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Description

FIELD

[0001] The present invention relates to methods in the general field of electropolishing non-ferrous metal parts and
surfaces, and more specifically to electropolishing, highly-controlled metal removal, micro-polishing, and deburring of
non-ferrous and reactive metals, particularly titanium and titanium alloys.

BACKGROUND

[0002] In chemistry and manufacturing, electrolysis is a method of using direct electrical current (DC) to drive an
otherwise non-spontaneous chemical reaction. Electropolishing is a well known application of electrolysis for deburring
metal parts and for producing a bright smooth surface finish. The workpiece to be electropolished is immersed in a bath
of electrolyte solution and subjected to a direct electrical current. The workpiece is maintained anodic, with the cathode
connection being made to one or more metal conductors surrounding the workpiece in the bath. Electropolishing relies
on two opposing reactions which control the process. The first of the reactions is a dissolution reaction during which the
metal from the surface of the workpiece passes into solution in the form of ions. Metal is thus removed ion by ion from
the surface of the workpiece. The other reaction is an oxidation reaction during which an oxide layer forms on the surface
of the workpiece. Buildup of the oxide film limits the progress of the ion removal reaction. This film is thickest over micro
depressions and thinnest over micro projections, and because electrical resistance is proportional to the thickness of
the oxide film, the fastest rate of metallic dissolution occurs at the micro projections and the slowest rate of metallic
dissolution occurs at the micro depressions. Hence, electropolishing selectively removes microscopic high points or
"peaks" faster than the rate of attack on the corresponding micro depressions or "valleys."
[0003] Another application of electrolysis is in electrochemical machining processes (ECM). In ECM, a high current
(often greater than 40,000 amperes, and applied at current densities often greater than 1.5 million amperes per square
meter) is passed between an electrode and a metal workpiece to cause material removal. Electricity is passed through
a conductive fluid (electrolyte) from a negatively charged electrode "tool" (cathode) to a conductive workpiece (anode).
The cathodic tool is shaped to conform with a desired machining operation and is advanced into the anodic workpiece.
A pressurized electrolyte is injected at a set temperature into the area being machined. Material of the workpiece is
removed, essentially liquefied, at a rate determined by the tool feed rate into the workpiece. The distance of the gap
between the tool and the workpiece varies in the range of 80 to 800 microns (0.003 to 0.030 inches). As electrons cross
the gap, material on the workpiece is dissolved and the tool forms the desired shape into the workpiece. The electrolyte
fluid carries away metal hydroxide formed in the process from the reaction between the electrolyte and the workpiece.
Flushing is necessary because the electrochemical machining process has a low tolerance for metal complexes accu-
mulating in the electrolyte solution. In contrast, processes using electrolyte solutions as disclosed herein remain stable
and effective even with high concentrations of titanium in the electrolyte solution.
Electrolyte solutions for metal electropolishing are usually mixtures containing concentrated strong acids (completely
dissociated in water) such as mineral acids. Strong acids, as described herein, are generally categorized as those that
are stronger in aqueous solution than the hydronium ion (H3O+). Examples of strong acids commonly used in electropo-
lishing are sulfuric acid, hydrochloric acid, perchloric acid, and nitric acid, while examples of weak acids include those
in the carboxylic acid group such as formic acid, acetic acid, butyric acid, and citric acid. Organic compounds, such as
alcohols, amines, or carboxylic acids are sometimes used in mixtures with strong acids for the purpose of moderating
the dissolution etching reaction to avoid excess etching of the workpiece surface. See, for example, U.S. Patent No.
6,610,194 describing the use of acetic acid as a reaction moderator. U.S. Patents No.s 3,300,896, 3,290,174 and
3,725,224 also describe using strong acids, and then electrolyte solutions comprising citric acid and ammonium bifluoride.
There is an incentive to reduce the use of these strong acids in metal finishing baths, due primarily to the health hazard
and cost of waste disposal of the used solution. Citric acid has previously become accepted as a passivation agent for
stainless steel pieces by both Department of Defense and ASTM standards. However, while prior studies have shown
and quantified the savings from using a commercial citric acid passivation bath solution for passivating stainless steel,
they have been unable to find a suitable electrolyte solution in which a significant concentration of citric acid was able
to reduce the concentration of strong acids. For example, a publication titled "Citric Acid & Pollution Prevention in
Passivation & Electropolishing," dated 2002, describes several advantages of decreasing the amount of strong mineral
acids by the substitution of some amount of a weaker organic acid, and in particular citric acid, due to its low cost,
availability, and relatively hazard free disposal, but ultimately evaluated an alternative electrolyte comprising a mixture
of mostly phosphoric and sulfuric acid, with a small amount of an organic acid (not citric acid).
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SUMMARY

[0004] The inventors have discovered that using an electrolytic bath comprising an aqueous electrolyte solution of
ammonium bifluoride (ABF) and citric acid, in the absence of a strong acid component, provides several advantageous
results in electropolishing of non-ferrous metals, particularly titanium and titanium alloys.
[0005] In one embodiment of a method of micropolishing a surface of a non-ferrous metal workpiece, the method
includes exposing the surface to a bath of an aqueous electrolyte solution including a concentration of citric acid in the
range of 1.6 g/L to 780 g/L and a concentration of ammonium bifluoride in the range of 2 g/L to 120 g/L and having no
more than 3.35 g/L of a strong acid, and controlling the temperature of the bath to be between the freezing point and
the boiling point of the solution. The method further includes connecting the workpiece to an anodic electrode of a DC
power supply and immersing a cathodic electrode of the DC power supply in the bath, and applying a current across
the bath.
[0006] In another embodiment of a method of micropolishing a surface of a non-ferrous metal workpiece, the method
includes exposing the surface to a bath of an aqueous electrolyte solution including a concentration of citric acid greater
than or equal to 600 g/L and a concentration of ammonium bifluoride less than or equal to 20 g/L, and having no more
than 3.35 g/L of a strong acid, controlling the temperature of the bath to be greater than or equal to 71 °C, connecting
the workpiece to the anode of a DC power supply and immersing a cathode of the DC power supply in the bath, and
applying a current across the bath of greater than or equal to 538 amperes per square meter and less than or equal to
255,000 amperes per square meter.
[0007] In yet another embodiment of a method of micropolishing a surface of a non-ferrous metal workpiece, the
method includes exposing the surface to a bath of an aqueous electrolyte solution including a concentration of citric acid
less than or equal to 780 g/L and a concentration of ammonium bifluoride less than or equal to 60 g/L, and having no
more than 3.35 g/L of a strong acid, controlling the temperature of the bath to be less than or equal to 54 °C, connecting
the workpiece to the anode of a DC power supply and immersing a cathode of the DC power supply in the bath, and
applying a current across the bath of greater than or equal to 538 amperes per square meter and less than or equal to
255,000 amperes per square meter.
[0008] In one embodiment of a method of uniform controlled surface material removal on a non-ferrous metal workpiece,
the method includes exposing the surface to a bath of an aqueous electrolyte solution including a concentration of citric
acid in the range of 60 g/L to 600 g/L and a concentration of ammonium bifluoride less than or equal to 120 g/L, and
having no more than 3.35 g/L of a strong acid, controlling the temperature of the bath to be greater than or equal to 71
°C, connecting the workpiece to the anode of a DC power supply and immersing a cathode of the DC power supply in
the bath, and applying a current across the bath.
[0009] An aqueous electrolyte solution is also disclosed including citric acid in a concentration range of about 1.6 g/L
to about 982 g/L and an effective concentration of ammonium bifluoride, the solution being substantially free of a strong
acid. An effective amount of ammonium bifluoride is at least about 2 g/L.
[0010] An aqueous electrolyte solution is also disclosed consisting essentially of citric acid in a concentration of range
of about 1.6 g/L to about 982 g/L and at least about 2 g/L of ammonium bifluoride, the balance being water.
[0011] An aqueous electrolyte solution is also disclosed consisting of citric acid in a concentration range of about 1.6
g/L to about 982 g/L and at least about 2 g/L of ammonium bifluoride, the balance being water.
[0012] An aqueous electrolyte solution is also disclosed including a concentration of citric acid greater than or equal
to about 1.6 g/L and less than or equal to saturation, a concentration of ammonium bifluoride greater than or equal to
about 2 g/L and less than or equal to about a saturation concentration in water, and having no more than about 3.35 g/L
of a strong acid.
[0013] An aqueous electrolyte solution is also disclosed including a concentration of citric acid of less than or equal
to about 780 g/L, a concentration of ammonium bifluoride of less than or equal to about 120 g/L, and having no more
than about 3.35 g/L of a strong acid.

BRIEF DESCRIPTION OF FIGURES

[0014]

Figs. 1A-1B are graphs of data showing the rate of material removal and the change in surface finish as a function
citric acid concentration in an aqueous electrolyte solution having a moderately low concentration of 20 g/L ammonium
bifluoride a high current density of 1076 A/m2 over a range of temperatures.

Figs. 2A-2B are graphs of data showing the rate of material removal as a function of ammonium bifluoride concen-
tration in an aqueous electrolyte solution including 120 g/L citric acid at representative low and high temperatures,
respectively, over a range of current densities.
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Figs. 2C-2D are graphs of data showing the change in surface finish as a function of ammonium bifluoride under
conditions corresponding to Fig. 2A-2B, respectively.

Figs. 2E-2F are graphs of data showing the rate of material removal and the change in surface finish, respectively,
as a function of current density in an aqueous electrolyte solution substantially without citric acid at a temperature
of 85 °C.

Figs. 3A-3D are graphs of data showing the rate of material removal as a function of citric acid concentration in an
aqueous electrolyte solution for several concentrations of ammonium bifluoride at a current density of 53.8 A/m2

and temperatures of 21 °C, 54 °C, 71 °C, and 85 °C, respectively.

Figs. 4A-4D are graphs of data showing the rate of material removal as a function of citric acid concentration in an
aqueous electrolyte solution for several concentrations of ammonium bifluoride at a temperature of 54 °C and current
densities of 10.8 A/m2, 215 A/m2, 538 A/m2, and 1076 A/m2, respectively.

Figs. 4E-4G are graphs of data showing the rate of material removal as a function of current density at a temperature
of 85 °C in an aqueous solution having 120 g/L, 600 g/L, and 780 g/L of citric acid, respectively, for several concen-
trations of ammonium bifluoride.

Figs. 4H-4J are graphs of data showing the change in surface finish as a function of current density under conditions
corresponding to Figs. 4E-4G, respectively.

Figs. 5A-5B are graphs of data showing the amount of material removed and the change in surface finish, respectively,
at various combinations of citric acid and ammonium bifluoride concentrations at a low temperature (21 °C) and
high current density (538 A/m2).

Figs. 6A-6B are graphs of data showing the amount of material removed and the change in surface finish, respectively,
at various combinations of citric acid and ammonium bifluoride concentrations at a low temperature (21 °C) and
high current density (1076 A/m2).

