AV53: a baseline and b after COOLPULSE processing. c Depth profile
of areal average roughness (Sa) of side A lattice interior as measured by
WLI. Scan locations were along the third column of vertical ligaments,
from location AV13 to AV53

(a)

(b)

Fig. 12 SEM investigation of side A a baseline and b COOLPULSE at
horizontal ligament location AH52. See Fig. 6 for position diagram
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3.2 Upskin surfaces

The result for upskin surfaces (side B) are shown for
CP processing (Fig. 13b) versus baseline condition
(Fig. 13a). These surfaces were inherently less rough
in the initial condition due to their upskin orientation,
due in part [15] to fast thermal transport through solid
material as opposed to slow transport through unmelted

powder in the downskin orientation [19]. CP processing
resulted in a smoother and brighter appearance. The
horizontal ligaments of Fig. 13b appear to have been
improved more than the vertical ligaments. This differ-
ence is suspected to be caused by the closer proximity
of the horizontal ligaments to the cathode tool prongs
(see Fig. 3), which therefore caused a higher degree of
anodic dissolution of the lattice.

(a) (b)

BH51

BH51

BV51
BV51

(c) (d)

Fig. 13 Internal views of upskin
surfaces (side B) along section
plane: a, c baseline lattice and b, d
after COOLPULSE processing.
Stereomicroscopy used for (c)
and (d), in vicinity of internal
scan location BH51 and BV51
(near the bottom of the cavity)

Fig. 14 Average in-plane liga-
ment thickness by row (top to
bottom) in side B, see Fig. 6c for
row position diagram
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Optical stereomicrograph images in Fig. 13c and d show
the baseline and CP-processed conditions, respectively. The
horizontal ligament faces, e.g., BH51, were improved by CP
to a mirror-like finish due to their proximity to the cathode
tool. The vertical faces, e.g., BV51, were also significantly
improved from the initial state. Being somewhat further from
the cathode tool and not oriented normal to it, however, some
regions of vertical ligament surfaces were not finished as uni-
formly as on the horizontal ligaments, particularly near the
ligament junctions where electrolyte transport is relatively re-
stricted. The vertical ligaments in row 6 (e.g., BV61, see Fig.
6) were not finished as well as those in row 5 because the
tooling was not long enough to provide good proximity.

In-plane thickness values on side B measured by digital
caliper are shown in Fig. 14 for both horizontal and vertical
lattice ligaments. Again, CP processing was associated with a
substantial reduction in thickness corresponding to material
removal.

Both horizontal and vertical ligaments were inspected by
WLI (Fig. 15) in the baseline (a) and CP-processed (b) state.
Partially melted attached powder was apparent on the surface
but to a lesser degree than observed on the downskin surface,
attributed to the containment of the melt pool in this orienta-
tion which avoids partial melting of adjacent powder [19].
Similar changes in surface topography caused by CP process-
ing were observed as in the previous examples along with the
trend with depth (Fig. 15c). Sa was significantly lower in the
CP-processed state than in the baseline state in every location
measured: average Sa in lattice column 1 was 1.7 μm versus
6.8 μm for horizontal ligaments and 2.9 μm versus 6.1 μm for
vertical ligaments.

SEM images of the upskin surfaces in Fig. 16 (location
BH51) show that the topography of the surface in the baseline
condition (a) is inherently less rough than observed in Fig. 12.
There was partially melted powder present, but not to the
degree seen on the downskin surface. Likewise, there are ob-
servable peaks and valleys, but their amplitudes are likewise
much less than on the downskin. Starting from a state of less
surface texture, the surface of the CP-processed specimen
(Fig. 16b) was much flatter in the final condition, which was
again consistent with optically bright surface as well as nota-
ble reduction in roughness observed by WLI. The very
smooth state is an indication of how additional processing
time could affect the downskin surface from Fig. 12b.

3.3 Effect of working distance

Separation of anode and cathode is a major factor in electro-
chemistry. The requirement for a small gap is a major limita-
tion of traditional ECM, and, though CP allows larger separa-
tions, it was suspected to influence the results in this study. A
graded surface state is visualized in Fig. 17, where the topog-
raphy of a side B vertical ligament appears to vary depending

on location. The right-most side of the SEM image is at the
edge and shows where the ligament’s surface turns the corner
and becomes perpendicular to the plane of the image. The
surface is the smoothest at this location. Moving from right
to left, the surface becomes rougher until at the left-most side
of the image distinct surface features are observable. This
location corresponds roughly with the center of the ligament,
and, if the field of view was moved to the left, the surface

Fig. 15 WLI topography of upskin surfaces (side B) of a baseline and b
COOLPULSE-processed specimens at location BH51. c Areal average
roughness depth profile from side B, horizontal locations in column 1
(BH11-BH61) and vertical locations in column 1 (BV11-BV61). See Fig.
6c for row position diagram
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would become smoother as it approached the left edge of the
ligament. The rough topography is likely due to the greater
distance between the surface and the electrode in this location
(see Fig. 3) at the edge, which results in less material removal
due to greater ohmic polarization across the electrolyte.
Managing this effect is expected to be important to future
work.

