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A Generic Approach of Polishing Metals via Isotropic

Electrochemical Etching

Abstract

Isotropic etching polishing (IEP), which is based the merging of hemispherical
holes that are formed by isotropic etching, is psgul in this study as a universal
metal finishing approach. Modeling of the surfageletion during IEP is also carried

out, and the formation of a metal surface is ptedic The etching anisotropy of
titanium is experimentally studied, and the ressliew that isotropic etching can be
realized under optimized conditions. Isotropic @tgh sites originate from a

breakdown of the passivation layer. Both the dgresitd growth rate of the holes are
affected by the current, and a large etching ctinieepreferred for the realization of
highly efficient polishing. IEP has been shown ¢odffective and efficient for surface
finishing of TA2. The surfac&a roughness is drastically reduced from 64.1 nm2o0 1
nm, and a maximum polishing rate of 15 pm/min isiemed under an etching current
of 3 A. IEP has also been successfully appliedstoface finishing of other metals,
including TC4, stainless steel 304, aluminum all6@63 and pure nickel,

demonstrating that IEP can be considered a univepgaoach for finishing metals.
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1. Introduction
Although metal components with different surfaceaidihes have various

applications for different functional requiremenisaproving roughness through
surface finishing is still indispensable in mosses Therefore, a surface finishing
technique for metal parts must be mirror-like, ceffective and most importantly
shape independent [1-3]. With the development denel science, the manufacturing
technologies for metal parts has rapidly improvébderefore, the development of
metal finishing techniques has been greatly prothptes].

Mechanical polishing (MP) is a widely used finishitechnique, that removes
the raised parts of the surface by mechanical mdteaween the abrasives and metal
surface [7, 8]. As the surface material is remowedeformed by shearing or plastic
deformation, MP inevitably introduces scratchedy-surface damages (SSDs) and
residual stresses in the layer [9]. Accordinglg #pplication of MP is limited only to
rough finishing stages. To avoid SSDs, chemicallrarcal polishing (CMP), which
combines a chemical surface modification followgdntechanical removal, has been
utilized [10]. The surface material chemically rsawith the oxidants in the slurry
and generates a relatively soft layer. Later, teehanical action of the abrasive and
the polishing pad removes the chemically developeitl layer from the surface. A
fine surface finish on the workpiece is achieved dugcessive iterations of the
chemical and mechanical actions. The material reioate (MRR) of CMP
processes can be moderated using Preston’s lawhwligtates that the polishing rate
is affected by the polishing pressure distributite polishing plate characteristics
and the relative speed of the abrasives and thkpieme [11]. Usually, abrasives with
submicron diameters and low hardness values ard useCMP for delicately
removing raised surface materials and producingraagje-free and smooth surface.
However, a major challenge of MP and CMP in matathing is the interference of
rigid tools, which is absolutely indispensable aimdibits their application for
finishing metal parts with significantly small andmplex features.

In the past few decades, electropolishing (EP)oeas widely used for polishing
various metals, such as stainless steel [12],itaf13], copper [14], aluminum [15]
and tungsten [16], because of its high efficienod atress-free procedure. During
electropolishing, the workpiece to be polished astsan anode and is oxidized into

metal ions due to a loss of electrons. These issole into the electrolyte, resulting



in the flattening of the surface. Although EP hasrbused for decades, its mechanism
has not been fully understood [17]. From this pecsipe, Jacquet proposed a viscous
film theory, which has been the most widely acceptesory [18]. A viscous liquid
film comprised of dissolved oxidation products wigh high viscosity and large
electrical resistance is formed on the workpieagase. The viscous liquid film that
develops along the rough surface is not unifornd #oe thickness at the depressed
parts is greater than that at the raised partstefdre, the dissolution of the raised
parts is relatively fast, resulting in macroscopaishing of the rough surface. In
addition, compared to other metal finishing techies; EP has many advantages. The
use of an aqueous electrolyte as the polishing anediuitable for parts with complex
shapes [19], and the absence of mechanical ini@naevoids SSDs and residual
stresses on the surface [20]. In addition, as @&nbpad driven material removal
technique, electropolishing is simple and versatileperation [21]. However, due to
the vital role of the viscous layer in EP, the sita and optimization of the
electrolyte for different metals becomes criticathportant [22].