Figs. 7A-7B are graphs of data showing the amount of material removed and the change in surface finish, respectively,
at various combinations of citric acid and ammonium bifluoride concentrations at a high temperature (85 °C) and
high current density (1076 A/m2).

Figs. 8A-8B are graphs of data showing the amount of material removed and the change in surface finish, respectively,
at various combinations of citric acid and ammonium bifluoride concentrations at a representative high temperature
(85 °C) and low current density (10.8 A/m2).

Figs. 9A-9B are graphs of data showing the amount of material removed and the change in surface finish, respectively,
at various combinations of citric acid and ammonium bifluoride concentrations at a representative high temperature
(85 °C) and high current density (538 A/m2).

Figs. 10A-10B are graphs of data showing the amount of material removed and the change in surface finish, re-
spectively, at various combinations of citric acid and ammonium bifluoride concentrations at a representative mod-
erately high temperature (71 °C) and moderate current density (215 A/m2).

DETAILED DESCRIPTION

[0015] Aqueous electrolyte solutions that are particularly useful for surface treatment of reactive metals including, but
not limited to, titanium and titanium alloys are disclosed herein. Relatively small amounts of a fluoride salt and citric acid
are dissolved in water, substantially in the absence of a strong acid such as a mineral acid, such that the solution is
substantially free of a strong acid. This electrolyte solution is a notable departure from earlier attempts at electrolyte
baths for surface treatment of reactive metals, including but not limited to titanium and titanium alloys, which typically
use strong acids and require that the amount of water in the electrolyte solution be kept to an absolute minimum.
[0016] The fluoride salt provides a source of fluoride ions to the solution. A preferred fluoride salt may be, but is not
limited to, ammonium bifluoride, NH4HF2 (sometimes abbreviated herein as "ABF"). Other weak acids such as carboxylic
acids may be acceptable substitutes for citric acid, but not necessarily at the same concentrations or under the same
process conditions. Without being bound by theory, it is believed that the citric acid moderates the fluoride ion attack on
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the reactive metal surface to be treated. No amount of strong acid or mineral acid is deliberately added to the solution,
although some amount of strong acid may be present without significantly degrading the performance of the electrolyte
solution. As used herein, the terms "substantially in the absence of’ and "substantially free of’ are used to designate
concentrations of a strong acid of less than or equal to about 3.35 g/L, preferably less than or equal to about 1 g/L, and
more preferably less than about 0.35 g/L.
[0017] Test coupons of commercially pure (CP) titanium were immersed in a bath of aqueous solution including 60
g/L of citric acid and 10 g/L ABF at 54 °C, and a current was applied at 583 A/m2. A coupon cut from mill-surface titanium
strip (0.52 mm surface roughness) exposed to this solution for 15 minutes was uniformly smooth (0.45 mm surface
roughness) and cosmetically reflective. Then, small quantities of 42° Be HNO3 (nitric acid) were incrementally added,
and the prepared test coupon was processed repeatedly until surface changes were detected. The coupons were not
affected by the processing after each nitric acid addition until the nitric acid concentration reached 3.35 g/L, at which
point the test panel showed a non-uniform cosmetic appearance, including pitting and spalling, with irregular attack
around the perimeter of the coupon with surface roughness ranging from 0.65 to 2.9 mm and higher. Nitric acid is
considered to be a borderline strong acid with a dissociation constant not much greater than that of the hydronium ion.
Therefore, it is expected that for other stronger acids having the same or greater dissociation constants than nitric acid,
a similar electrolyte solution would be similarly effective at controlled material removal and micropolishing at concentra-
tions of strong acid less than approximately 3.35g/L. However, it is expected that other electrolyte solutions disclosed
herein having different concentrations of citric acid and ABF, and different ratios of citric acid and ABF concentrations,
may have a lower tolerance for the presence of a strong acid, depending on the particular strong acid as well as operating
parameters such as temperature and current density. Therefore, no more than about 1 g/L of strong acid, and preferably
no more than about 0.35 g/L of strong acid, should be present to enable aqueous electrolyte solutions to be effectively
used for material removal and surface finish refinement over a wide range of citric acid and ABF concentrations in and
at a wide range of temperatures and current densities.
[0018] Extensive electropolishing testing has been conducted on titanium and titanium alloy samples using a range
of chemistry concentrations, current densities, and temperatures.
[0019] In particular, testing has been performed on "clean" mill products (representative of typical mill producer "as
delivered" condition metal meeting American Society for Testing and Materials (ASTM) or Aerospace Material Specifi-
cation (AMS) standards) in order to measure the ability of various solutions and methods to remove bulk metal, to improve
or refine the surface finish on sheet metal products with low material removal rates, and/or to micropolish metal surfaces
to very fine surface finishes with very low material removal rates. In addition, while most of the testing has focused on
titanium and titanium alloys, testing has also shown that the same solutions and methods are more generally applicable
to treat many non-ferrous metals. For example, good results have been obtained on metals in addition to titanium and
titanium alloys including, but not limited to, gold, silver, chromium, zirconium, aluminum, vanadium, niobium, copper,
molybdenum, zinc, and nickel. Additionally, alloys such as titanium-molybdenum, titanium-aluminum-vanadium, titanium-
aluminum-niobium, titanium-nickel (Nitinol®), titanium-chromium (Ti 17®), Waspaloy, and Inconel® (nickel base alloy)
have also been positively processed.
[0020] An electrolyte solution containing citric acid and ammonium bifluoride has proven to be effective at etching
non-ferrous metals and metal alloys in surprisingly dilute concentration of both components. In this context, etching is
understood to encompass substantially uniform surface removal. In addition, improvements in surface finish have been
shown over a wide range of both citric acid and ammonium bifluoride concentrations. While any concentration of citric
acid up to saturation point with water (59% by weight, or about 982 g/L of aqueous solution at standard temperature
and pressure) could be used, there appears to be a correlation between citric acid concentration and ammonium bifluoride
concentration at which the citric acid sufficiently mitigates the etching effects of the fluoride ion generated by dissociation
of the ammonium bifluoride that the rate of material removal is dramatically curtailed while micropolishing of the material
surface is enhanced. For both etching and micropolishing, several mixtures having amounts of citric acid concentration
as low as 3.6 wt. %, or about 60 g/L, of solution have demonstrated etch rates and surface micropolishing results on
titanium comparable to concentrations of citric acid well above that amount, including up to about 36 wt. % or about 600
g/L of solution. Thus, in these solutions the etch rate is apparently more directly influenced by the concentration of ABF
than by the concentration of citric acid. Effective etching and micropolishing has even been shown at extremely low citric
acid concentrations of less than about 1 wt. %, or about 15 g/L of solution. The presence of even the smallest amount
of fluoride ion, however, appears to be sufficient for some metal removal to occur.
[0021] The etch rate falls substantially at concentrations of citric acid above about 600 g/L. However, at this high
concentration of citric acid, at least in cases of moderate to high current density, the surface finish results improve while
the etch rate falls. Thus, when direct current is applied, the more dilute mixtures of citric acid enable greater rates of
surface material removal, while the more concentrated mixtures of citric acid, up to mixtures as high as about 42% by
weight, or about 780 g/L of solution, provide a smoother and more lustrous finish, with uniform fine grain and no corona
effect as compared to pieces finished with less concentrated citric acid mixtures.
[0022] Highly controlled metal removal can be achieved using the bath solutions and methods described herein. In
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particular, the level of control is so fine that bulk metal can be removed in thicknesses as small as 2.54 micron (0.0001
inches) and as large and precise as 12.7 mm (0.5000 inches). Such fine control can be achieved by regulating a
combination of citric acid and ABF concentrations, temperature, and current density, as well as by varying the duration
and cyclical application of direct current. Removal can be performed generally uniformly on all surfaces of a workpiece,
or can be selectively applied only on certain selected surfaces of a mill product or manufactured component. Control of
removal is a achieved by fine tuning several parameters, including but not limited to temperature, power density, power
cycle, ABF concentration, and citric acid concentration.
[0023] Removal rates vary directly with temperature, and thus, when all other parameters are held constant, removal
is slower at cooler temperatures and faster at higher temperatures. Nevertheless, by maintaining the concentrations of
citric acid and ABF within certain preferred ranges, high levels of micropolishing can also be achieved at high temper-
atures, which is contrary to what might be expected.
[0024] Removal rate depends on the manner in which DC power is applied. Contrary to what might be expected,
removal rate appears to be inversely related to continuously applied DC power, and when continuously applied, increasing
the DC power density decreases the removal rate. However, by cycling the DC power, removal rates can be hastened.
Consequently, when significant material removal rates are desired, DC power is cycled from OFF to ON repeatedly
throughout a treatment operation. Conversely, when fine control of removal rates is desired, DC power is continually
applied.
[0025] Without being bound by theory, it is believed removal is slowed in proportion to the thickness of an oxide layer
that is formed at the surface of the metal, and higher applied DC power results in more oxidation at the metal surface,
which may act as a barrier to fluoride ion attack of the metal. Accordingly, cycling the DC power on and off at a prescribed
rate can overcome this oxygen barrier, or creates a mechanism that encourages a thick oxide to periodically spall off
the surface. As described herein, varying the operating parameters of bath temperature, applied voltage, citric acid
concentration and ammonium bifluoride concentration, the electrolyte provides the ability to tailor the beneficial results,
namely, highly controlled bulk metal removal and micropolishing, to the specific application. In addition varying operating
conditions within a given process set of operating parameters can alter and enhance the ability to fine-tune control of
metal removal and surface finish.
[0026] For example, Figs. 8A and 9A demonstrate that at 85 °C, 300 g/L citric acid, 10 g/L ammonium bifluoride,
material removal rates increase as current density increases from 10.8 A/m2 to 538 A/m2. Concurrently, Figs. 8B and
9B demonstrate that at the same conditions, surface finishes degrade when current density increases from 10.8 A/m2

