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A B S T R A C T

This paper conceives an electropolishing sample preparation procedure aimed at characterization of titanium
(Ti) and its alloys using electron backscatter diffraction (EBSD). Specifically, it is shown that a single non-acid,
ethanol-ethylene glycol-NaCl electrolyte solution can be used to electropolish Ti and its alloys for obtaining high-
quality EBSD datasets. As a result, the use of hazardous acids common in standard Ti metallographic preparation
procedures, such as hydrofluoric, perchloric, and sulfuric acid, can be circumvented. Moreover, electropolishing
Ti with an ethanol-ethylene glycol-NaCl electrolyte is performed at room temperature with low voltage, as
opposed to the low temperatures and/or high voltages used when electropolishing Ti in traditional solutions.
The utility of the novel procedure is demonstrated on samples of pure α-Ti before and after plastic deformation
and on samples of alloy Ti-6Al-4V created by additive manufacturing (AM) in stress-relived and heat-treated
conditions. EBSD scans performed on undeformed pure α-Ti had high-quality diffraction patterns, which allowed
for large areas to be scanned at fast speeds without sacrificing indexing accuracy. The electropolishing created
excellent surfaces on the deformed pure α-Ti sample despite elevated lattice strains and numerous deformation
twins in its microstructure. It also allowed for detailed EBSD mapping of fine sub-grain features in AM Ti-6Al-4V
despite the alloying additions of aluminum and vanadium, the inhomogeneous AM microstructure, and the
different processing conditions. It is anticipated that the major breakthrough achieved in this work will
streamline and make safer future metallographic studies of Ti and its alloys.

1. Introduction

Titanium (Ti) is a transition metal that in its metallic form has a
range of desirable mechanical and chemical properties that make it a
structural material in high demand [1–3]. Ti has a high specific
strength, melting point (1688 °C), biocompatibility, and corrosion re-
sistance in oxidizing environments [1,4–8]. Metallic Ti has three
equilibrium phases: a hexagonal close-packed (hcp) phase (α-Ti), a
body-centered cubic (bcc) phase (β-Ti), and a hexagonal phase (ω-Ti).
Through the use of alloying and heat-treating, major alterations can be
made to Ti microstructures, which can be tailored to alter and enhance
specific material properties. This flexibility has led Ti and many of its
alloys, such as Ti-6Al-4V, to become excellent structural materials,
particularly in aerospace, marine, and medical industries [9–12].

During the research and development of Ti alloys, comprehensive
microstructural analysis is performed to study the relationship between

observed structure and material properties. Throughout this process,
metal samples can be examined by various characterization techniques.
Depending on these techniques, specific surface finishes are required to
reveal specific microstructural features. To achieve proper surface
quality, samples are prepared metallographically. Often, samples are
ground with silicon carbide (SiC) or alumina (Al2O3) abrasive paper,
followed by a fine polish using an alumina, silica (SiO2), or diamond
suspension on a non-abrasive pad [13,14]. Chemical etchants or acidic/
alkaline polishing suspensions can also be used as a final step to reveal
certain microstructural features or when a specific material responds
better to chemical dissolution versus mechanical removal [13].

Ti is a difficult material to mechanically polish, which makes it
difficult to achieve pristine surface finishes for certain scanning elec-
tron microscope (SEM) techniques such as electron backscatter dif-
fraction (EBSD) [13]. Therefore, when preparing Ti for EBSD, samples
are often etched with a solution that utilizes a strong and/or oxidizing
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acid such as hydrofluoric acid (HF), perchloric acid (HClO4), or sulfuric
acid (H2SO4) [13,15–18]. Another method of surface treatment
common with Ti is electropolishing. Electropolishing can be favorable
over etching because of its conformability, speed, and ability to remove
large amounts of material autonomously [19,20]. That being said, for
Ti, the electrolyte solutions include combinations of the previously
mentioned acids, which are particularly toxic and generally require the
use of high voltages and variable working temperatures in order to be
effective [20,21]. Fushimi et al. [22,23] investigated the electro-
polishing of commercially pure (CP) Ti at room temperature in a 1 M
ethylene glycol (C2H6O2)-sodium chloride (NaCl) electrolyte solution.
Furthermore, Kim et al. [20] expanded on this methodology and in-
vestigated the effect of ethanol (C2H6O) additions on the anodic dis-
solution of Ti in a 1 M ethylene glycol-NaCl solution. It was determined
that 20% ethanol by volume in solution produced the best surface finish
(2.341 nm), with no noticeable sign of surface oxides [20].