In recent years, novel metal finishing techniqueshsas ion beam polishing
(IBP), laser polishing (LP), magneto-rheologicalligiing (MRP) and multijet
polishing (MJP), which are assisted by externakrgynsources have been proposed.
IBP is a high precision and controlled process thase a physical sputtering
phenomenon that is achieved by a well-focused ieanb operated in a vacuum
chamber [23]. LP utilizes a laser with a certairergy density and wavelength to
illuminate the surfaces of metal workpieces [24thi layer of the surface melts, and
the material of the peaks tends to flow into thieya due to surface tension. After a
laser beam treatment, the melted material solglifend the surface flattens. MRP
utilizes the rapid relative movement of the workgieand magnetic particles to
remove the raised parts and produce a smooth suifiab]. MRP has good
repeatability and is widely considered a deterniimipolishing technique. In MJP,
multiple fluid jets with respective pressure cofgr@are used to polish complex
surfaces with high machining accuracy and efficye26].

In the present study, an isotropic etching-basedalnfenishing process, i.e.,
isotropic etching polishing (IEP) with excellentrigce finishing and high polishing
efficiency, is proposed. The IEP etching anisotrapg the polishing characteristics of
titanium have been investigated. Application resoh stainless steel 304, aluminum

alloy 6063 and pure nickel demonstrate that IER omising, universal polishing



approach for metal finishing. In addition, a thémed IEP model has also been

developed to comprehend the polishing process.



2. Principles of Isotropic Etching Polishing
The surface smoothening mechanism of the propos@dprocess is illustrated in
Figure 1. The metal surface becomes passivatedtbeosorkpiece is immersed into
an electrolyte with strong oxidizing properties.eTorkpiece is connected to the
anode of a DC power supply because some weakditd®e passivation layer with
small oxide thicknesses preferentially start bneglance the potential is high enough.
At the breakdown sites, electrochemical etchingesaglace, and the metal surface
dissolves. The etching anisotropy can be moduldigdadjusting the etching
temperature or the volume ratio of the electrolgtenponents. For most metals,
electrolytes with a high volumetric ratio of disgaht and a low temperature are
preferred for realizing isotropic etching. At thedmnning of the etching process,
many initial breakdown sites are randomly distrdsltover the entire workpiece,
where isotropic etching takes place at a laterestBge to isotropic etching, the shape
of the etching holes is hemispherical. As the etglduration increases, the diameters
of the hemispherical etching holes become larger saart overlapping. Finally, the
diameters of the hemispherical holes become langegh that the neighboring holes
all merge together. As a result, the entire rougtiase is completely replaced by the
smooth inner surface of the merged hemisphericdlireg holes. Theoretically, the
larger the holes grow, the smoother the etchedasariwill be. In addition, the
passivation layer localizes the isotropic etchingd afalls off once the metal
underneath is completely dissolved.

After polishing, once the DC power is turned off, passivation layer is
immediately formed on the surface due to the oxigizability of the electrolyte. It is
well known that such passivation film is helpfulgrotecting the metal substrate from

corrosion without influencing the surface roughness
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Figure 1. Schematic of the surface smoothening mechanidiarof

It is noteworthy that IEP, compared to conventiofd?, has a different
smoothening mechanism, regardless of the electnaichaé nature of both processes.
Metal surface polishing by IEP is based on the mgrgpf randomly distributed
isotropic etching sites, whereas the diffusion tgylays a key role in EP [27]. As the
diffusion layer that is formed in EP will generallgcrease the resistance in a
polishing loop, the energy consumption in IEP iasidered more efficient. In terms
of the polishing mechanism, the principle of suefaariation between EP and IEP is
different. The surface variation is a process afigal leveling for EP; in contrast, due
to the growth of etching holes in IEP, the surfameghness increases first and then
consistently decreases. Therefore, the change rfaceuroughness is an important
feature for distinguishing between EP and IEP. Aapimportant difference are the
solution requirements. The solution for EP withfafiént metal materials is
determined by the different solubility propertieé roetals in different solutions.
However, IEP is a more universal method that allpeishing of different metals
while using the same polishing solution. In summé&f and IEP are two different
polishing methods in terms of the polishing mechkimienergy efficiency, variation
principle of surface morphology and selection efcélolyte.