to 538 A/m2. By cycling the DC power supply between these two current densities, a net result can be achieved that is
better than operating solely at either one of the current densities for the entire process. In particular, the process time
to remove a specific amount of material can be reduced as compared to operating solely at 10.8 A/m2. Additionally,
because of the smoothing effect of the lower current density, overall surface finish of the final product is superior to that
obtained by processing solely at 538 A/m2. Therefore, cycling between two or more power settings (as manifested in
the current density) enables complimentary results of both improved surface and precise bulk metal removal, with the
process requiring less total time than the individual processes for either surface enhancement or bulk metal removal alone.
[0027] In addition to varying the duty cycle, electricity may be applied across the electrolyte solution and through the
workpiece may in various wave forms that are available from DC power supplies, including but not limited to half wave,
full-wave rectified, square wave, and other intermediate rectifications to produce additional beneficial results and/or
enhancements to process speed without sacrificing the ultimate surface finish. DC switching rates as fast as 50 kHz to
1 MHz, or as slowly 15 to 90 minutes cycles, may be beneficial depending on the surface area to be processed, the
mass of the workpiece, and the particular surface condition of the workpiece. Additionally, the DC switching cycle itself
may optimally require its own cycle. For example, a large mass workpiece with a very rough initial surface finish may
benefit the greatest from a slow switching cycle initially, followed by a switching cycle of increased frequency as material
is removed and the surface finish improves.
[0028] Testing electrolytic baths of the type described herein also revealed that electropolishing takes place in certain
embodiments without increasing hydrogen concentration in the surface of the metal, and in some instances decreases
the hydrogen concentration. The oxygen barrier at the material surface may be responsible for the absence of hydrogen
migration into the matrix of the metal. Data suggests that this oxygen barrier may also be removing hydrogen from the
metal surface. Higher fluoride ion concentrations result in faster removal rates, but have an unknown impact on hydrogen
adsorption to the metal matrix. Higher citric acid concentrations tends to slow removal rates and demand higher power
densities during electropolishing, but also act to add ’smoothing’ or ’luster’ to the surface.
[0029] Several advantages result from using an aqueous electrolyte solution of ABF and citric acid as compared with
prior art solutions for finishing and/or pickling metal products. The disclosed electrolyte solutions enable a precisely
controlled finish gauge to be achieved. Finishing of conventional producer alloy flat products (sheet and plate) involves
multi-step grinding to finished gauge using increasingly fine grinding media, typically followed by "rinse pickling" in an
acid bath including hydrofluoric acid (HF) and nitric acid (HNO3) to remove residual grinding materials, ground-in smeared
metal, and surface anomalies. HF-HNO3 acid pickling is exothermic and is therefore difficult to control, and often results
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in the metal going under gauge, resulting in a higher scrap rate or lower-value repurposing of the metal. By using the
disclosed electrolyte solutions, the typical secondary and tertiary grinds can be eliminated, as can the need for the rinse
pickle. A precise predetermined finished gauge can be reached that cannot be achieved with current state of the art
grinding and pickling. Further, the disclosed electrolyte solutions do not introduce stresses into the part being treated.
By comparison, any mechanical grinding process imparts significant surface stresses, which can cause material warping
and results in some percentage of material being unable to meet typical or customer stipulated flatness specifications.
[0030] A typical process using HF-HNO3 acid pickling will charge hydrogen into the target material which often must
be removed by costly vacuum degassing to prevent embrittlement of the material. Testing conducted using an aqueous
electrolyte bath containing citric acid and ABF on typical mill production full-size sheets of Ti-6A1-4V and coupons of
CP titanium, 6A1-4V titanium, and nickel base alloy 718 has shown reduced hydrogen impregnation results as compared
with samples exposed to conventional strong acid pickling solutions. In particular, when treating Ti-6A1-4V and CP
titanium to achieve the same alpha-case free, clean surface end result as is typically achieved by strong acid pickling,
using aqueous electrolyte solution compositions including ammonium bifluoride and citric acid, a range of temperature
and current densities conditions were identified at which no hydrogen was charged into the material of the workpiece,
and in many of those operating conditions, hydrogen was actually pulled out of the material. For all of the metals and
alloys, while testing is ongoing to refine preferable operating ranges, results so far consistently indicate that even under
conditions that may not be optimal, less hydrogen was charged into the material than would have been charged under
the same operating conditions using a strong acid pickling bath. In general, lower concentrations of ammonium bifluoride
result in greater hydrogen removal from, or less hydrogen impregnation into, the material exposed to the electrolyte
solution.

Highly Controlled Metal Removal, Surface Finishing, and Micropolishing.

[0031] Micropolishing or microsmoothing of components, and in particular micro-smoothing of already relatively smooth
surfaces, can be achieved using solutions and methods described herein with a superior precision as compared with
manual or machine polishing. Micropolishing occurs without generating detrimental residual stresses in the target work-
piece or material, and without smearing of metal in the workpiece, both of which are problems inherent in current
mechanical methods. Additionally, by eliminating human variability, the resulting levels of polish are specific and repro-
ducible. Cost savings can also be achieved using the disclosed electrolyte solution versus existing methods.
[0032] In testing, good results for micropolishing have been obtained at high concentrations of citric acid, low to
moderate concentrations of ABF, high temperature, and high DC current density, which can be applied continuously or
cyclically. However, DC power density should be adjusted based on the alloy being treated. Aluminum-containing alloys
of titanium (typically alloys of alpha-beta metallurgy, including the common Ti-6A1-4V alloy) tend to lose luster at applied
DC voltages in excess of 40 volts. However, for these metals, capping the voltage at about 40 volts and applying a
higher current (i.e., to achieve a higher power density) enables the material luster to again be realized. Without being
bound by theory, this may be a result of the alpha stabilizing element, which in the case of most alpha-beta alloys
(including Ti-6A1-4V) is aluminum anodizing to Al203 rather than being polished. In addition, titanium-molybdenum (all
beta phase metallurgy) and commercially pure (CP) titanium (all alpha phase), however, get brighter with increasing DC
power densities without apparently being bound by a similar upper voltage limit. In particular, for other metals, it has
been found that higher voltages up to at least 150 volts can be used, for example with the nickel base alloy 718 to
produce beneficial results in electropolishing, micropolishing, and surface treatment using electrolyte solutions as dis-
closed herein.
[0033] The solutions and method disclosed herein can be used to deburr machined parts by preferentially processing
the burrs on machined metal components, especially when the parts are made from difficult to machine metals such as
titanium and nickel base alloys. In the current state of the art, deburring of machined components is typically performed
as a manual operation, and thus suffers from many problems associated with human error and human inconsistency.
Testing with the disclosed solutions has shown that deburring is most effective when citric acid concentration is low,
due to the resistive nature of citric acid in the electrochemical cell, and best when fluoride ion from ABF, is high. Similar
solutions can also be used to remove surface impurities or to clean a workpiece after machining, such as might otherwise
be done using a strong acid pickling with an HF-HNO3 bath.
[0034] Non-ferrous and especially reactive metals demonstrate an effective rate of chemical etch in a wide range of
dilute citric mixtures, as described above. This allows customization of a finishing process for a particular non-ferrous
metal workpiece that may include a selected dwell time in the bath before applying electric current to remove and react
some of the surface metal before electropolishing begins to selectively reduce peak areas.
[0035] The citric acid based electrolyte has a much lower viscosity than traditional electropolishing mixtures, in part
due to the much lower dissociation constant of citric acid as compared with the strong acids normally used in electropo-
lishing electrolytes. The lower viscosity aids in material transport and lowers electrical resistance, so that lower voltages
can be used than in conventional electropolishing. The electropolishing finish ultimately obtained is substantially influ-



EP 2 504 469 B1

8

5

10

15

20

25

30

35

40

45

50

55

enced by the viscosity and resistivity of the electrolyte employed. It has been found that the finest surface finishes (highly
micropolished) can be achieved using a highly resistive electrolyte solution in combination with a high electropolishing
voltage (and thus a moderate to high current density). In addition, when a somewhat more conductive (less highly
resistive) electrolyte solution is employed, fine micropolishing can still be achieved at high voltages and high current
densities.
[0036] It should follow that corresponding benefits will apply to electrochemical machining. In particular, it is expected
that electrolyte baths having compositions as described herein can be used effectively in place of conventional electro-
chemical machining and/or pickling solutions, with substantial environmental and cost benefits. Because the electrolyte
solutions disclosed herein are essentially free of strong acid, the problems of hazardous waste disposal and handling
are minimized. Moreover, the required current densities are far less than required for conventional electrochemical
machining.
[0037] In general, increasing the concentration of ammonium bifluoride tends to decrease the electrical resistance of
the electrolyte solution (i.e., ammonium bifluoride increases the electrical conductivity of the electrolyte solution), while
the presence of citric acid, or increasing the concentration of citric acid relative to the concentration of ammonium
bifluoride, tends to mitigate the effects of the ammonium bifluoride on electrical resistance. In other words, to maintain
the electrical resistance of the electrolyte solution at a high level to promote micropolishing, it is desirable to keep
ammonium bifluoride concentrations low, or to use a higher concentration of ammonium bifluoride in conjunction with a
higher concentration of citric acid. Thus, by varying the concentration of ammonium bifluoride and the relative concen-
trations of ammonium bifluoride and citric acid, the electrical resistance of the electrolyte solution can be beneficially
controlled to achieve desired levels of micropolishing of the surface of a workpiece.
[0038] In the processes disclosed herein, the proximity of the workpiece (anode) to the cathode need not be precise,
in contrast to conventional electropolishing or electrochemical machining. Successful processing has taken place with
the cathode in the range of about 0.1 cm to about 15 cm from the workpiece. Practical limitations on the maximum
distance between the cathode and the anodic workpiece are mostly commercially derived, and include bath size, work-
piece size, and electrical resistance of the electrolyte solution. Because the overall current densities are lower, and often
far lower, than those required by electrochemical machining, it is possible to use greater workpiece-to-cathode distances
and then simply increase the capacity of the power supply accordingly. Moreover, because the lower viscosity electrolyte
solutions disclosed herein enable highly controlled bulk metal removal, surface finishing, and micropolishing, the same
solutions are expected to also be effective in electrochemical machining.
[0039] Electropolishing of a metallic workpiece is performed by exposing the workpiece and at least one cathodic
electrode to a bath of an electrolyte solution, and connecting the workpiece to an anodic electrode. The electrolyte
solution includes an amount of citric acid in the range of about 0.1% by weight to about 59% by weight. The electrolyte
solution may also include about 0.1% by weight to about 25% by weight of a fluoride salt selected from alkali metal
fluorides, alkali earth metal fluorides, silicate etching compounds and/or combinations thereof. Current is applied from
a power source between the at least one anodic electrode connected to the workpiece and the cathodic electrode
immersed in the bath to remove metal from the surface of the workpiece. The current is applied at a voltage in the range
from about 0.6 millivolts direct current (mVDC) to about 100 volts direct current (VDC). ABF is a preferred fluoride salt.
[0040] In another aspect of the electropolishing method, the current is applied at a voltage of about 0.6 VDC to about
150 VDC. The current may be applied at a current density of less than or equal to about 255,000 amperes per square
meter ((A/m2) (roughly 24,000 amperes per square foot), where the denominator represents the total effective surface
area of the work piece. For some non-ferrous metals such as nickel base alloys, current densities up to and including
about 5,000 A/m2 (roughly 450 A/ft2) may be used, and for titanium and titanium alloys, current densities of about 1 to
about 1100 A/m2 (roughly 0.1 to 100 A/ft2) are preferred, The electropolishing processes using the electrolyte solution
may be operated between the freezing and boiling points of the solution, for example at a temperature of about 2 °C to
about 98 °C, and preferably in the range of about 21 °C to about 85 °C.
[0041] In practice, material may be removed from the metallic substrate at a rate of about 0.0001 inches (0.00254
mm) to about 0.01 inches (0.254 mm) per minute. The following examples show the effectiveness of the electrolyte at
varying concentrations and operating conditions.

