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Hole array structure components are widely used in the aviatdhrstry and other industries. The
plates used isuchpartsare thin, the number of holes is large, the arrangement is close, and the hole
sizes are inconsistent. All theslearacteristicsnake theholearray structure components difficult to be
fabricated in one process. The throughsk electrochemical machinitgchnology has advantages in

the machining of hole array structure components with diffimaihachine materials. Suitable
diameters of mask holes can be selected according to the size obtprazessed holes to complete

the machining of hole arraytracture components. Howevdhe appropriate choice dhe mask
diameter is still a problemin this paper, basedn the finite element model of throughmask
electrochemical machining, simulationgere conductedon the holeformation process with five
different mask diameter®.2 mm, 0.3mm, 0.4mm, 0.5mm, and 0.6mm. The holdormation rules

with different mask diametensere then obtainedTo prove the simulation rules, the corresponding
experimental study wagerformedusing a 0.22-mm Ni-basedsuperalby plate. The simulation rules

were verified, and a relationship figure between the diameters of fabricated holes and the machining
time was obtained. Suitable masks can be selected according to this figure to fabricate holes with
required diameters.

Keywords: throughmask electrochemical machining; finite element simulation; hole arrays with
different diameters

1. INTRODUCTION

Micro-hole array structures ariecreasinglyused in thefields of aerospace, electronics,
equipment, energy, medicaquipmen and othes [1,2]. Examples of applications of such structures
includethe aircooling tubes in aerengines, electromicroscopegratings, precision metal filtes; and
spinnerets. The plate thicknesses in these parts are small, the opening rates #re hajé diameters
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are inconsistent, and the materials of many parts are diffeuattachine materials. All thesssues
make thdabricationof these micrehole array structures challenging

Many method$iave been used txhieve good results on theaohining of hole structure parts.
Biermann and Kirschner investigated the small diameter slipgieep hole drilling of Inconel 718,
high surface quality andchievedtight dimensional and form tolerances [3]. B. Ghoshal and B.
Bhattacharyya showed thiabth reversed taper and forward taperdmain be used fahe generation
of taperlessmicro-featuresi.e., boreholes byElectrochemicamicromachiningwith the assistance of
vibration of tool [4]. Hongyu Zhangused a newly developed laser drilling gystto manufacture a
series of micreholes with circular, triangular, rectangular and rhombic shapes (diaoi€®& mm) on
stainless steel 304 [5].

Throughmask electrochemical machininfMECM) is a special machining technology based
on the principle oklectrochemical machiningMECM obtains a similar patteras that othe mask
on a workpiece by using the slato limit the erosion area][6Fig. 1 showsa schematic diagram of
the TMECM. The mask is composed of a conductive layer and an insulating thy® the mask
diameter. The mask is closely attached to the anode of the workpiece during the machining. An electric
field is generated between the unshielded part of the workpiece and the two cathodes. Based on th
electrochemical anodic dissolution om@nism, a pattern similar to the magtkat mees the
requirements is obtainedo reduce the hole taper, two masks are closely attached to the two surfaces
of the workpiece, and the machiningcsnductedowards thecentre The electrolyte flows from the
gap between masks and fixtures. The electrolysis products and heat produced in the machining ar
taken awayo ensurghe smooth progress of the machining.

Compared with other machining metho@®/ECM has the advantages of no tool waadno
heataffectal layer [1. Compared with the standard througifask ECM using the photolithography
process, the TMECM proposed in this paper has the advantages of short machining cyate, simpl
equipment and reusable mask [8,9

Volgin established a mathematical modeltié throughmask ECMby studyingthe initial
machining current density distribution under different mask heights déifietent maskopening
widths the modelis useful forTMECM [10]. Guogian Wang andHansongLi obtainedhigh-quality
hole array structureomponents by changing the opening angle of the throuegk ECM mask and
the flow characteristics of the flowefd [11,13. NingsongQu successfully prepareghicro-dimple
arrayson the inner surface of a cylinder using the-film photoresist ECMmethod[13]. P. Kern
prepared 100 em hol e athetlargughmaslhECE method [§#4ni um al | ©

However, the difficulty of machining hole array structure componesitsg TMECM method
lies in the choice ofthe appropriate mask diameter thaisuresthe machined ¢dles meet the
machining requirements while taking into account the machining efficiency. In addition, for structural
parts with different hole diameters, different maskstgpecally used to process holes with different
diameters at different sessionshi§ processis both time andlabour consuming and increases the
position error between holes.