To theoretically show the feasibility of IEP, thicl@ng process was modeled.
Initially, a fast Fourier transform (FFT) analysiss used to simulate the initial rough
surface [28]. A two-dimensional matrix was randorggnerated, and the matrix size

was considered as a pixel number of a surface mmasmt. Then, Fourier



transformation was performed on the random madrix, the result was multiplied by
an autocorrelation function, which described thgrde of correlation between data at
different locations. Finally, an inverse Fouriesrtsformation was performed on the
product, and the raised heights of the originalusated rough surface were obtained.
The expression of the autocorrelation function m exponential form is as
follows [29]:
H =exp(—23x (i?+j5)%/B) i,j=12,..,N (1)
wherep represents the length of autocorrelation.
The expression of the original surface is as foiow
fo=z—{F'[H-F(N]} 2)
wherez andH represent the height and autocorrelation functicespectively.
According to Figure 1, the etching holes were hetmesical and randomly
distributed, so the expression of the etching Bakéace can be given as:
fa = TR = (=) = =w) = (2-2,)] (3)
fo(xrk» Vry Zrk) =0 (4)
where x,, , y, andz, refer to the random spatial position of the etghhole;
furthermore, the coordinates of each etching psituld be located on the random
surface, as described by Equation (B). refers to the radius of the hemispherical
hole. By combining Equations (2) and (3), we obtaisurface height expression that
represents a random rough surface with hemisphgatiahed holes as follows:
F = Max{fy, fu} )
A simulation of the IEP process has been conductedvestigate the evolution
of surface morphology with isotropic etching. Figwt shows the variation progress
of surface topography when there are 10 hemispegtching holes gradually
growing from anR;, of 0.2 um to anR, of 50 um. The randomly distributed
hemispherical holes that appear in the early etcbiage are shown in Figure 2(b). As
the hemispherical holes gradually grow, the neigimgoholes start overlapping with
each other. After a certain etching duration, thgial rough surface is completely
removed and replaced by the inner surface of thmidpherical holes. At the
beginning of operation, the workpiece becomes reyghs shown in Figure 2(a-c).
However, with the growing holes on the surface,woekpiece becomes smoother, as

shown in Figure 2(d-f).
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Figure 2. Simulated surface morphologies with isotropichetg: (a) the original
surface (32.7 nm in Sa), (b) Ris 0.2 um (58.8 ni8a), (¢) Ris 0.5 um (162.4 nm in
Sa), (d) Ris 1 um (47.8 nm in Sa), (e) R is 10(@rh nm in Sa) and (f) R is 50 um
(2.3 nm in Sa).

The surface average roughneé&ssat different etching evolution stages can be

calculated by the equation below:
Sa =2 (6)

According to the surface smoothening model of BB, surface Sa roughness
can be simulated as shown in Figure 3. It is nergs® note that the roughness
values shown in Figure 3 are predicted by the moaell have not been
experimentally verified. These curves indicate hbe surface can be smoothed as
well as the key factors affecting this smootherpnacess. Figure 3(a) is plotted under
the condition that there are 2, 10 and 20 isotrepiting sites within an area of 2x2
unt, and the initial Sa is 36 nm. As shown in Figu¢a)3all the roughness curves
follow the same trend, and the Sa roughness evgnaproaches zero. It is found
that a relatively high density of etching holestba surface can significantly improve
the polishing efficiency of IEP. Figure 3(b) is ik under the condition that there
are 10 isotropic etching sites within an area o2 enf, and the three curves have
different initial Sa values of 40 nm, 80 nm, and Xin. As shown in Figure 3(b), all

the roughness curves follow the same trend. Forgh Ba roughness value, the



decreasing rate of its curve with respect to tlo@ it the etching holes is higher than
the other curves with low initial Sa roughness ealuThe results indicate that the Sa
roughness values of a relatively smooth surfacecaa zero sooner in IEP.