The purpose of this study was to adopt the electropolishing tech-
nique explored in Kim et al. [20] to undeformed, ultra-high purity
(UHP) α-Ti and semi-quantitatively test its effectiveness as an EBSD
preparation by observing the fraction of EBSD patterns indexed with a
confidence index (CI) > 0.10 as a function of bin size and imaging
gain. Furthermore, samples of deformed UHP α-Ti and an additively
manufactured (AM) Ti-6Al-4V alloy with two different processing his-
tories were subsequently electropolished and scanned to test the ef-
fectiveness of the ethanol-ethylene glycol-NaCl electrolyte solution on
pure, alloyed, undeformed, deformed, and heat-treated Ti with regard
to EBSD preparation. The collection of high quality UHP α-Ti and Ti-
6Al-4V EBSD datasets, made possible via electrolytic surface prepara-
tion with a single non-acid, electrolyte solution using low voltage at
room temperature, would eliminate the need for HF, HClO4, H2SO4,
and/or low temperature solutions. The methods presented here elim-
inate the hazards of working with such acids and provide highly po-
lished surfaces for electron microscopy with a simple apparatus.

2. Material preparation

2.1. Sample fabrication

The samples originating from a hot-rolled plate of UHP α-Ti sup-
plied by Fine Metals Corporation had an elemental composition of
99.9993 at.% Ti, which was determined via glow discharge mass
spectroscopy (GDMS). A LECO combustion infrared detection technique
was used to separately measure the concentrations of elements with low
atomic number. These elements, with smaller metallic radii, can have
substantial influence on deformation mechanisms in hcp materials be-
cause they occupy interstitial lattice sites and create anisotropic strain
fields that could alter either a or c lattice parameters [24]. The inter-
stitial elements detected were oxygen, carbon, and hydrogen and had
respective concentrations of 219, 12.5 and 1 ppm.

To manufacture cylinders of UHP α-Ti for compression testing,
oversized blocks of material were cut from the plate and heat-treated in
a sealed Lindberg/Blue tube furnace under UHP argon (Ar) with a flow
rate of 2 L/min at 800 °C. After soaking at temperature for 2 h, the
heating element in the furnace was turned off and the blocks were
cooled under equilibrium conditions to room temperature. Cylinders
were machined from these blocks such that their surfaces were all>
1 mm from the free surfaces of the blocks. This was done to prevent
samples from having grains that may have been damaged or plastically
deformed while the plate was being processed and to remove smaller
grains that were pinned to free surfaces when grains coarsened during
heat-treating [25]. 6 samples were machined so that their loading axes
are along the plate's rolling direction (RD). This can be seen in Fig. 1
where the cylinders are shown with respect to the processing frame and
the blocks they were cut from. For these RD samples, oversized bars of
material were turned on a lathe to create elongated cylinders from
which the smaller cylindrical samples were cut. Final compression

samples had heights of 8.0 mm and diameters of 6.3 mm per ASTM E9
standards [26,27]. The described sample manufacturing and processing
procedure for UHP α-Ti was implemented because these samples were
used in a study by Savage et al. [28] where Ti deformation mechanisms
were observed during compression as a sole function of initial grain
size. In the present work, only 2 of the 6 compression samples were
used: one to observe the microstructure of undeformed UHP α-Ti and
one that was compressed to observe the microstructure of deformed
UHP α-Ti.