In this paper, &sed on the electric field finite element model of the TMECM, the
morphological change rules of holes using masks with different dianve¢eestudied Experiments
were designed andonducted The holeformation ruleswere obtained for &@.2-mm Ni-based
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superalloy plate with different mask diameterdloreover, therelationship figure between the
machined holes with different mask diameters anchthehining timewasobtained A suitablemask
diameter can be selected to fabricate required hole arrays using this figure.

1

—

..
> 7 - @ -

_{F 1

Power 2 r 9 r <

i = s s =

I-Fixture; 2-Electrolyte; 3-Copper coating;
4-Insulator; 5-Work-piece: 6- Mask

Figure 1. The schematic diagram ®MECM.

2. MATHEMATICAL MODEL OF ANODE CORROSION

The TMECM processs generally divided it two stages. The main direction of corrosion is
along thehole depth direction before the plate is punched through, accompanied by radial corrosion.
This stagecan be called thpunchhole stage. A hole with a large taper will be formed when the punch
hole stage is completedext, the processnters the second stage, whiokiolvesradial corrosion.

This stagecan be called thenlargehole stage. This stage can effectively decrease the taper of the
hole. The enlargéhole stagehas an important impact ahe hole surface morphology and surface
quality [15].

The spacing between holes on the mask is large, and each hole can be regarded as a
independent fabrication area. The electric fields of the upper and lower mask are independent before
the plate is purteed through in theunchhole stage. The singleded machining simulation is used to
avoid the interaction effect afodes moving. As shown iRig. 2a, c is the distance between the
fixture and the masle is the conductive layer thickness, anid theinsulating layer thickness. When
the hole depth reaches half of the workpiece thickness, the hole morphology is exifaetptbcess
enters theenlargehole stageanda symmetricalprocess s implemented As shown inFig. 2-b, the
enlargehole stage isimulatedusing thedoublesided machining model.

To obtaina numerical solution withouibsing accuracy, the analysis wamsductedat a certain
time in the machining process. The effectowkrpotential(which is caused by the electrochemical
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reaction atthe electrode interfageon the machining gap electric field distribution is ignored. The
external electric field at both ends of the workpiece at this time is considered as a stable electric field,
with the following assumptions [183]:

(1) The contenbf the solid phase electrolytic product in the electrolyte is relatively small and
does not substantially affect the electrical conductivity and fluid properties of the electrolyte.

(2) The overpotential caused by other factors at the electrode intedasendt substantially
affect the distribution of the intedlectrode potentials. Therefore, the cathode and the anode are
considered asquipotential surfaces.

(3) The oO0fringe effectd of the current is i
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Figure 2. The finite element model @t single hole electric field. (a) The finite element modetto#
punchhole electric field; (bjhefinite element model ahe enlargéehole electric field.

It is assumed that the conductivity of the electrolyte in the machining gap is constant and
isotropc. Under this condition, the potential distribution in the electrochemical machining gap region
conforms to Laplaceds equation:

8% 8% _
Py + . 0 (2.1)

Where xandy are the coordinate values ofcegooint in the machining aresjs the potential
for each point. The conductive layer and fixture are connected to the caththdg@aoiver supplyand
the workpiece (anode) is connected to the anodeeqgfower supply The surfaces ahe cathode and
the anode form equipotential surfaces. Thus, the bipolar boundary potential satisfies the following
boundary conditions
Cathode surface:

@l2 =@l3 =@pl4=@L5=@pLl6=0 (2.2)
Anode surface:
pL1=U (2.3)
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Where@L2, pL3,pL4, L5, pL6 are the cathode surface potesigtL1 is the anode surface
potential,and U is the machining voltage. Since the boundary of the entire model area is closed, the
boundary electric field distribution satisfies the following conditions:

Bop. _ depe _ deps _ depag
fn  8m  Bm  8n 0 (24)
Where n represents the normal vectothefboundary ¢ L7, @ L8, L9, @L10 arethe potential
values ofthe corresponding boundare s . I n the case of satisfying

22)-(2.4), the Laplaceds equation (2.1) is sol\
the model.
The following equations can be obtained from the relevant electid fieeory and the
principle of electrochemical machining.
i=C-E (2.5)
v = niw = nwCE (2.6)
Wherei is the current densityC is the conductivity of the electrolyt&, is the electric field
intensity;v is the workpiece corrosion ra@ndmn is current efficiency.
At the beginning of machining, take an arbitrary p&lnbn the workpiece. The cadinates of
this pointare (Xo,Yo). With the progress of electrochemical machiniRghas corrosion in both the x
and ydirections after a period of timteAt this point,the coordinatearePi(x;,y;). After another short
time periodAt, the cordinates becomBi:1(Xi+1, yi+1). The following can be obtained froequations
(2.5)and(2.6).