Based on the results of the surface morphology laition and the roughness
prediction, the theoretical feasibility of IEP faurface smoothening has been
confirmed. With the random growth and continuousrgimg of isotropic etching
holes, a smooth surface can eventually be obtaine@ér optimized conditions. The
density of the etching hole and the initial surfaoaghness do not affect the final
polishing performance, and more etching holes forme the surface will lead to a
faster surface polishing speed.
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Figure 3. Predicted Sa roughness with different radii ofrigpic etching holes: (a)
radii of 2, 10, and 20 for the etching holes on2k2 pm? metal surface; and (b) when

the initial Sa roughness is 40 nm, 80 nm, and 180 n



3. Experimental approach
The etching anisotropy of TA2 (pure titanium: <Be30, G<0.08, N<0.03,

H<0.015, 0.25, T£99.325) was systematically studied, including tbeditions of

isotropic etching, the form and surface roughndsth® isotropic etching holes, the

proof of localized breakdown of the passivatiorelagnd the density of the isotropic
etching sites. Additionally, the IEP of TA2 was exmentally studied, including the

evolution of surface morphology, the change inaegfroughness and the MRRs with
different etching currents. To investigate the ensality of IEP, a variety of metals,

including stainless steel 304, aluminum alloy 6@®@ pure nickel substrates, were
also tested.

Commercially available substrates with a diametetsomm and thickness of 3
mm were used in this study. Only one side of tHessate was polished. Before IEP,
the substrates were lapped by SIiC sandpapers (#60@move the rough slicing
marks introduced by wire cutting. Then, to remogataminants, the substrates were
ultrasonically cleaned in deionized water and etigbhol for 5 min. A glass beaker
containing electrolyte was used as a reaction eplatinum mesh (2x2 cfhwas
connected to the negative terminal, while the waé@ was connected to the positive
terminal of a DC power supply (Keysight E3649A daatput). The distance between
the cathode and anode was kept constant at 60 mencdrrent and voltage recorded
during the experiment were output to a connecteapcaer.

The IEP electrolyte has two functions: passivatainthe metal surface and
electrical dissolution of the metal surface at breakdown sites. Thus, analytical
grade HSO, (97%) and CHOH (99.5%) were used as the electrolyteS8, plays
the role of passivation and etching, while L acts as an efficient destabilizing
agent of the surface oxide films [30]. At the sudaof the anode, an oxidation
reaction occurs and then the oxide is dissolved the electrolyte. Meanwhile, a
reduction reaction occurs around the cathode. €hetions occurring on the cathode

and anode are listed as follows:

Cathode:2nH,S0, + 2ne~ — nS0, + nS0,*~ + 2nH,0 (6)
Anode: 2M(s) — 2M™* + 2ne” (7)

After polishing, the substrates were ultrasonicalganed in deionized water

10



before characterization. All experiments were eariout at room temperature. The
surface morphology was examined by scanning electricroscopy (SEM, ZEISS
Merlin). The surface roughness was measured byiattmrce microscopy (AFM,
Bruker Edge). The surface profile was measured Wgsar scanning confocal
microscope (LSCM, Keyence VK-X1000). The materahoval rate was evaluated

by conversion from the loss of weight.
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4. Etching Anisotropy of Titanium

According to the principle of IEP, one prerequisifesurface smoothening is that
the etching process must be isotropic. The aniggtfor the electrochemical etching
of aluminum has been reported [31]. According te #iching mechanism, the
anisotropy is dependent on various factors, suckhasemperature, potential and
electrolyte concentration. In this study, the eldgte concentration was modulated to
control the etching anisotropy. TA2 substrates wethed at a constant current of
0.02 A for 1 min in two electrolytes with 1% and%O0volume ratios of E5Q, to
CH3OH.

At room temperature, the crystal structure of TAhéxagonal-close-packed (hcp)
with lattice parameters of a = 0.2950 nm and c4683 nm [32], as shown in Figure
4(a). Figure 4(b-d) shows the morphology of the Tpi&s after being etched in
electrolyte with a 1% volume ratio 0,80, to CH;OH. Anisotropic etching pits with
different shapes were formed on the surface. Simméaults were reported in the
etching of a Ti-V alloy and a ZrTiAlV alloy [33, 34and the formation of anisotropic
etching pits were explained by different crystalfaces having different etching rates.
Because of a disparate supply ofS@,, the different atom densities on {-1010} and
{0001} led to different etching rates and the fotima of anisotropic etching pits. The
shape of the etching pits was similar to that ef ftlcp structure placed at different
angles. As a polycrystalline material, the titanilgrains in TA2 had different
orientations. In Figure 4(b), (c), and (d), the lasgbetween the workpiece surface
and the {0001} crystalline face are approximateRy @5° and 90°, respectively.
Because of the orientation dependence of the gghtrmorphology, it was difficult
to obtain a smooth TA2 surface with isotropic etghiregardless of the high pit
density on the surface. However, with a 10% voluate of SO, to CH;OH, the
etching pits developed in a round shape, as showigure 4(e), and with a sufficient
supply of HSQy, the variance in the etching rates of differengstalline faces