Example 1 : Etching Commercially Pure Titanium

[0042] In an electrolyte consisting essentially of approximately, by weight, 56% water, 43% citric acid (716 g/L), and
1% ammonium bifluoride (15.1 g/L), operated at 185 °F (85 °C), a commercially pure titanium plate sample was processed
to improve the surface finish of the material (i.e., to make the mill-standard finish smoother). The material started at a
surface finish of approximately 406 microns (160 microinches) and after processing, the surface finish was reduced by
152 micron (90 microinches) to a final reading of 127 micron (50 microinches), or an improvement of about 69%. The
process operated for a period of 30 minutes, resulting in a reduction in material thickness of 0.45 mm (0.0178 inches).
[0043] Cold formability, a key characteristic of titanium plate product for many end use applications, is highly dependent
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on the surface finish of the product. Using embodiments of the electrochemical process disclosed herein, material surface
finish improvements can be achieved at lower cost than conventional grinding and pickling methods. Finishes obtained
using embodiments of the disclosed solutions and methods have been demonstrated to improve the cold forming char-
acteristics of plate product to a higher degree than the conventional methods.

Example 2: Etching 6A1-4V Coupon

[0044] The following examples were processed on 6A1-4V titanium alloy sheet stock coupons measuring 52 mm x
76mm. The electrolyte consisted of water (H20), citric acid (CA), and ammonium bifluoride (ABF) in varying concentrations
and temperatures. The resulting observations and readings are recorded below in Table 1.

Example 3: Electropolishing 6A1-4V Coupon

[0045] The following examples were processed on 6A1-4V titanium alloy sheet stock coupons measuring 52 mm x
76mm. The electrolyte consisted of water (H20), citric acid (CA), and ammonium bifluoride (ABF) in varying concentrations
and temperatures. The resulting observations and readings are recorded below in Table 2.

Table 1

H2O (wt%) CA (wt%) ABF (wt%) Temp (°F) (-32x5/9°C) Time (min) Mat’l Loss (in.) (x25.4mm)

77.90 21.45 0.65 178 1.0 0.00065

77.25 21.45 1.30 185 1.0 0.00085

75.95 21.45 2.60 189 1.0 0.00120

74.65 21.45 3.90 188 1.0 0.00120

56.45 42.90 0.65 184 1.0 0.00005

55.80 42.90 1.30 195 1.0 0.00030

54.50 42.90 2.60 193 1.0 0.00005

53.20 42.90 3.90 188 1.0 0.00035

53.20 42.90 3.90 191 5.0 0.00140

75.95 21.45 2.60 190 3.0 0.00205

88.95 10.725 0.325 180 1.0 0.00020

88.625 10.725 0.650 180 1.0 0.00020

87.975 10.725 1.30 182 1.0 0.00060

99.25 0.100 0.65 188 1.0 0.00010

98.60 0.100 1.30 182 1.0 0.00065

97.30 0.100 2.60 195 1.0 0.00095

Table 2

H2O 
(wt%)

CA 
(wt%)

ABF 
(wt%)

Temp (°F) (-
32x5/9°C)

Time 
(min)

Power (V/Amp) Mat’l Loss (in.) 
(x25.4mm)

77.90 21.45 0.65 190 1.0 (50/7) 0.00025

77.25 21.45 1.30 195 1.0 (50/8) 0.00070

75.95 21.45 2.60 191 1.0 (50/10) 0.00130

74.65 21.45 3.90 190 1.0 (50/12) 0.00130

74.65 21.45 3.90 188 1.0 (20/6) Not recorded

74.65 21.45 3.90 184 1.0 (6/2) Not recorded

74.65 21.45 3.90 180 1.0 (12/3) Not recorded
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[0046] Further extensive testing has been conducted using aqueous electrolyte solutions containing citric acid in the
range of about 0 g/L to about 780 g/L (about 0% to about 47% by weight) and ammonium bifluoride in the range of about
0 g/L to about 120 g/L (about 0% to about 8% by weight), and being substantially free of a strong acid (i.e., having less
than about 1 g/L or less than 0.1% by weight), at bath temperatures in the range of about 21 °C to about 85 °C, and with
applied current densities in the range of about 0 A/m2 to about 1076 A/m2 of workpiece surface area. (Note that 780 g/L
of citric acid in water is a saturation concentration at 21 °C.) Current densities as high as at least 225,000 A/ m2 can be
used at applied voltages of 150 volts or more. Metals tested included commercially pure titanium as well as some spot
testing on 6A1-4V titanium and nickel base alloy 718. Based on these results, it is expected that similar electropolishing,
micropolishing, and surface treatment results can be obtained across the class of non-ferrous metals and alloys. The
results are summarized in the following tables and description, and with reference to the figures. Unless otherwise
specified, tests were conducted at temperatures of about 21 °C, about 54 °C, about 71 °C, and about 85 °C, and at
current densities of about 0 A/m2, about 10.8 A/m2, about 52.8 A/m2, about 215 A/m2, about 538 A/m2, and about 1076
A/m2. No amount of a strong acid was intentionally added to any of the tested solutions, although trace amounts would
likely not impact the results significantly.
[0047] Figs. 1A-1B show the material removal rate and change in surface finish, respectively, at four different temper-
atures using an aqueous electrolyte solution including a moderately low concentration of ammonium bifluoride of 20 g/L
and concentrations of citric acid from about 0 g/L to about 780 g/L and a current density of 1076 Nm2. Fig. 1A shows
that material removal rate varies directly with temperature, particularly at lower concentrations of citric acid. As the bath
temperature increases, so does the removal rate. At lower temperatures of 21 °C, 54 °C, and 71 °C, 180 g/L of citric
acid is sufficient to begin to moderate the material removal effectiveness of the ammonium bifluoride, while at a higher
temperature of 85 °C, relatively rapid material removal continues up to about 300 g/L of citric acid. At higher citric acid
concentrations of 300 g/L and greater, removal rates at all temperatures are curtailed. Conversely, Fig. 1B shows that
at lower citric acid concentrations, particularly at or below 120 g/L to 180 g/L, the surface finish is degraded at all but
the lowest temperature. In other words, the fluoride ion that is responsible for significant material removal at lower citric
acid concentrations also creates surface damage, but the presence of citric acid in sufficient concentrations appears to
act as a beneficial barrier to fluoride ion attack. However, as the citric acid concentration is increased to and above 180
g/L, the surface finish actually improves, particularly at citric acid levels of 600 g/L and greater where the rate of material
removal is significantly reduced. Moreover, even at citric acid levels between about 120 g/L and 600 g/L where material
removal still occurs, improvements in surface finish can be achieved simultaneously.
[0048] Testing revealed that to achieve the desired material removal and surface finish improvements, a source of
fluoride ions, such as ammonium bifluoride, is necessary. In electrolyte solutions consisting essentially of citric acid
alone in water, substantially in the absence of ammonium bifluoride, practically no material removal is obtained, regardless
the temperature of the bath or the current density, and changes in surface finish are also minimal. It is believed that
when titanium or another reactive metal is processed in an aqueous electrolyte including only citric acid, the surface of
the material is essentially being anodize with an oxide layer that is very thin (i.e., about 200 nm to about 600 nm thick)

(continued)

H2O 
(wt%)

CA 
(wt%)

ABF 
(wt%)

Temp (°F) (-
32x5/9°C)

Time 
(min)

Power (V/Amp) Mat’l Loss (in.) 
(x25.4mm)