Xipq = x; T At = nwCE AL
{ * ! 2.7)

Vigr = ¥; + v, At = nwCE At

WhereE, andEy are the electric field intensity components at p&imt the xand ydirections,
respectively. According to Equation (2.7), based on the parametric design language APDL of ANSYS,
the machining process of the workpiece was simulatagsmgthe electric field analysis module. The
workpiece corrosion process was obtained usingtéination method.

The holeformation process is simulated with fidéferent mask diameter9).2 mm, 0.3mm,
0.4mm, 0.5mm, and 0.6mm. The machined hole with mask diameter of 0.2 mm is referredH@,as
the machined hole with mask diameter of 0.3 mmwefsrred to a$13, and so onThe machined hole
with mask diameter of 0.6 mm is referred toH&. Table 1 shows the parameters for the APDL
electric field simulation.

Table 1.Simulated conditions of APDL

The thickness of the workpiece (mm) 0.2
The sinulation voltage (V) 35
Electrical conductivity (S/mm) 0.0125
Actual volume electrochemical equivalefas (mm>/(A-min)) 1
The distance between the fixture and the ntaskm) 1
Conductive layer thickness(mm) 0.1

Insulating layer thickneds(mm) 0.2
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3. SIMULATION S OF THE HOLE-FORMATION PROCESS

3.1Punchhole stage

Fig. 3shows the current density distribution of the simulatee hothepunchhole stageFig.
3-a shows the current density distribution of ltwde surface when the machinirigne is 1s. From this
figure, the maximum value of the current densgyin the following order H2>H3>H4>H5>HS6.
Obviously, in the next short period of time, the corrosion ratd2fs the fastest in the Y direction,
followed byH3, and so on, anH6 is the slowestrig. 3-b shows the current density distribution of the
hole surface when the machininigne is 5s. Compared witlrig. 3-a, the current density of fabricated
hole surface is reduced. In addition, the decrease of current density is diffgtelifferent mask
diameters. At this time the maximum value of current densstyin the following order
H2aH3>H4>H5 >H6. It can be seen that the corrosion rate in the Y direction for the next short period
of time isin the order ofH2aH3>H4>H5>H6. Figs. 3-c and 3d show that as the machining time
reaches 1@, the current density of the fabricated hole serfiacfurther reduced, and the maximum
current density at this time is the orderof H3aH4>H5>H2>H6. When the machining time is 1§
the maximum value of current densityinsthe following orderH4>H5>H3>H6>H2.
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Figure 3. Current density distributio of the fabricated holes by using different diameters of mask
holes. (a) Machining timef 1 s. (b) Machining timeof 5 s. (c) Machining timeof 10 s. (d)
Machining timeof 15s.

Fig. 4shows the morphology change process of simulated holes with diffeesk diameters
in thepunchhole sage. The machining time ifig. 4ais 5s, the corrosion amount in the Y direction
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is in the following order H2>H3>H4>H5>H6. Fig. 4b shows the morphological changes the
simulated holewith a machining time of 1Gs. It can be seen that the corrosion amount in the Y
direction is stillin the orderof H2>H3>H4>H5>H6. Fig. 4c shows that when the machining time
reaches 1%, the corrosion amount in the Y directisnin the following orderH2> H3> H4> H5>

H6. However,the corrosion amount ¢43 is almost the same witH2. Fig. 4d shows that when the
machining time reaches Z)H2, H3, H4, andH5 have entered thenlargehole stage, whiléH6 is

still in the punchkhole stage.
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Figure 4. Morphologies of the fabricatetioles by using different diameters of mask hole. (a)
Machining timeof 5 s. (b) Machining timef 10 s. (c) Machining timef 15s. (d) Machining
time of 20s.

To more clearly show the influence from the different mask diametegsnaximum current
densty on the hole surface and theorrosion amounbdf 0.2 mm and 0.6mm mask diameterare
compared, as shown iRig. 5 With the increase of machining time, the maximum current density
difference value betwedd2 andH6 is reducedandthe corrosion depthfdhe Y -directiondifference
value between them iacreasing Whenmachiningtime reaches 10.8, thecurrent density difference
value is zerq at this point,the corrosion depth othe Y-direction difference value reachethe
maximumof 0.0223mm. As themachining continug the maximum current density difference value
betweerH2 andH6 becomesiegative and continues to decrease. When machining time reachkes 15
the current density difference value-B25, and the corrosion depth e Y-direction difference
value is 0.020nm.