became insignificant, resulting in an isotropichétg process.
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Figure 4. Crystal structure of TA2 (a), typical surface mpioology after etching in
electrolytes with a 1:100 volume ratio of,$0, to CH;OH (b), (c), (d); and in
electrolytes with a 10:100 volume ratio 0f$0, to CH;OH (e).

As shown in Figure 4(e), the isotropic etching hwkes hemispherical in shape
with an extremely smooth inner surface. Normale tEP etching process must be
isotropic, and the final surface roughness wasmgtyodetermined by the roughness
of the inner surface of the holes. Therefore, thegoe and inner surface roughness of
the etching holes were determined, and the reatdtshown in Figure 5. To increase
the number of etching sites for the conveniencehef profile and inner surface
investigation, a high current of 0.1 A was appliedl min. As seen from Figure 5(a),
the etching holes were randomly distributed ondhiestrate surface. The radii of the
etching holes varied from a few microns to appratety 10 microns, while some of
them were interconnected with adjacent holes. Téwatron in the radii of these
etching holes was caused by the inhomogeneity efptssivation film. As the film
preferentially broke down in relatively weak areti® etching durations for different
etching holes were not exactly the same, resuitingrying radii of the etching holes.
However, according to the mechanism of IEP, onlie$ievith large radii contributed
to the surface smoothening process as the smadkheere graduallannihilated.
Thus, it was considered that the variation in tdiirof the holes would not affect the
polishing performance of IEP.

From the top view, these etching holes appeardaetbemispherical. Some of
these etching holes were profiled by AFM to invgetie their inner roughness. In

13



Figure 5(b), a large etching hole with a diamefemore than 1Qum is shown, while
the morphology of the inner surface is shown inuFeg5(c). An insignificantsa
roughness value (1.13 nm) showed that the inndasairof the etching hole was
smooth. However, the presence of slight undulatas thought to be caused by
generic defects in TA2. Additionally, the grain Ipoiaries were also observed, as
marked in Figure 5(c). Some small etching hole$ witdiameter of approximately 3
um were also observed, as shown in Figure 5(d). reidye) and (f) show the

semicircular horizontal and vertical profiles of@iiching hole from Figure 5(d).
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Figure 5. Morphology of isotropic etching holes formed o®2T (a) Overall
morphology observed by LSCM, (b, c) close-up vidwadarge etching hole and its
inner surface roughness measured by AFM and (@, cépse-up view of some small

etching holes and cross-sectional profiles meadoye®-M.

As shown in Figure 5(a), the isotropic etchingesolvere randomly distributed
on the etched surface, which was attributed to rdmedom breakdown of the
passivation layer. However, owing to the smallkhi&ss of the passivation layer [35],
it was difficult to experimentally demonstrate theeakdown phenomenon. Thus, in

this study, a preoxidized surface was used to tiyate the breakdown and etching
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process. A TA2 substrate was anodically oxidized wt% NaOH solution for 10 s
with an applied electric potential of 15 V. Accardito ellipsometry measurements,
an oxide layer with a thickness of 35.4 nm was faimas the result of anodization.
Then, this surface was further processed by elelotmical etching in a 10% volume
ratio of SO, to CH;OH at a 1 A current for 1 min. As shown in Figui@)6 there
existed an obvious breakdown site in the centethefetching hole. The oxidation
film remained intact on the surface, whereas TABela¢h the layer was gradually
dissolved. The LSCM picture of the etching holesiown in Figure 6(b). In the
middle of the etching hole, a small breakdown gis also observed. The profile of
the etching hole is illustrated in Figure 6(c). Dioethe existence of the passivation
layer, no semicircular structure appeared in thefilpr However, a deep hole
appeared in the middle of the profile, which was breakdown site. These results
proved that the formation of isotropic etching Isoie due to the protective effect of
the oxidation film. Initially, breakdown occurred the weak sites of the oxide film,
and then the metal underneath dissolved, while ircloccurred around this
breakdown point and formed a hemispherical holthenend. For normal polishing
cases, the passivation layer was too thin to susitai etching holes and was removed

by dropping down, water rinsing or ultrasonic viwa.
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Figure 6. Images of the localized breakdown of the oxidiZz&® surface during
electrochemical etching. (a) SEM image, (b) LSCMagm and (c) cross-sectional

profile of the etching hole measured by LSCM.