Bulk cylindrical specimens were built from Ti-6Al-4V gas atomized
powder (3D Systems, Rock Hill, SC) on a 3D Systems model ProX300
metal powder bed fusion (PBF) additive manufacturing system in an
argon atmosphere. Processing parameters were as follows: laser
power = 275 W, laser speed = 1800 mm/s, hatch spacing = 85 μm,
and layer thickness = 40 μm. Parts were stress relieved while still at-
tached to the build platform using a thermal cycle of 4 h at a tem-
perature of 600 °C in an argon atmosphere. Following the stress relief
treatment, the samples were electric discharge machined from the build
platforms. A set of low-cycle fatigue (LCF) specimens were turned on a
lathe to have> 1 mm of material removed from all free surfaces. These
specimens were machined according to ASTM E606 specification
[29,30].

A set of these samples were then removed from the build platform
prior to machining and underwent a Thermo-hydrogen Refinement of
Microstructure (THRM) [31] treatment, which aimed to create samples
with an alternate initial microstructure. This process is largely based on
a powder metallurgy process called Hydrogen Sintering and Phase
Transformation (HSPT). However, whereas the HSPT process is meant
to produce bulk components from powder compacts, THRM has been
developed as a post-process for bulk Ti products produced by virtually
any means. The key innovation of THRM is the ability to heal defects
(e.g. pores and cracks) and produce wrought-like microstructures from
essentially any material starting condition through hydrogen-enabled
mechanisms. Defects are healed due to enhanced Ti self-diffusion pro-
duced by the presence of relatively weak TieH bonds, which is driven
by the surface energy associated with pores and cracks. As such, many
defects are healed without requiring applied pressure. Furthermore,
and perhaps more importantly, THRM can produce a range of wrought-
like microstructures. Like the stress-relieved material, LCF specimens
were also machined from the THRM-treated material. The described
sample manufacturing and processing for Ti-6Al-4V was implemented
because these LCF specimens were used in a study by Ghorbanpour
et al. [32] to observe the effect of THRM on fatigue life in AM Ti-6Al-
4V. In this work, cross-sectional slices (Fig. 1(b)) from the grip sections
of a stress-relieved and THRM-treated LCF sample were characterized
by EBSD.

2.2. Alcohol-based electropolishing

Prior to characterization, both undeformed and deformed com-
pression cylinders were electropolished to remove microscopic surface
roughness and ensure high-contrast EBSD images. Samples were first
prepared by grinding using 120, 180, 240, 320, 400, and 600 grit SiC
abrasive. This created a uniform surface on both faces of the cylinder,
which improved reactivity and ensured a homogeneous distribution of
charge across sample surfaces by removing oxides that may have
formed during processing [20].

A schematic of the electropolishing setup is shown in Fig. 2 with
labels identifying components of the electrochemical cell. The cell's
housing is a standard 250 mL Pyrex beaker and within are two elec-
trodes, the electrolyte solution, and a 40 mm long Teflon-coated, Azlon
Oval magnetic stir bar. The electrodes were made from a 304-grade
stainless steel (304-SS) sheet that was cut into
30 mm × 100 mm × 2.0 mm strips. The cathode was covered with a
napped polypropylene fabric, supplied by Allied Plating, to provide
nucleation sites for dissolved hydrogen gas (H2), which accelerated H2
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removal from the system, increasing surface finish quality [20]. The
anode was made by adhering the Ti sample to the 304-SS strip via a
general-purpose not conductive stop-off lacquer (Tolber Chemical Di-
vision). The lacquer was applied so that the entire height of the sample
was coated. Vinyl electroplaters tape was used to seal the upper portion
of the anode, while the lacquer was used again to cover the lower

portion. This left only the one face of the Ti cylinder exposed to the
electrolyte solution. When inserted into the electrolyte solution, the
electrodes were stabilized by a polycarbonate electrode mount and kept
parallel to one another at a 20 mm working distance. Lastly, a TENMA
72–6628 was used to supply direct current (DC) to the system, and a
VWR 325 hotplate/stirrer was used to rotate the stir bar within the