Int. J. Electrochem. SciMol. 13, 2018 3012

Based on the above descriptioncan be seen thawith the increase of machining timte
smaller the mask hole, the faster the surface current density decraadése lover Y-direction
corrosion rateThis resultis consstent withthe result ofVolgin [10] because the small mask diameter
has the effect of restrainirige electric field.Early in the punchhole stage the workpiece is relatively
close to the cathode, and the opening of small diameter mask is small.sTallsgdiameter mask
plays the role of concentratirtige electric field, which improves the workpiece surface current density
and the corrosion ratBecause th&arge diameter mask has large openjrigs electric field cannot be
concentrated. With the axiand radial corrosion of the hole, the distance betwberworkpiece
surface and the cathode increases. The openitigeemall diameter mask is smaller thdvat of the
large diameter maskhus,it shields more electric fields and leads to the shagpedse of hole surface
current density. Thegghenomenéead to the decreagethecorrosion rate.

In addition whenthe mask openings widerbecause ofhe tip effect of the electric field itself,
the current density dhe hole at both ends is greatban that in the&entre causinga bulgeto form at
the bottom of the hole. The bulgehich is alsocalleda n 0 i, aldo appehidth the process of
forming a micredimple [6]
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Figure 5. The difference values betwesrask diameters ¢i.2 mmand0.6 mm

Table 2. Thepunchhole time of fabricated holes with different mask diameters.

Fabricated holes with differen Punchhole time (s)
mask diametefmm)
H2 18
H3 17.4
H4 18
H5 19.2

H6 20.4




Int. J. Electrochem. SciMol. 13, 2018 301«

When holes are punched through, the processsetite enlargdéole stage. According to the
simulation, the punchole time of fabricated holes with different mask diameters is shown in Table 2.
The punch time oH2 is 18 s. The punch time &f3 is 17.4 s. The punch time &f4 is 18 s. The
punch time oH5 is 19.2 s. The punch time bBii6 is 20.4 s.

3.2Enlargehole stage

The hole taper is an importamtdicator of the hole quality.Fig. 6 shows theenlargehole

. . . max- D min \
processshowinga schematic diagram of the hole tapdre Tapeg = arctan% ), whereDgyt
is the maximum diameter of the holBn,i, is the minimum diameter of the hole, aidis the

workpiece thickness.
Dmax

A
v

- Dmin

Work-piece

Figure 6. Taper anglef thefabricated hole.

Fig. 7 shows the simulated morphological changes of holes with éiffenask diameters i
the enlargehole stageFig. 8 shows the current density distribution of holes ie¢hlargehole stage.
Fig. 7-arevealsthat allH2, H3, H4, H5, andH6 enter theenlargehole stageat machining time of 25
s, forming hole morpblogies with a large taper Fig. 8a showsthe hole surface current density
distributionat themachining time of 2%. The figureshowsthat the current density is concentrated in
the middle of the sidewall. The current densities in both endbeo$idewall are relatively small.
Therefore, the corrosion rate of the hole in the middle is relativigly in the next short period of
time; as a resultthe hole taper decreases rapidly.addition, the maximum current densisyin the
order of H6>H5>H4>H3>H2; as a result, the corrosion rateis in the following order
H6>H5>H4>H3>H2.

Figs. 7-b, 7-c and 7-d show that the tapers ®16, H5, and H4 are relatively lowat the
machining time of 3G, whereasthe tapers oH3 andH2 are still large. When the machining time
reaches 4@, the tapers dfi6, H5, andH4 are close to 0, the taper EB is also very smallandH2
still hasataper For the machining time between 4¢@nd 505, the tapers dfi6, H5, andH4 almost
have no change. At this time, the tapeH8fis al® close to 0, an#i2 still has a small taper. F3g8-b,
8-c and8-d show that the surface current densityH@f H3, H4, H5 andH6 decreases for machining
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times between 3G and 50s. The distribution is more uniform with the increase of machining time.
The current density at the same timmén the following orderH6>H5>H4>H3>H2.