It was demonstrated that TA2 could be isotropicatished with a smooth inner
surface. As the IEP of metals was based on meigoigopic etching holes, the hole
density strongly affected the surface roughnesspatidhing efficiency. Therefore, a
series of experiments were carried out to studyirtfleence of the current on the
density of the etching holes. These experiment® werformed at currents of 0.01,
0.05, 0.1, 0.2, 0.5 and 0.8 A for a constant daratif 5 s in an electrolyte with a 10%
volume ratio of HSO..

The morphologies of the etched surfaces with dffercurrents are shown in

Figure 7. Though many lapping marks developed eniritial surface, the etching

16



holes were randomly formed without preference ®lépping mark locations. It was
found that the hole density increased with an iaseen the current. When the current
was 0.01, 0.05 and 0.1 A, only a few etching holese formed owing to the low
etching potential, as shown in Figure 7(a, b, ®.sAown in Figure 7(d, e), when the
current was further increased to 0.2 A and 0.5 A,ome side, the hole density
increased remarkably, while on the other side, dize of the holes was reduced,
compared with the holes produced at lower currertsvever, at 0.8 A the etching
holes became large, and some smooth areas weredpmhich was possibly the
result of the holes merging, as shown in Figurg 7(f

From the previous discussion, it could be infetreat the current affects both the
density and the growth rate of the holes. Whendilmeent was lower than 0.1 A,
although a few sites were broken down, the sizthefholes size were large, which
was attributed to their large electric flux. In t@st, when the current was higher than
0.2 A but lower than 0.8 A, more sites were broklemvn due to the large etching
potential; however, the hole size was small owmdheir small shared electric flux.
When the current was higher than 0.8 A, a largssitieand a high growth efficiency
of the holes could be simultaneously realized. Thusbtain a smooth surface with a
high efficiency, an applied current higher than B.&as preferred. According to the
section describing the IEP model, the metal surfaitleeventually be polished by
increasing the etching duration even if the curremtrelatively low. However,
polishing efficiency is important for the practicapplication of IEP. According to
Figure 3, the efficiency of IEP is generally affsttoy two factors: hole density and
hole growth rate. As shown in Figure 7, the currplatyed an important role in
determining both the hole density and hole grovate.r Thus, the current was an

important parameter for realizing highly efficianetal finishing.
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Figure 7. Morphologies of the TA2 surfaces etched at déffercurrents: (a) 0.01 A, (b)
0.05A,(c)0.1A,(d)0.2A, (e) 0.5Aand (f) A8
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5. Isotropic Etching Polishing of Titanium

Based on the etching anisotropy of titanium, IEPTAR was conducted under
optimized conditions for investigating the evolutiof the surface morphology, the
polished surface roughness and the polishing effay. First, TA2 was etched at a
constant current of 1 A for different durations1gf5, 10, 20, 60, 120 and 180 s to
study the surface morphology evolution. The chamgesirface topography shown in
Figure 8 were found to be consistent with the satiah results shown in Figure 2. As
shown in Figure 8 (a), there were many marks onahginal substrate surface
introduced by lapping. After etching for 1 s, mamgall isotropic etching holes were
randomly formed on the surface, which started s®eting, and the nonetched
residual area was reduced after etching for 5 &rAsftiching for 10 s, the residual area
was further reduced, and some smdmdhkin structures were formed because of the
etching holes combining further. After etching f@0 s, only a few residual
“island™-like areas were left on the surface. Therphmologies of these “island™-like
areas were observed using AFM and some lapping sneokild still be clearly
observed; this indicated incomplete material rerh@atathese sites, as shown in
Figure 8(f). After etching for 60 s, the residustas were completely removed, and a
smooth surface was obtained; however, minute s@nsvaviness could still be
observed. Finally, after etching for 120 s and $8€he surface became significantly
flat, and there were no signs of waviness, as showfigure 8(h) and (i). To
summarize the results shown in Figure 8, the saréacoothening process was ideally

consistent with the proposed isotropic etching-tas#ishing mechanism.