The trend in roughness also varies in the vertical direction.
The top of the image in Fig. 17 is just below the junction with
another ligament. High roughness is apparent below this junc-
tion nearly to the edge of the ligament on the right side (note
that the very rough surface in the upper left edge of the image
is displaced material from sectioning the ligaments, not orig-
inal surface roughness). It was suspected that this effect was
caused by greater concentration polarization due to the cross-
ligament blocking circulation of electrolyte.

3.4 Comparison to external blasting

Additional as-built (without any grit blasting or CP process-
ing) specimens were subjected to a high-intensity external
blast consisting of compressed air, organics, and solid media.
The blasting process was applied in a manner intended to
reach as far into the core of the cavity as possible in order to
thoroughly finish the internal lattice surfaces. This external
blast process resulted in a pronounced gradient in appearance
of internal surfaces along the cut section (Fig. 18a). Lattice
surfaces closer to the outside appeared bright (upper left), but
those more than a few unit cells’ distance away from the
external surface (lower right) appeared unaffected.
Stereomicroscope inspection showed that internal surfaces
far from the exterior (Fig. 18b) retained their very rough tex-
ture, while those located on the outside (Fig. 18c) were signif-
icantly affected. The trend contrasts with that observed for CP
in the preceding sections, where the CP-based process results
in relatively more uniform material removal throughout the
core of the lattice.

Similarly, lattice ligament thickness varied strongly from
the exterior to interior (Fig. 19a), again contrasting with the
trend observed for CP. The high-intensity external blast con-
dition resulted in low thickness in row 1 that increased rapidly
as a function of row, increasing nearly to the level of unfin-
ished condition by row 3. This trend is consistent with the lack
of penetration of the exterior-only process into the core. The
CP-processed condition displayed relatively uniform thick-
ness. Measured surface roughness also showed a similar trend
(Fig. 19b).

4 Discussion

The results shown here demonstrate the possibility of remov-
ing significant material from very rough as-built surfaces far
into the core of a lattice. SEM inspection showed that the
amount of material varied as a function of relative position
on the lattice. Surface improvement was observed in all

(a) (b)Fig. 16 SEM investigation of
upskin surfaces (side B) a
baseline and b after
COOLPULSE processing at
horizontal ligament location
BH51 (see Fig. 6c for position
diagram)

Fig. 17 SEM image of vertical ligament of COOLPULSE-finished spec-
imen, side B (location BV21), with gradient in surface state
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regions of the lattice within the expected range of the cathode
prongs. Such processing is expected to result in improvement
to critical surface-sensitive properties and enable the type of
lightweighting often envisioned by the use of lattices. Though
promising, the results of the present study are only a proof of
concept, and future work is needed to study process charac-
teristics and limits of the proposed technology.

Numerical modeling was performed using COMSOL
Multiphysics finite element software to understand the mate-
rial removal reported in this study. Predicted current density
on the surface of the lattice is shown in 3D in Fig. 20a, where
the inner and outer cathode are outlined in black. Higher re-
action rates (red) are present along the faces of the ligaments

directly exposed to the interstitial channels where the cathode
tooling prongs are located, indicating that surfaces in closest
proximity to the cathode tool are subject to the highest rate of
anodic dissolution. Lower reaction rates (yellow and blue) are
present in the corners where these ligaments meet and along
surfaces not directly exposed to the cathode tool, indicating
that surfaces separated by a greater distance experience lower
rate of anodic dissolution (Fig. 3b).

A 2D cross section of current density within the electrolyte
is shown in Fig. 20b. Current density is highest around the
inner cathode prong, having converged from the lattice an-
ode’s larger available surface area. The location at the surface
of the workpiece closest to the inner cathode prong has the
highest current density. Current density falls off with distance
from the inner cathode.

Further mathematical modeling and simulation would ben-
efit the development of this process. In particular, more

(a)

(b)

(a)

(b)

Fig. 19 High-intensity external blasting and COOLPULSE-processed
specimens (downskin, side A). a Average in-plane horizontal ligament
thickness by row (top to bottom). b Depth profile of areal average rough-
ness (Sa) of side A lattice interior as measured by WLI. Scan locations
were along the third column of vertical ligaments, from location AV13 to
AV53. See Fig. 6 for row position diagram

(a)

(b)

(c)

Fig. 18 Sectioned specimen subjected to high-intensity external blasting
(side A). a Photo of entire interior cross section showing downskin sur-
faces, b stereomicroscope image of interior downskin surfaces in vicinity
of location AV53, and c stereomicroscope image of exterior (top) surfaces
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detailed reaction rate and transport modeling would aid the
understanding of reaction rate distribution on the lattice sur-
face. Co-optimization of both cathode tooling shape and lat-
tice form based on these findings has the potential to make
overall reaction rates and material removal more uniform.