56.45 42.90 0.65 182 1.0 (50/3) 0.00010

55.80 42.90 1.30 200 1.0 (50/5) 0.00045

54.50 42.90 2.60 189 1.0 (50/8) 0.00055

53.20 42.90 3.90 190 1.0 (50/12) 0.00045

53.20 42.90 3.90 203 5.0 (50/5) 0.00115

75.95 21.45 2.60 172 3.0 (12/3) 0.00015

88.95 10.725 0.325 180 1.0 50V 0.00000

88.625 10.725 0.650 180 1.0 50V 0.00010

87.975 10.725 1.30 184 1.0 50V 0.00060

99.25 0.100 0.65 190 1.0 50V 0.00060

98.60 0.100 1.30 184 1.0 (50/19) 0.00145

97.30 0.100 2.60 190 1.0 (50/38) 0.00360
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and forms quickly. After the anodic oxide layer forms, because the applied DC power can no longer attack the material
surface, it hydrolyzes the water. The resulting nascent oxygen that is formed quickly finds another mono-atomic oxygen
and is given off at the anode as O2 gas.
[0049] Figs. 2A-2B and 2C-2D show the rate of material removal and the change in surface finish, respectively, using
an aqueous electrolyte solution including a concentration of citric acid of 120 g/L and concentrations from about 0 g/L
to about 120 g/L ammonium bifluoride. Figs. 2A and 2C show data at a representative low temperature of 21 °C and
Figs. 2B and 2C show data at a representative high temperature of 71 °C. Figs. 2A-2B show that material removal is
strongly correlated to ammonium bifluoride concentration and temperature, but is minimally impacted by current density.
Higher rates of material are generally obtained by increasing one or both of the ammonium bifluoride concentration and
the temperature. Figs. 2C-2D show that material removal comes along with some surface degradation. Surprisingly,
however, as the temperature increases and the rate of material removal increases, the amount of surface finish degra-
dation is reduced. At a low temperature of 21 °C, as in Fig. 2C, increasing current density mitigates the surface degradation
effects, and at the highest current density some surface finish improvement is evidenced. At a higher temperature of 71
°C, as in Fig. 2D, the change in surface finish does not vary significantly with changes in current density.
[0050] Figs. 2E-2F show that the rate of material removal and the change in surface finish, respectively, using an
aqueous electrolyte solution consisting essentially of ammonium bifluoride in water, with no intentionally added citric
acid, as a function of current density when operated at a high temperature of 85 °C. High rates of material removal can
be achieved with an ABF-only electrolyte, but this material removal comes at the expense of surface finish, which is
often moderate to significantly degraded by the electrolyte solution. Nevertheless, at certain operating conditions (not
shown in the figures), minimal degradation or modest improvement in surface finish was achieved. For example, im-
provements in surface finish from ABF-only electrolyte solutions were achieved with a 10 g/L ABF solution at 21 °C and
215 - 538 A/m2 and at 54 - 71 °C and 1076 A/m2, with a 20 g/L ABF solution at 21 °C and 215 - 1076 A/m2, and with a
60 g/L ABF solution at 21 °C and 538 - 1076 A/m2.
[0051] Without being bound by theory, a possible explanation for the ability of increased current density to improve
surface finish, while minimally impacting material removal rates, is that one function of the electric current is to grow the
natural oxide layer at the surface of the material. This excess oxygen, in combination with the citric acid, is believed to
act as a beneficial barrier to attack of the material surface. Accordingly, as current densities increase, it is believed that
higher concentrations of oxygen are produced at the anode, which, in turn, may act as a mass transfer barrier. Alternatively,
simplistically viewing the surface morphology of the material as a series of "peaks" and "valleys," it is postulated that
the citric and oxygen sit down in the valleys, exposing only the peaks of the surface morphology to the fluoride ion. As
the citric and oxygen barriers increase in strength (i.e., higher citric acid concentrations and higher current densities),
only the highest peaks of the surface are available for chemical attack. Under this theory, low current densities and low
citric acid concentrations would be expected to provide the least capable process for surface smoothing, while high
current densities and high citric acid concentrations would be expected to provide the most capable process for surface
smoothing. Whether or not these theories are accurate, the data appears to bear out results consistent with the above
analysis.
[0052] Understanding that oxygen (produce by electric current) and citric acid appear to be act as micro-barriers to
the removal process helps make clear that ABF concentration and temperature are the variables likely to be most
amenable to use for controlling material removal and micropolishing results. Therefore, in the processes described
herein, current density appears to act primarily to create oxygen, for the most part it is not a significant agent to increase
overall material removal. Rather, material removal appears to be either nearly exclusively driven by the fluoride ion, the
activity of which is governed to some extent by the thermodynamic impact of temperature. In sum, current density as a
control variable appears to be, surprisingly, of relatively minor importance, and that presence of the fluoride ion over-
whelms the impact of current density.
[0053] Figs. 3A-3D depict, at a representative current density of 53.8 A/m2, that the rate of material removal can be
varied in direct relationship to temperature, so that for the same mixture of citric acid, ammonium bifluoride, and water,
greater material removal occurs at higher temperatures. Similar trends were observed at all current densities from 0
A/m2 to 1076 A/m2.
[0054] Figs. 4A-4D depict, at a representative temperature of 54 °C, that the rate of material removal is relatively
constant with current density, so that for the same mixture of citric acid and ammonium bifluoride at any given bath
temperature, the rate of material removal is relatively insensitive to changes in current density. Similar trends were
observed at all temperatures from 21 °C to 85 °C, and it is believed that those trends hold below 21 °C (but above the
freezing point of the solution) and above 81 °C (but below the boiling point of the solution). As occurs at nearly all
temperature and current conditions, regardless the ABF concentration, when the citric acid concentration rises above
a certain level, typically between 600 g/L and 780 g/L, the rate of material removal is significantly curtailed. Therefore,
to maintain the ability to achieve some level of material removal, when shaping a workpiece is desired, the citric acid
concentration should generally be maintained at less than 600 g/L.
[0055] Figs. 4E-4G depict, at a representative high temperature of 85 °C and three different concentrations of citric
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acid, the impact of current density on material removal rates, and Figs. 4H-4J depict the impact of current density on
surface finish under the same sets of conditions. Fig. 4E shows, as do Figs. 4F and 4G but to a lesser extent, that the
material removal capabilities of the electrolyte solution are greatest at the highest concentrations of ammonium bifluoride,
and are quite significant at high temperature. It should be noted that although Fig. 4E shows data only at 120 g/L citric
acid, essentially the same rates of material removal are seen at citric acid concentrations at 60 g/L, 120 g/L, and 300
g/L. But, as shown in Fig. 4F, at 600 g/L citric acid, the concentration of citric acid appears to provide some amount of
protection for the surface from large-scale attack, and the material removal rates drop as compared with lower citric acid
concentrations. At 780 g/L, as shown in Fig. 4G, the removal rates are reduced even further. Regardless the concen-
trations of ammonium bifluoride and citric acid, material removal appears to be little influenced by current density.
[0056] Fig. 4H shows that at high temperature and modest citric acid concentration, a moderate amount of surface
finish degradation is experienced at nearly all ammonium bifluoride concentrations and current densities. However, when
viewing Figs. 4E and 4H together, one process condition stands out. At a citric acid concentration of 120 g/L, a low level
of 10 g/L ammonium bifluoride, and a high current density of 1076 A/m2, material removal is suppressed and a significant
improvement in surface finish results. This may provide further evidence of the theory discussed above, in that the
elevated current density may be creating enough excess oxygen at the material surface to fill the "valleys" in the surface
morphology such that the "peaks" are preferentially attacked by the fluoride ion generated by dissociation of the ammo-
nium bifluoride. This effect, combined with the possible micro-barrier effect of citric acid, can be seen even more strongly
in Fig. 4I (at 600 g/L citric acid) and Fig. 4J (at 780 g/L citric acid), which show a reduced degradation in surface finish,
and in some cases an improvement in surface finish, at higher citric acid concentrations and higher current densities
alone, and even more so at a combination of higher citric acid concentrations and higher current densities. For example,
there is a significant improvement in surface finish at 10 g/L and 20 g/L ammonium bifluoride in going from 600 g/L to
780 g/L citric acid.
[0057] However, there appears to be a limit to this effect, as it can be seen that surface finish dramatically worsens
for at highest concentration of 120 g/L ammonium bifluoride and the higher current densities in going from 120 g/L to
600 g/L and further to 780 g/L citric acid. A similar result was obtained at 60 g/L ammonium bifluoride, at least in raising
the citric acid concentration from 600 g/L to 780 g/L.
[0058] As shown in Tables 3A-3C and 4A-4C below, process conditions for sheet goods finishing, in which minimal
material removal is needed and a modest to high surface finish improvement is desired, and for micropolishing, in which
virtually no material removal is needed and a very high surface finish improvement is desired, can be achieved over a
wide range of electrolyte mixtures, temperatures, and current densities. Tables 3A-3C and 4A-4C do not include electrolyte
consisting essentially of water and citric acid, and substantially free of ammonium bifluoride, even though that solution
can achieve essentially zero material removal and modest to high surface improvement over a wide range of temperature
and current density, because those conditions were discussed separately with reference to Figs. 1A-1C. Similarly, Tables
3A-3C and 4A-4C do not include electrolyte consisting essentially of water and ammonium bifluoride, and substantially
free of citric acid, because those conditions were discussed separately with reference to Figs. 2A-2D. Tables 3A-3C are
separated by levels of surface finish refinement, and are then organized in order of increasing ABF concentration. Tables
4A-4C are separated by levels of citric acid concentration and are then organized in order of increasing ABF concentration.
[0059] Several trends emerge from the data in Tables 3A-3C. First, low or near-zero material removal and improved
surface finishes were obtained across the entire range of citric acid concentrations (60 g/L to 780 g/L), ammonium
bifluoride concentrations (10 g/L to 120 g/L), temperatures (21 °C to 85 °C), and current densities (10.8 A/m2 to 1076
A/m2). Therefore, aqueous solutions of citric acid and ABF, in the substantial absence of a strong acid, can produce fine
surface finishes with minimal material loss in concentrations as low as 60 g/L citric acid and 10 g/L ABF, and concentrations
as high as 780 g/L citric acid and 120 g/L ABF, and at several combinations in between.

Table 3A: Highest Surface Finish Refinement

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

780 10 85 1076 0.168 39.2

180 10 85 1076 0.208 36.4

120 10 85 1076 0.232 33.3

300 10 71 1076 0.156 30.4

780 10 71 53.8 0.100 30.4

780 10 71 10.8 0.108 30.2
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[0060] In general, as shown in Table 3A, the highest levels of surface finish improvement (i.e., greater than 30%
reduction in surface roughness) were obtained at higher current densities of 538 - 1076 A/m2, at moderate to higher
citric acid concentrations of 120 - 780 g/L, and generally at lower ABF concentrations of 10 - 20 g/L. When the ABF
concentration is lower, in the range of 10 - 20 g/L, higher temperatures of 71 - 85 °C tend to produce better surface
finishes at the higher citric acid concentrations of 600 - 780 g/L, while more moderate temperature of 54 °C produced
fine surface finishes at moderate citric acid concentrations of 120 - 300 g/L. Nevertheless, significant improvements in
surface finish were also obtained at low ABF, moderate citric acid, and high temperature conditions (10 g/L ABF, 120
g/L citric acid, 85 °C) and at low ABF, moderate citric acid, and lower temperature conditions (20 g/L ABF, 180 g/L citric
acid, 54 °C). When the ABF concentration is higher, in the range of 60 - 120 g/L, lower temperatures of 21 - 54 °C tend
to produce better surface finishes at the higher citric acid concentrations of 600 - 780 g/L and higher current densities.
In addition, significant surface finish refinement was achieved at lower current densities of 10.8 - 53.8 A/m2, high citric
acid concentrations of 780 g/L, and high temperatures of 71 - 85 °C for both low ABF concentration of 10 g/L and high
ABF concentration of 120 g/L, as shown in Fig. 4H.

(continued)

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

300 10 54 1076 0.640 38.9

780 20 71 538 0.100 44.8

600 20 71 1076 0.188 40.0

180 20 54 1076 0.168 31.9

780 20 21 1076 0.044 30.9

780 60 54 1076 0.160 36.1

600 60 21 1076 0.200 46.9

780 60 21 538 0.088 42.0

600 60 21 538 0.080 37.9

780 60 21 1076 0.204 34.6

780 120 21 538 0.116 49.1

600 120 21 1076 0.168 44.7

Table 3B: High Surface Finish Refinement

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

780 10 85 538 0.132 28.8

60 10 85 1076 0.276 28.0

300 10 85 1076 0.216 25.6

600 10 85 538 0.084 25.0

600 10 85 1076 0.220 24.5

780 10 85 10.8 0.136 17.9

600 10 71 538 0.076 19.6

180 10 71 1076 0.192 18.8

180 10 54 1076 0.200 25.0

780 10 54 538 0.024 21.2

780 10 54 53.8 0.088 15.3
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[0061] In general, as shown in Table 3B, high but not the highest levels of surface finish improvement (i.e., between
about 15% and about 30% reduction in surface roughness) were obtained at lower ABF concentrations of 10 - 20 g/L
and moderate to higher temperatures of 54 - 85 °C, and largely but not exclusively at higher current densities of 538 -
1076 A/m2. Typically, these results were achieved at high citric acid concentrations of 600 -780 g/L. For example, while
concentrations of 10 - 20 g/L ABF usually produced fine results at the higher current densities and high citric acid
concentrations, fine results were also obtained using lower citric acid concentrations of 60 - 300 g/L at a low current
density of 10.8 A/m2 and a high temperature of 85 °C, and at low a current density of 53.8 A/m2 and a modest temperature
of 54 °C. High improvements in surface finish were achieved at high levels of 120 g/L ABF too, both at high temperature
and low current density (71 - 85 °C and 10.8 - 53.8 A/m2) and at low temperature and high current density (21 °C and
1076 A/m2), in all cases at high citric acid concentrations of 780 g/L. In this regard, it appears that there is some
complementary activity between temperature and current density, in that similar surface finish results can be achieved
for a solution having a high concentration of citric acid by using a higher current density with a lower temperature or by
using a lower current density with a higher temperature. See also Figs. 4H-4J, which show that conditions of high
temperature combined with high current density tend to yield the best surface finish improvements.