19



Figure 8. Surface morphology evolution of TA2 during IEPsebved by SEM and
AFM. (a) Original surface, (b) 1 s, (c) 5 s, (d) 40(e) 20 s, (f) AFM image of the
raised part from figure (e), (g) 60 s, (h) 120 d 6n180 s.

The AFM images and the profile of the original sed are shown in Figure 9(a)
and (c). Lapping marks were observed on the origingace, which was consistent
with the SEM observation shown in Figure 8(a). AV images and profile of the
IEP processed surface at 1 A for 3 mins are showkigure 9(b) and (d), and they
show that the surface has been efficiently smoetiemd that th& roughness value
was reduced from 64.1 to 1.23 nm. The optical phdtefore and after etching are
shown in Figure 9(e) and (f), and they demonstthtd a mirror-like surface is

obtained by IEP.

Figure 9(g) shows th& roughness of the TA2 substrate etched for differen
durations. Compared with the original lapped swfdloeSa roughness increased first
and then decreased with increasing etching durafibe increasin@a roughness was
considered a consequence of the generation of mwseasotropic etching holes,
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while the decrease in tH&a roughness was attributed to the merging of thhirgc
holes. The drastic drop iBa roughness belongs to the critical moment when the
substrate surface was completely replaced by ejchates. The experimental data
shown in Figure 9(g) coincides well with the simida results shown in Figure 3,
which proves the effectiveness of the proposed ii€fdel. Figure 9 (h) shows the
MRRs of IEP at different currents. The removalaéfincy gradually increased with
increasing current. When the current was 3 A, tiRRWeached 1@m/min, proving

that IEP was a highly efficient polishing approdchTA2.
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Figure 9. AFM images, surface profiles and optical pictuséthe original surface (a,
c, e) and etched surface (b, d, f) at a currerdt Affor 3 mins; (g) surface roughness

values versus time, and (h) removal rates versusrui

For further investigation of the surface finishiogpability of IEP, a two-phase
titanium alloy TC4 was also tested by IEP. Finighiof multiphase materials is
difficult owing to the different mechanical or chigal properties of different phases
[36-38]. Figure 10(a) shows the XRD pattern of @4 substrate. The majorTi
phase and mings-Ti phase were both detected. It was considereidotia and 3-Ti
might have different etching rates during electeuital etching. However, it was

found that isotropic etching of TC4 could be readizwith a 10% volume ratio of
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H,SO, to CHOH, a current of 0.1 A and a duration of 2 min,shsewn in Figure
10(b). Figure 10(c) and (d) show the AFM images pruafiles of the original lapped
surface and the IEP processed surface. Shmughness was reduced from 24.2 nm
to 2.04 nm, demonstrating that IEP was also apgpkc# TC4. According to the
profile in Figure 10(d)e-Ti had a higher etching rate th@sTi, which resulted in the

formation of conve)3-Ti structures.
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Figure 10. (a) XRD pattern of the TC4 substrates, (b) isutretching holes formed
on TC4 (0.1 A and 2 min), (c) AFM image and surfacefile of the original lapped

surface and (d) AFM image and surface profile ef 8P processed surface.
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6. Isotropic Etching Polishing of Metals

According to the surface smoothening mechanisnE®f It can be considered a
universal finishing approach for different metads, most metals can be passivated
and electrochemically dissolved [39-41]. To vetife universality of IEP, it has been
applied to stainless steel 304, aluminum alloy 6@6®1 pure nickel, and the results
are shown in Figure 11.

It is noteworthy that the polishing parameters A2 TTannot be directly applied on
stainless steel 304, aluminum alloy 6063 and puickeh because of their different
properties. Therefore, exploratory experiments weagried out to identify the
optimized polishing parameters, such as the voluatie (H,SO,:CH3;OH), etching
current and polishing duration, for different metahterials. The volume ratio was
tuned to realize an isotropic etching process. &fohing current was optimized to
guarantee the density of etched holes and thewtgroate. Finally, the required
polishing time was carefully investigated to impeothe surface finish through a
number of experiments.