The present work did not fully explore how deep the sur-
face improvement can extend into the core of a large part. It is
possible that the surface improvement could taper off as a
function of distance into the cavity, albeit at a much slower
rate of decay than the exterior-only jet blasting process
(Fig. 19). Potential mitigation strategies are to design remote
electrolyte inlets and outlets into a large part to reduce con-
centration polarization in the electrolyte in regions far from the
primary inlet. Future work should scale up from 25 mm lattice
cubes.

The specimen used in this work was a simple lattice cube
with a straightforward, rectangular lattice that provided line-
of-sight for straight internal cathode tool prongs. This allowed
for the easy insertion and removal of the cathode. Other lattice
topologies [58–60] may not be as simple and therefore may
require more complicated tool shape and more complicated

insertion strategies, such as curving in a circular arc or cork-
screwing. Additionally, overall geometry of complex parts
may require more intricate tool shapes or may require inser-
tion of secondary cathode tools in remote regions of the part in
order to uniformly finish all lattice. Growing complex and
removable tools inside lattice may also be a viable strategy
for addressing part complexity. Distortion of tools created by
AM is a potential issue, as described previously, and should be
addressed in the design stage.

Machining stock is required to be added to the design
in order to meet specified final lattice dimensions due to
the removal of material during processing. Thus, final
lattice design cannot be too dense because sufficient
room must be provided for tool insertion as well as for
electrolyte circulation. The final design, therefore, should
be relatively low density (e.g., ≤ 40% solid). Stock dis-
tribution could be nonuniform as a function of mass and
charge transport within a part. Furthermore, opportunity
exists for optimization of CP process parameters to
achieve maximum material removal rates and good sur-
face integrity.

(a)

(b)

Outer cathode

Workpiece

Outer cathode
Current density distribution

Inner cathode Workpiece

Fig. 20 Simulations of the electrochemical machining process using designed specimens and cathode tooling. a 3D and b 2D cross section
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Finally, future work should validate the effect of the pro-
cess on properties such as HCF. In addition to reducing rough-
ness and removing material at the surface, the process also
resulted in rounding of sharp corners between ligaments.
This is beneficial in that stress concentrators that lead to re-
duction in fatigue life [34, 61] and serve as failure initiation
sites [12] are automatically removed, despite being present in
both the design and the build.

5 Conclusion

Metal additive manufacturing offers design freedom and the
potential to realize hitherto impractical or impossible product
designs. One characteristic, and limiting, aspect of metal AM
is that of high surface roughness and the presence of defects
on surfaces. These features tend to initiate cracks and conse-
quently limit fatigue life, especially in high cycle fatigue, and
can serve as a major contributor to pressure loss in applica-
tions requiring fluid flow. Machining all over is a common
strategy to mitigate the effect of rough surface. It is not possi-
ble, however, to address the surface condition of an internal
lattice using conventional machining.

In this paper, a strategy for finishing the surfaces of lattices
using the commercial electrochemical machining process
COOLPUSE was proposed and demonstrated. Inconel 718
lattice coupons and complementary cathode tooling were de-
signed and manufactured. The tooling featured prongs to
reach into the core of the lattice coupon in order to establish
proximity between cathode and lattice surface (workpiece).
The tooling also had ports to allow electrolyte circulation in
and around the lattice coupon. Both features had the effect of
extending the electrochemically active region from the outside
of the part into the core of the lattice.

Inspection of COOLPULSE-processed lattice specimens
revealed that a significant amount of material was removed
from both internal and external surfaces. White light interfer-
ometry showed a change in surface topography and an accom-
panying reduction in measures of surface roughness on the
order of 70% for internal lattice surfaces. Depth profiling of
roughness and ligament thickness indicated that the improve-
ment of lattice surface state extended well into the core of the
specimen without diminishment. This contrasts with exterior
blasting processes where roughness improvement is achieved
in the first several unit cells but decreases significantly as a
function of depth into the core of the specimen.

The work reported here is preliminary and serves as a proof
of concept of a novel cathode tool. It offers the possibility of
mitigating the reduction in fatigue life associated with the
surfaces of additively manufactured lattices and could also
be enabling of parts with optimized and lightweight form fac-
tors. Future work should include studying scalability to large
parts, higher complexity lattice unit cells and part geometries,

and quantification of the effect on HCF and pressure drop
properties.
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