(continued)

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

300 20 85 1076 0.212 30.0

780 20 85 10.8 0.244 15.7

780 20 71 1076 0.196 27.1

780 20 71 0 0.176 22.1

180 20 71 1076 0.188 15.1

780 20 54 1076 0.228 28.6

300 20 54 1076 0.144 25.0

600 20 54 1076 0.164 18.0

780 20 54 538 0.100 16.7

780 20 54 215 0.108 15.6

780 20 21 538 0.016 20.3

300 60 21 1076 0.192 21.3

780 120 85 10.8 0.004 30.0

780 120 71 10.8 0.000 25.0

780 120 71 53.8 0.002 23.7

780 120 54 10.8 0.032 16.4

780 120 21 1076 0.196 16.3

Table 3C: Moderate Surface Finish Refinement

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

600 10 85 10.8 0.216 4.0

600 10 85 215 0.232 1.9

780 10 71 0 0.100 14.3

780 10 71 215 0.048 9.8

600 10 71 0 0.164 6.0
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[0062] In general, as shown in Table 3C, modest levels of surface finish improvement (i.e., less than about 15%
reduction in surface roughness) were obtained at lower ABF concentrations of 10 - 20 g/L and higher temperatures of
71 - 85 °C, and largely across the entire range of current densities of 10.8 - 1076 A/m2. Typically, these results were
achieved at high citric acid concentrations of 600 -780 g/L. One notable exception to this trend is that modest to high
surface finish improvements were also obtained at all ABF concentrations of 10 - 120 g/L and low to moderate citric acid
concentrations of 60 - 300 g/L at a low temperature of 21 °C and a high current density of 1076 A/m2.

(continued)

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

780 10 71 538 0.064 5.4

780 10 21 53.8 0.040 14.5

60 10 21 1076 0.148 13.5

780 20 85 215 0.260 7.7

780 20 85 53.8 0.216 7.7

780 20 85 0 0.232 5.7

600 20 85 1076 0.184 6.2

300 20 71 1076 0.200 7.1

780 20 71 53.8 0.172 2.0

600 20 54 538 0.064 8.2

600 20 21 538 0.032 13.2

120 20 21 1076 0.164 10.6

300 20 21 1076 0.148 10.4

600 20 21 1076 0.032 6.7

60 20 21 1076 0.124 6.8

180 20 21 1076 0.132 4.2

780 20 21 53.8 0.032 1.7

120 60 21 1076 0.196 11.3

60 60 21 1076 0.224 4.2

780 120 85 0 0.016 11.1

780 120 85 53.8 0.016 2.2

780 120 54 0 0.008 13.5

780 120 54 53.8 0.020 5.9

780 120 21 10.8 0.004 7.8

300 120 21 1076 1.400 2.3

Table 4A: Lowest Citric Acid Concentrations

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

180 10 85 1076 0.208 36.4

120 10 85 1076 0.232 33.3
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[0063] As shown in Table 4A, at low citric acid concentrations of 60 - 180 g/L, improvement of surface finish uniformly
appears to require high current density. Typically, the best surface finish improvements were obtained at low ABF
concentrations of 10 - 20 g/L and at moderate to high temperatures of 54 - 85 °C. Low and moderate surface finish
improvement was achieved at ABF concentrations of 10 - 60 g/L and low temperatures of 21 °C.

(continued)

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

60 10 85 1076 0.276 28.0

180 10 54 1076 0.200 25.0

180 10 71 1076 0.192 18.8

60 10 21 1076 0.148 13.5

180 20 54 1076 0.168 31.9

180 20 71 1076 0.188 15.1

120 20 21 1076 0.164 10.6

60 20 21 1076 0.124 6.8

180 20 21 1076 0.132 4.2

120 60 21 1076 0.196 11.3

60 60 21 1076 0.224 4.2

Table 4B: Moderate Citric Acid Concentrations

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

300 10 54 1076 0.188 38.9

300 10 71 1076 0.156 30.4

300 10 85 1076 0.216 25.6

600 10 85 538 0.084 25.0

600 10 85 1076 0.220 24.5

600 10 71 538 0.076 19.6

600 10 71 0 0.164 6.0

600 10 85 10.8 0.216 4.0

600 10 85 215 0.232 1.9

600 20 71 1076 0.188 40.0

300 20 85 1076 0.212 30.0

300 20 54 1076 0.144 25.6

600 20 54 1076 0.164 18.0

600 20 21 538 0.032 13.2

300 20 21 1076 0.148 10.4

600 20 54 538 0.064 8.2

600 20 21 1076 0.032 6.7

300 20 71 1076 0.200 7.1
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[0064] As shown in Table 4B, at moderate citric acid concentrations of 300 - 600 g/L, significant improvement of surface
finish generally requires higher current densities of 538 - 1076 A/m2, and occurs primarily at low ABF concentrations of
10 - 20 g/L ABF. At the lowest ABF concentration of 10 g/L, higher temperatures of 54 - 85 °C achieve the best results,
while at an ABF concentration of 20 g/L, good results are achieved in the range from 21 - 85 °C. At higher ABF concen-
trations of 60 - 120 g/L, surface finish improvement more typically occurs at a lower temperature of 21 °C.

(continued)

Citric 
Acid 
(g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

600 20 85 1076 0.184 6.2

600 60 21 1076 0.200 46.9

600 60 21 538 0.080 37.9

300 60 21 1076 0.192 21.3

600 120 21 1076 0.168 44.7

300 120 21 1076 1.400 2.3

Table 4C: Highest Citric Acid Concentration

Citric 
Acid (g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

780 10 85 1076 0.168 39.2

780 10 71 53.8 0.100 30.4

780 10 71 10.8 0.108 30.2

780 10 85 538 0.132 28.8

780 10 54 538 0.024 21.2

780 10 85 10.8 0.136 17.9

780 10 54 53.8 0.088 15.3

780 10 21 53.8 0.040 14.5

780 10 71 0 0.200 14.3

780 10 71 215 0.048 9.8

780 10 71 538 0.064 5.4

780 20 71 538 0.100 44.8

780 20 21 1076 0.044 30.9

780 20 54 1076 0.228 28.6

780 20 71 1076 0.196 27.1

780 20 71 0 0.176 22.1

780 20 21 538 0.016 20.3

780 20 54 538 0.100 16.7

780 20 85 10.8 0.244 15.7

780 20 54 215 0.108 15.6

780 20 85 53.8 0.216 7.7

780 20 85 215 0.260 7.7

780 20 85 0 0.232 5.7
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[0065] Comparing Table 4C with Tables 4A and 4B, it can be seen that the most process conditions for obtaining
surface improvement, with virtually no or minimal material loss, occur at high citric acid concentrations of 780 g/L. As
shown in Table 4C, at high citric acid concentrations of 780 g/L, significant improvement of surface finish can be obtained
at nearly all current densities of 10.8 - 1076 A/m2 and from low to high temperatures of 21 - 85 °C, and at both low ABF
concentrations of 10 - 20 g/L ABF and high ABF concentrations of 120 g/L ABF.
[0066] Figs. 5A and 5B show rates of material removal and changes in surface finish at a representative low temperature
of 21 °C and a representative high current density of 538 A/m2. It can be seen in Fig. 5B that surface finish degradation
is modest at all citric acid concentrations below 600 g/L for ABF concentrations below 60 g/L, and that the surface finish
actually improves for all ABF concentrations from 10 -120 g/L at high citric acid concentrations above 600 g/L, and
specifically at 780 g/L. In addition, Fig. 5A shows that the rate of material removal at these process conditions is relatively
low. Therefore, operating at this range of composition, temperature, and current density would be desirable to achieve
modest controlled material removal with minimal surface degradation or perhaps modest surface finish improvement,
but would not be particularly effective for large scale material removal.
[0067] Similarly, Figs. 6A and 6B show rates of material removal and changes in surface finish at a representative low
temperature of 21 °C and a high current density of 1076 A/m2. It can be seen in Fig. 6B that the small to modest surface
finish improvement is achieved at all citric acid concentrations below 600 g/L for ABF concentrations greater than 10
g/L and less than 120 g/L, and that the surface finish improves most significantly at citric acid concentrations of 600 g/L
and above. In addition, Fig. 6A shows that the rate of material removal at these process conditions is relatively low,
except for compositions near 300 g/L citric acid and 120 g/L ABF, where the material removal rate is higher without
causing any significant surface degradation. Therefore, operating at these ranges of composition, temperature, and
current density would be desirable to achieve modest controlled material removal with minimal surface degradation or
perhaps modest surface finish improvement, but would not be particularly effective for large scale material removal.
[0068] Figs. 7A and 7B show that under certain conditions controlled material removal and surface finish improvement
can be achieved simultaneously. In particular, at an ABF concentration of about 10 g/L, Fig. 7A shows consistent modest
material removal rates across all citric acid concentrations when a workpiece is exposed to the electrolyte solution at a
high temperature of 85 °C and at a high current density of 1076 A/m2. At the same conditions, Fig. 7B shows a substantial
improvement in surface finish at all citric acid concentrations equal to or greater than 60 g/L. Even at higher ABF
concentrations, from 20 g/L to 120 g/L ABF, material removal can be obtained in direct relation to ABF concentration
without a substantial degradation of surface finish. However, at the highest citric acid concentrations of 600 g/L citric

(continued)

Citric 
Acid (g/L)

ABF 
(g/L)

Temperature 
(°C)

Current Density 
(A/m2)

Material Removed 
(mm/hr)

Surface Finish 
Change (%)