The decrease rate of the small hole tapéound tobecome slowemMoreover,the change rate
of the fabricated hole taper for the large diameter mask is alglysrthan hat of the small diameter
mask.At longersimulated machining tins2the hole taper is no longer changaadonly simple radial
corrosion existsfurther increasinghe hole diameter. Thus, the time when the hole morphology no
longer changes can be usedaasndicator for the completion die hole-formation process

The completion ofthe hole-formation timeof fabricated holes witldifferent mask diameters
according to the simulatias shown inTable 3 From the table, the completion of hdamation tme
of H2 is 51.6s, H3 is 45.6s, H4 is 42.6s, H5 is 42s andH6 is 40.8s. This result isimportant for
fabricating small holes with different mask diameters at the same ditmerwise one type of hole
may meet the requirements while the taper of sthey stillbein achanging state.
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Figure 7. Morphologies of the fabricated holes using different diameterth@imask hole. (a)
Machining timeof 25s. (b) Machining timef 30 s. (c) Machining timef 40 s. (d) Machining
time of 50s.
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Figure 8. Current density distribution of the fabricated holes using different diametehe afask

holes. (a) Machining timeof 25 s. (b) Machining timeof 30 s. (c) Machining timeof 40 s. (d)
Machining timeof 50s.

Table 3.Completion of holdormation timeof fabricated holes with different mask diameters

Fabricated holes with different mask Completion of holdormation

diametes (mm) time (s)
H2 51.6
H3 45.6
H4 42.6
H5 42
H6 40.8

4. RESULTS AND DISCUSSION

To obtain thenoleformation time chareteristicsof 0.2-mm Ni-basedsuperalloymaterials with
different mask diameterghe following TMECM experimentis designedbased on the simulation
results The machining parameters areosim in Table 4. Fig9 showsa schematic diagram of the
experimentmachining system. The electrolyte is dele@to the fixture from the electrolyte tank by
the pump.Next, the electrolyte flows through the workpiece anode surface and firgilynsto the
electrolyte tank. The pulsed power supply outputs suitablgepubltage to provide energy for the
electrochemical machining. The used mask for the machining is mad& bim conductive copper
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layer anda 0.2z-mm epoxy resin insulation layer. Fig0 showsa hole array with different mask
diameters. The diametersom top to bottom are 0.&hm, 0.3mm, 0.4mm, 0.5mm, and 0.6 mm.

There are 15 holes for each row.

Table 4. Machining parameters for the experiments.

Voltage(V) 35

Pulsed power frequency (Hz) 400
Pulse power duty rati(o) 20

Electrolyte concentratio(wt.%) 10%NaNQaq
Electrolyte temperatur@C) 35
Electrolyte pressure (MPa) 0.4
Workpiece material Ni-basedsuperalloy

Thickness of workpiece (mm) 0.2
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Figure 9. Schematic diagram of the experimental system.
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Figure 10. The image o machined surface.
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The experimentally fabricatedmal holes were observedsing a MicroXAM 3D Profile
instrumentanda microscope (STM7, OLYMPUS, Japan), and the obtained datapeecessed using
the OrigirB.0 software.

To obtainhole corrosion dep in theY direction duringthe punchhole stagethe profles of
the hole morphology ammeasuredy using MicroXAM 3D Profile, as shown iaig. 11-a. According
to the profiles of the hole morphology, the hole corrosion depth ddtee af direction are shown in
Fig. 11-b. Because the holeme made using the#ouble-side machinirg processthe depth of the hole
corrosion is two times the of hoteorphologymeasurement datdhe Fig. 11 shows thatwhen the
machining time is 5, the punch hole deptis in the order oH2>H3>H6aH5>H4, and the hole depth
of H4 is more than 10@ m. When t he ma c h B, ithe molg depthsnd andisare h e s
greaterthanthoseof H2 and H3. When the machining time reaches s5he hole depths ¢14 are
more thanthoseof H3 and H2 andincreasedo the third placeAs the nmachining continues, some
holes are punched through. When the machining time reaclte$iBthas 15 holes that were punched
through,H5 has 15H4 has 8 andH3 has 10whereadH2 has only 3 hies that were punched through,
as shown inFig. 12. Clearly, the corrosion rate decreases as the machining iticteasesand the
decrease of smaller mask diameter is faster than that of the large mask difhetethe machining
time reaches 25 s, all the holes were punched through. Fa.sh8ws the images ofeHabricated
holes obtained using a microscope. Fig-bl8hows the taper data of holes with different mask
diameters.According to Fig. 13, the decrease rate of the hole taper is lower with the increase of
machining time. If the hole taper below 5 degreesegarded as a sign of hdamation, then the
completion time of holdormation ofH5 andH6 is 50 s,H4 is 60 sH3 is 70 s, andH2 is 80 s. When
the test and measurement errors are ignored, in a certain range, the hole taper fabricated by large ma:
diameter is found to decrease faster than that of the small mask diameter.
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Figure 11. Materialremov\al ratein theY direction with different machining tinse(a) Theprofile of
the hole witha 0.22-mm mask diameteat themachining timeof 5 s. (b) The materialemoval
datain theY directionfor different mask diameters.