The 304 stainless steel was polished by an elgtéralith a 20% volume ratio of
H,SO, to CHOH at a current of 0.5 A. The random distributidrthee etching holes
on the stainless steel surface that was etche@0f@;, and the additional details of an
isotropic hole are shown in the insert of Figur€al). Figure 11(a2) shows the
lapped surface, while Figure 11 (a3) shows a 2 MR process that efficiently
smooths the surface and reduce$heoughness from 14.6 nm to 0.72 nm.

The aluminum alloy 6063 was etched in an electeolyith a 30% volume ratio of
H,SO, to CHOH at a current of 3 A. When the etching duraticas\2 s, isotropic
etching holes were randomly distributed on theaaaf as shown in Figure 11(b1).
However, the sizes of the etching holes were smakempared to those of the
stainless steel sample, which was attributed tohigh current and short duration.
Smooth basin-like structures were formed on théasar which was consistent with
the IEP finishing process of titanium. The insdrbws the details of an isotropic
etching hole on an aluminum alloy. Figure 11(b2) &3) shows the lapped and IEP

processed (1 min) surfaces, respectively. Althotighoriginal surface had an initial
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Sa roughness of 53.5 nm, it was reduced to 2.90 rier P for 1 min. These results
demonstrate that the polishing of aluminum alleg® by IEP was also feasible. In
addition, the presence of some protrusions on thished surface was due to certain
additives on the substrate.

The nickel was etched in the electrolyte with a 1@8tume ratio of HSO, to
CH3OH at a current of 0.5 A. The surface morphologgletvon during etching was
similar to the previously mentioned metals. As shaw Figure 11(cl), when the
etching duration was 10 s, hemispherical etchingshwere distributed on the whole
surface. It was found that these etching holes wé&her very large “several um” or
very small “several tens of nm” in diameter. Aft&P for 2 min, theSa roughness
was reduced from 75.9 nm to 0.89 nm, indicatinggrmarkably smooth surface, as
shown in Figure 11(c2) and (c3), which showed tlie®? was also an effective
technique for nickel.

Based on the application results of IEP, it is toded that IEP is a promising

universal metal polishing approach. Although sonetainpolishing techniques, such
as EP [17], IBP [23], LP [24], MRP [25], and MJP [26], alreadyist, IEP is superior

from the perspective of its universal polishing hetsm and versatile polishing

setup, which produces an undamaged polished surface

24



Isotropic etching morphology Surface before IEP Surface after IEP
al e ailie : a3
B by \ 40
[0)
9
[}
o |8
(2]
o
=
3
B nm
Height Sensor 2.0 ym
1S
=2l
1=
1S
=}
Z k
700 40
g
Q
z
nm Be 3 nm
Height Sensor 20um Heigh Senor 20um
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7. Conclusions

In this paper, a new universal metal finishingtihod based on isotropic

electrochemical etching was proposed. The polisigracess of IEP includes the

formation, growth and merging of isotropic etchexdels on the metal surface, which

has been quantified by modeling and verified byngeapplied to different metals.

The following conclusions can be drawn from thisdst

Etching of TA2 is anisotropic, when the volume gabif electrolytes was set to
1:100 (HSO,:CH3OH). Etching will become isotropic when the volunagio of
electrolytes is increased to 10:100, and the isneflaces of the isotropic etching
holes are smooth with an Sa roughness of 1.13 nm.

The etching holes are generated by a breakdowmeoipaissivation layer. The
etching current affects both the density and ttwavgr rate of holes. For TA2, a
high current that is larger than 0.8 A is preferred

IEP is effective and efficient for surface finisgiof titanium. For TA2, thé&a
roughness can be reduced from 64.1 nm to 1.23 nmie ior TC4, theSa
roughness can be reduced from 24.2 nm to 2.04 rma. MRR is positively
related to the current, and a maximum MRR of 15mim/tan be achieved with a
current of 3 A.

IEP is also effective for surface finishing of athmetals, such as stainless steel
304, aluminum alloy 6063 and pure nickel. Therefdied® can be considered a

universal approach for metal finishing.
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Highlights

® [sotropic etching polishing (IEP) was proposed as a general metal finishing

approach.

® [sotropic electrochemical etching of titanium with ultrasmooth inner surface

was realized.

® Sa roughness of TA2 was reduced from 64.1 to 1.23 nm with a maximum

MRR of 15 pm/min.

® |EP was effective for surface finishing of stainless steel, aluminum and

nickel.
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