780 20 71 53.8 0.172 2.0

780 20 21 53.8 0.032 1.7

780 60 21 538 0.088 42.0

780 60 54 1076 0.160 36.1

780 60 21 1076 0.204 34.6

780 120 21 538 0.116 49.1

780 120 85 10.8 0.004 30.0

780 120 71 10.8 0.000 25.0

780 120 71 53.8 0.008 23.7

780 120 54 10.8 0.032 16.4

780 120 21 1076 0.196 16.3

780 120 54 0 0.008 13.5

780 120 85 0 0.016 11.1

780 120 21 10.8 0.004 7.8

780 120 54 53.8 0.020 5.9

780 120 85 53.8 0.016 2.2



EP 2 504 469 B1

19

5

10

15

20

25

30

35

40

45

50

55

acid or more, material removal rates are significantly curtailed.
[0069] Several ranges of operating conditions have been identified at which controlled material removal can be achieved
while degrading the surface finish only modestly, usually increasing the roughness by less than about 50%. Figs. 8A-
8B, 9A-9B, and 10A-10B illustrate exemplary operating conditions in this category.
[0070] Fig. 8A shows that at a high temperature (85 °C) and low current density (10.8 A/m2) condition, a fairly constant
rate of material removal can be achieved at all ABF concentrations for citric acid concentrations in the range of about
60 g/L to about 300 g/L, with greater material removal rates being obtained in direct relation to ABF concentration. Fig.
8B shows that for these citric acid and ABF concentration ranges, surface finish degradation is consistently modest
almost without regard to the specific citric acid and ABF concentrations. Citric acid concentrations of 600 g/L and higher
greatly reduce or even stop the material removal capability of the electrolyte solution and also, except at an ABF con-
centration of 60 g/L, moderate surface finish degradation and even may tend to slightly improve the surface finish. Figs.
9A and 9B show very similar results at a high temperature (85 °C) and high current density (538 A/m2) condition, and
Figs. 10A and 10B show that similar results can be approached even at a somewhat lower temperature of 71 °C and at
a modest current density of 215 A/m2.
[0071] Based on the testing data disclosed herein, it is apparent that by controlling the temperature and current density,
the same aqueous electrolyte solution bath could be used in a multi-step process that includes first removing a modest
and controlled amount of material at a relatively low current density and then healing the surface by raising the current
density to a high level while maintaining or slightly lowering the temperature. For example, using a solution having 300
g/L citric acid and 120 g/L ABF, modest material removal rates can be obtained at a temperature of 85 °C and a current
density of 53.8 A/m2 (see Fig. 3D) while degrading the surface finish by less than 30%, and then surface improvement
can be obtained at the same temperature and a current density of 1076 A/m2 (see Figs. 7A and 7B) while removing less
material.
[0072] Many more combinations of conditions for multi-step processing can be found by varying the citric acid con-
centration in addition to temperature and current density, due to the strong material removal mitigation effect that results
when citric acid concentration rises to or above 600 g/L. For example, referring to Figs. 8A and 8B, using an electrolyte
solution having 120 g/L ABF at a temperature of 85 °C and a current density of 10.8 A/m2, aggressive material removal
with modest surface degradation can be achieved at a citric acid concentration of 300 g/L in a first processing step, and
then simply by increasing the citric acid concentration to 780 g/L in a second processing step, material removal can be
virtually stopped while the surface finish is significantly improved. Similar results can be obtained using the high tem-
perature, higher current density conditions of Figs. 9A and 9B or the moderately high temperature, moderate current
density conditions of Figs. 10A and 10B.
[0073] Very low concentrations of ammonium bifluoride have been found to be effective at both material removal and
micropolishing. As shown in Fig.lA, material removal rates are greatest at elevated temperatures, so it is expected that
lower concentrations of ammonium bifluoride would be more effective at higher temperatures, such as at 85 °C or greater.
In one exemplary electrolyte solution having both citric acid and ammonium bifluoride concentrations of 2 g/L, material
removal and surface finish changes were observed. At 285 A/m2, material removal rates of 0.008 mm/hr were recorded,
with a corresponding surface finish change (degradation) of -156%. At 0 A/m2, material removal rates of 0.0035 mm/hr
were recorded with a corresponding surface finish change of -187%.
[0074] Similarly, when processing in an aqueous solution of 2g/L ABF and no citric acid with an applied current of 271
A/m2, material removal rates of 0.004 mm/hr were recorded, with a corresponding surface finish change (degradation)
of -162%. At 0 A/m2, material removal rates of 0.0028 mm/hr were recorded with a corresponding surface finish change
of -168%.
[0075] While it would be preferable to use the least amount of ABF necessary to be effective, concentrations significantly
in excess of 120 g/L, including concentrations of ammonium bifluoride at levels as high as 240 g/L to 360 g/L, and even
concentrations in excess of saturation in water, can be used. The effectiveness of electrolyte solutions at high concen-
trations of ABF was tested by adding ABF incrementally to a solution of 179.9 g/L citric acid, with temperature fixed at
67 °C and current densities ranging from 10.8 A/m2 to 255,000 A/m2. Because this solution has relatively low electrical
resistance, it was expected that higher concentrations of ABF could provide higher conductivity in the solution, especially
at higher levels of current density. Temperature was also elevated above room temperature to reduce the resistance of
the electrolyte. Samples of both CP titanium and nickel base alloy 718 were exposed to the electrolyte and as ABF was
added, bulk material removal and micropolishing continued. ABF was added up to and beyond its saturation point in the
electrolyte. The saturation point of ABF (which varies with temperature and pressure) under these parameters was
between about 240 g/L and about 360 g/L. The data in Table 5 indicates that the electrolyte solution was effective for
both bulk metal removal and micropolishing at ABF concentrations up to and exceeding saturation concentrations in water.
[0076] Testing was conducted to determine the effectiveness of electrolyte solutions for micropolishing and bulk metal
removal at relatively high current densities, including those approaching 255,000 A/m2. It is understood from the literature
that electrolytes with low resistance values can tolerate high current densities. Certain combinations of citric acid con-
centration and ABF concentration exhibit particularly low resistance. For example, an electrolyte solution including about
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180 g/L of citric acid in the temperature range of about 71 °C to 85 °C was studied at high current densities. Samples
of commercially pure (CP) titanium and nickel base alloy 718 were exposed to this electrolyte solution with progressively
increasing current density ranging from 10.8 A/m2 to 255,000 A/m2. The data in Table 5 indicates that bulk material
removal and micropolishing were achieved at all tested current densities in the range, including at 255,000 A/m2. In
comparison to processing titanium and titanium alloys, higher current densities, particularly at about 5000 A/m2 may be
useful for processing nickel base alloys.
[0077] While CP titanium is effectively processed using relatively low voltages of less than our equal to about 40 volts,
higher voltages can also be used. In one exemplary test, CP titanium was processed in a bath of an aqueous electrolyte
solution including of about 180 g/L citric acid and about 120 g/L ABF at 85.6 °C applying a potential of 64.7 VDC and a
current density of 53,160 A/m2. Under these conditions, a 5 mm/hr bulk metal removal rate was achieved along with a
37.8% improvement of surface profilometer roughness, resulting in a surface with a uniform visually bright, reflective
appearance. The same chemistry electrolyte remained affective on CP titanium samples for bulk metal removal after
increasing the voltage to 150 VDC and reducing current density to 5,067 A/m2, but under these conditions the metal
removal rate slowed to 0.3mm/hr and the finish was slightly degraded to a satin appearance.
[0078] For some metals and alloys, higher voltages may be equally or even more effective at achieving one or both
of bulk material removal and surface finish improvement. In particular, certain metals, included but not limited to nickel
base alloys (such as Waspaloy and nickel alloy 718), 18k gold, pure chrome, and Nitinol alloys, appear to benefit from
higher voltage processing, either with more rapid bulk metal removal and/ or better surface finish improvement. In one
exemplary experiment at comparatively high voltage on nickel base alloy 718, specimens processed in an aqueous
electrolyte including about 180 g/L citric acid and about 120 g/L ABF at 86.7 °C using a potential of 150 VDC and a
current density of 4,934 A/m2 resulted in a bulk metal removal rate of only 0.09 mm/hr, but a uniform surface finish
improvement of 33.8% based on surface profilometer measurements.

Table 5

Mat’l Citric ABF
Begin 
Temp

Potential
Current 
Density

Removal 
Rate

Δ  
Surface 
Finish %

Comments

(g/L) (g/L) (°C) End (V) (A/m2) (mm/hr)
(- worse 
+ better)

Ti CP2 179.9 20 89.4 64.7 11,227 1.20 62.9% Uniform, Bright Finish

Ti CP2 179.9 20 85.0 64.7 8,027 1.15 29.4% Uniform, Bright Finish

Ti CP2 179.9 20 83.9 64.7 7,901 5.68 21.2% Uniform, Bright Finish

Ti CP2 179.9 60 82.8 64.7 36,135 4.24 26.6% Uniform, Bright Finish

Ti CP2 179.9 60 81.7 64.7 34,576 4.34 47.6% Uniform, Bright Finish

Ti CP2 179.9 60 79.4 24.5 40,219 6.12 47.2% Uniform, Bright Finish

Ti CP2 179.9 120 85.0 64.7 15,175 4.16 -169.8%

End Deepest in Solution 
Bright, Balance is 
’Frosted’

Ti CP2 179.9 120 85.0 64.7 15,379 3.44 -183.9%

End Deepest in Solution 
Bright, Balance is 
’Frosted’

Ti CP2 179.9 120 85.6 64.7 53,160 5.00 37.8% Uniform, Bright Finish

Ti CP2 179.9 120 90.0 150 5,067 0.30 -22.6%
Satin Appearance, Some 
Oxidation

Ti CP2 179.9 240 71.1 14.3 160,330 21.42 -33.3% Uniform, Bright Finish

Ti CP2 179.9 240 70.0 14.4 255,733 22.08 -103.0% Uniform, Bright Finish

Ti CP2 179.9 360 57.8 11.4 146,728 27.72 -179.5%

Uniform, Bright Finish - 
ABF beyond Saturation 
Point
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[0079] To evaluate the effect of accumulated dissolved metal in the electrolyte solution, a batch of 21 Ti-6Al-4V

(continued)

Mat’l Citric ABF
Begin 
Temp

Potential
Current 
Density

Removal 
Rate

Δ  
Surface 
Finish %

Comments

(g/L) (g/L) (°C) End (V) (A/m2) (mm/hr)
(- worse 
+ better)

Ti CP2 179.9 360 66.7 9.6 164,876 24.36 -191.2%

Uniform, Bright Finish - 
ABF beyond Saturation 
Point

Ti CP2 179.9 360 28.3 0.4 10.8 0.08 29.6%

Uniform Satin Appearance 
- ABF beyond Saturation 
Point

Ti CP2 179.9 360 25.0 0.3 53.8 0.10 7.3%

Uniform Satin Appearance 
- ABF beyond Saturation 
Point

Ti CP2 179.9 360 22.2 0.2 215 0.11 9.3%

Uniform Satin Appearance 
- ABF beyond Saturation 
Point

Ti CP2 179.9 360 20.6 0.1 538 0.13 -346.9%

Pitted, Inconsistent Finish 
- ABF beyond Saturation 
Point

Ti CP2 179.9 360 20.6 0.6 1,076 0.16 -988.6%

Very Pitted, Inconsistent 
Finish - ABF beyond 
Saturation Point

Nickel 
718 179.9 20 81.7 64.7 68,585 4.01 -12.5% Uniform, Bright Finish

Nickel 
718 179.9 20 81.1 39.9 79,301 4.85 55.0% Uniform, Bright Finish

Nickel 
718 179.9 20 80.6 36.3 39,828 4.75 48.3% Uniform, Bright Finish

Nickel 
718 179.9 60 80.0 64.7 42,274 3.42 11.1% Uniform, Bright Finish

Nickel 
718 179.9 60 80.0 64.7 35,066 3.69 -11.1% Uniform, Bright Finish

Nickel 
718 179.9 60 81.7 14.8 39,484 4.86 -20.0% Uniform, Bright Finish

Nickel 
718 179.9 120 85.0 64 33,945 3.84 8.3% Uniform, Bright Finish

Nickel 
718 179.9 120 83.3 65 34,818 3.96 13.0% Uniform, Bright Finish

Nickel 
718 179.9 120 82.2 9.7 39,984 6.08 -57.1% Uniform, Bright Finish

Nickel 
718 179.9 120 86.7 150 4,934 0.09 33.8% Uniform Satin Appearance

Nickel 
718 179.9 360 67.2 11.5 140,005 12.90 -16.0%

Uniform, Bright Finish - 
ABF beyond Saturation 
Point
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rectangular bars having dimensions of 6.6 cm by 13.2 cm by approximately 3.3 meters was processed sequentially in
a bath of approximately 1135 liters. The processing was to demonstrate highly controlled metal removal on typical mill
product forms. Over the 21 pieces of rectangular bar, a total volume of 70.9 kg of material was removed from the bars
and was suspended in the electrolyte solution. The first bar initiated processing with 0g/L of dissolved metal in the
solution, and the final bar was processed with dissolved metal content in excess of 60g/L. From the start of processing
to the end of processing there were no detected detrimental effects on the metal’s surface conditions or metal removal
rates, and no significant changes were required in any of the operating parameters as a result of the increasing dissolved
metal content in the electrolyte solution. This is in contrast to results from HF/HNO3 acid pickling of titanium, in which
the solution becomes substantially less effective even at concentrations of titanium in solution of 12 g/L. Similarly,
electrochemical machining is hampered by high levels of dissolved metal in the electrolyte solution, since metal particles
may obstruct the gap between the cathode and the anodic workpiece, and if the solid matter is electrically conductive,
may even cause a short circuit.
[0080] Although described in connection with exemplary embodiments thereof, it will be appreciated by those skilled
in the art that additions, deletions, modifications, and substitutions not specifically described may be made without
departing from the scope of the invention as defined in the appended claims, and that the invention is not limited to the
particular embodiments disclosed.

Claims

1. A method of micropolishing a surface of a non-ferrous metal workpiece, comprising:

exposing the surface to a bath of an aqueous electrolyte solution including a concentration of citric acid in the
range of 1.6 g/L to 780 g/L and a concentration of ammonium bifluoride in the range of 2 g/L to 120 g/L and
having no more than 3.35 g/L of a strong acid;
controlling the temperature of the bath to be between the freezing point and the boiling point of the solution;
connecting the workpiece to an anodic electrode of a DC power supply and immersing a cathodic electrode of
the DC power supply in the bath; and
applying a current across the bath.

2. The micropolishing method of claim 1, wherein the application of current includes cycling the current on and off.

3. The micropolishing method of claim 1, wherein the application of current includes cycling between at least two
different current densities.

4. The micropolishing method of claim 1, wherein the current is applied in the range of 10.8 amperes per square meter
to 1076 amperes per square meter.

5. The micropolishing method of claim 1, wherein the aqueous electrolyte solution includes a concentration of citric
acid greater than or equal to 600 g/L and a concentration of ammonium bifluoride in the range of 10 g/L to 120 g/L.

6. The micropolishing method of claim 5, wherein the aqueous electrolyte solution includes a concentration of ammo-
nium bifluoride of less than or equal to 20 g/L, and wherein the temperature is controlled to be greater than or equal
to 71°C.

7. The micropolishing method of claim 1, wherein the aqueous electrolyte solution includes a concentration of citric
acid less than or equal to 300 g/L and a concentration of ammonium bifluoride in the range of 10 g/L to 120 g/L.

8. The micropolishing method of claim 1,

wherein the aqueous electrolyte solution includes a concentration of citric acid greater than or equal to 600 g/L
and a concentration of ammonium bifluoride less than or equal to 20 g/L;
wherein the temperature of the bath is controlled to greater than or equal to 54°C; and
wherein the current is applied at a density greater than or equal to 538 amperes per square meter and less than
or equal to 255,000 amperes per square meter.

9. A method of uniform controlled surface material removal on a non- ferrous metal workpiece, comprising:
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exposing the surface to a bath of an aqueous electrolyte solution including a concentration of citric acid less
than or equal to 600 g/L and a concentration of ammonium bifluoride less than or equal to 120 g/L, and having
no more than 3.35 g/L of a strong acid;
controlling the temperature of the bath to be greater than or equal to 71°C; connecting the workpiece to the
anode of a DC power supply and immersing a cathode of the DC power supply in the bath; and
applying a current across the bath.

10. The method of claim 9, wherein the applied current is less than or equal to 1076 amperes per square meter.

Patentansprüche

1. Ein Verfahren zum Mikropolieren einer Oberfläche eines Nichteisenmetallwerkstücks, das Folgendes beinhaltet:

Aussetzen der Oberfläche gegenüber einem Bad einer wässrigen Elektrolytlösung, die eine Konzentration an
Zitronensäure im Bereich von 1,6 g/l bis 780 g/l und eine Konzentration an Ammoniumbifluorid im Bereich von
2 g/l bis 120 g/l umfasst und nicht mehr als 3,35 g/l einer starken Säure aufweist;
Regulieren der Temperatur des Bades auf zwischen den Gefrierpunkt und den Siedepunkt der Lösung;
Verbinden des Werkstücks mit einer anodischen Elektrode einer Gleichstromquelle und Eintauchen einer ka-
thodischen Elektrode der Gleichstromquelle in das Bad; und
Anlegen eines Stroms durch das Bad.

2. Mikropolierverfahren gemäß Anspruch 1, wobei das Anlegen von Strom das zyklische Ein- und Ausschalten des
Stroms umfasst.

3. Mikropolierverfahren gemäß Anspruch 1, wobei das Anlegen von Strom ein zyklisches Schalten zwischen mindes-
tens zwei unterschiedlichen Stromdichten umfasst.

4. Mikropolierverfahren gemäß Anspruch 1, wobei der Strom im Bereich von 10,8 Ampere pro Quadratmeter bis 1076
Ampere pro Quadratmeter angelegt wird.

5. Mikropolierverfahren gemäß Anspruch 1, wobei die wässrige Elektrolytlösung eine Konzentration an Zitronensäure
von mehr als oder gleich 600 g/l und eine Konzentration an Ammoniumbifluorid im Bereich von 10 g/l bis 120 g/l
umfasst.

6. Mikropolierverfahren gemäß Anspruch 5, wobei die wässrige Elektrolytlösung eine Konzentration an Ammonium-
bifluorid von weniger als oder gleich 20 g/l umfasst und wobei die Temperatur so reguliert wird, dass sie mehr als
oder gleich 71 °C beträgt.

7. Mikropolierverfahren gemäß Anspruch 1, wobei die wässrige Elektrolytlösung eine Konzentration an Zitronensäure
von weniger als oder gleich 300 g/l und eine Konzentration an Ammoniumbifluorid im Bereich von 10 g/l bis 120 g/l
umfasst.

8. Mikropolierverfahren gemäß Anspruch 1,
wobei die wässrige Elektrolytlösung eine Konzentration an Zitronensäure von mehr als oder gleich 600 g/l und eine
Konzentration an Ammoniumbifluorid von weniger als oder gleich 20 g/l umfasst;
wobei die Temperatur des Bades auf mehr als oder gleich 54 °C reguliert wird; und
wobei der Strom mit einer Dichte von mehr als oder gleich 538 Ampere pro Quadratmeter und weniger als oder
gleich 255 000 Ampere pro Quadratmeter angelegt wird.

9. Ein Verfahren zum gleichmäßigen, regulierten Entfernen von Oberflächenmaterial von einem Nichteisenmetallwerk-
stück, das Folgendes beinhaltet:

Aussetzen der Oberfläche gegenüber einem Bad aus einer wässrigen Elektrolytlösung, die eine Konzentration
an Zitronensäure von weniger als oder gleich 600 g/l und eine Konzentration an Ammoniumbifluorid von weniger
als oder gleich 120 g/l und nicht mehr als 3,35 g/l einer starken Säure umfasst;
Regulieren der Temperatur des Bades auf mehr als oder gleich 71 °C;
Verbinden des Werkstücks mit der Anode einer Gleichstromquelle und Eintauchen einer Kathode der Gleich-
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stromquelle in das Bad; und
Anlegen eines Stroms durch das Bad.

10. Verfahren gemäß Anspruch 9, wobei der angelegte Strom kleiner als oder gleich 1076 Ampere pro Quadratmeter ist.

Revendications

1. Une méthode de micropolissage d’une surface d’une pièce de travail de métal non ferreux, comprenant :

l’exposition de la surface à un bain d’une solution d’électrolyte aqueuse incluant une concentration d’acide
citrique comprise dans la gamme allant de 1,6 g/L à 780 g/L et une concentration de bifluorure d’ammonium
comprise dans la gamme allant de 2 g/L à 120 g/L et n’ayant pas plus de 3,35 g/L d’un acide fort ;
le contrôle de la température du bain afin qu’elle soit comprise entre le point de congélation et le point d’ébullition
de la solution ;
le raccord de la pièce de travail à une électrode anodique d’une alimentation CC et l’immersion d’une électrode
cathodique de l’alimentation CC dans le bain ; et
l’application d’un courant de part en part du bain.

2. La méthode de micropolissage de la revendication 1, dans laquelle l’application de courant inclut le cyclage du
courant en tension et hors tension.

3. La méthode de micropolissage de la revendication 1, dans laquelle l’application de courant inclut le cyclage entre
au moins deux densités de courant différentes.

4. La méthode de micropolissage de la revendication 1, dans laquelle le courant est appliqué dans la gamme allant
de 10,8 ampères par mètre carré à 1 076 ampères par mètre carré.

5. La méthode de micropolissage de la revendication 1, dans laquelle la solution d’électrolyte aqueuse inclut une
concentration d’acide citrique supérieure ou égale à 600 g/L et une concentration de bifluorure d’ammonium comprise
dans la gamme allant de 10 g/L à 120 g/L.

6. La méthode de micropolissage de la revendication 5, dans laquelle la solution d’électrolyte aqueuse inclut une
concentration de bifluorure d’ammonium inférieure ou égale à 20 g/L, et dans laquelle la température est contrôlée
afin qu’elle soit supérieure ou égale à 71 °C.

7. La méthode de micropolissage de la revendication 1, dans laquelle la solution d’électrolyte aqueuse inclut une
concentration d’acide citrique inférieure ou égale à 300 g/L et une concentration de bifluorure d’ammonium comprise
dans la gamme allant de 10 g/L à 120 g/L.

8. La méthode de micropolissage de la revendication 1,
dans laquelle la solution d’électrolyte aqueuse inclut une concentration d’acide citrique supérieure ou égale à 600
g/L et une concentration de bifluorure d’ammonium inférieure ou égale à 20 g/L ;
dans laquelle la température du bain est contrôlée afin d’être supérieure ou égale à 54 °C ; et
dans laquelle le courant est appliqué à une densité supérieure ou égale à 538 ampères par mètre carré et inférieure
ou égale à 255 000 ampères par mètre carré.

9. Une méthode de retrait de matériau en surface contrôlé uniforme sur une pièce de travail de métal non ferreux,
comprenant :

l’exposition de la surface à un bain d’une solution d’électrolyte aqueuse incluant une concentration d’acide
citrique inférieure ou égale à 600 g/L et une concentration de bifluorure d’ammonium inférieure ou égale à 120
g/L, et n’ayant pas plus de 3,35 g/L d’un acide fort ;
le contrôle de la température du bain afin d’être supérieure ou égale à 71 °C ;
le raccord de la pièce de travail à l’anode d’une alimentation CC et l’immersion d’une cathode de l’alimentation
CC dans le bain ; et
l’application d’un courant de part en part du bain.
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10. La méthode de la revendication 9, dans laquelle le courant appliqué est inférieur ou égal à 1 076 ampères par mètre
carré.
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