Fig. 1. UHP α-Ti compression cylinders (a) were machined from oversized blocks of material, which were cut from the original hot-rolled plate so that their loading
axes were along the plate's rolling direction (RD). Other axes in the UHP α-Ti sample frame are the direction transverse to rolling (TD) and normal to rolling (ND).
Both stress-relieved and THRM-treated Ti-6Al-4V samples were sectioned from the grip regions of respective fatigue specimens (b) that had their length aligned with
the build direction (BD) of the AM processing frame.

Fig. 2. Labeled schematic of experimental setup used for electropolishing Ti cylinders in an ethanol-ethylene glycol-NaCl electrolyte solution (right). An image of two
compression cylinders fixed to the working electrode after having been electropolished is also shown (left).
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solution.
To create the electrolyte solution, 58.44 g of powdered NaCl

(Fischer Chemical) was dissolved into 99.0% ethylene glycol (Beantown
Chemical) to create 1 L of 1 M NaCl solution. Because ethylene glycol is
not as polar of a molecule as other solvents like water [33], the dis-
solution is time consuming; but the process can be accelerated by
slightly heating the mixture (~75 °C) and stirring with a magnetic stir
bar. Once dissolved and prior to electropolishing, 200 proof ethanol
(Greenfield Global) was added to create a solution of 20% by volume
ethanol. Specifically, 40 mL of ethanol was mixed with 160 mL of the
ethylene glycol-NaCl solution in the electrochemical cell just prior to
electropolishing to minimize moisture absorption and ethanol eva-
poration [34,35].

A linear sweep voltammetry experiment was performed on a Ti
sample to determine the proper potential to apply when electro-
polishing. Current (I) was measured while the potential (V) applied
between the two electrodes was swept linearly in time. All I measure-
ments were normalized by the total area of the anode exposed to the
electrolyte solution and plotted against the corresponding applied
voltages. This relationship between current density (J) and electro-
chemical potential is shown in Fig. 3 and describes the anodic polar-
ization behavior of UHP α-Ti and Ti-6Al-4V. Anodic polarization curves
have three distinct regions: An initial stage showing a rapid increase in
J with increasing potential, a plateau region where J increases slowly
(highlighted in Fig. 3), followed by a third region at higher potentials
where J increases rapidly again.

Anodic dissolution begins during the initial stage, represented by
Eq. (1), and after continuing to increase the energy in the system,
eventually a steady state is reached whereby a passive Ti tetrachloride
(TiCl4) film forms on the Ti surface, represented by Eq. (2) [20]. The
mass-transfer-limited rate of dissolution occurs in the plateau region
due to the formation of the stable TiCl4 film and therefore represents
the optimal range of potentials for electropolishing [36]. It is within
this range where material removal is most even and constant. When
increasing potential past the saddle region, there can be severe oxygen
gas (O2) evolution and widespread pitting on the substrate surface

[36,37]. This was confirmed for UHP α-Ti as we observed excessive O2

production, which produced small, uniformly distributed pitting
(< 10 μm in diameter) when applying potentials greater than ~30 V
(~29 V for Ti-6Al-4V). For UHP α-Ti, when applying potentials less
than ~24 V (~18 V for Ti-6Al-4V), we saw inhomogeneous surfaces
with a combination of polished and unpolished areas as well as other
areas with large pits likely created from unevenly distributed TiCl4 film:

→ +
+ −Ti Ti e44 (1)

+ →
+ −Ti Cl TiCl l4 ( )4

4 (2)

The TiCl4 film can also be detrimental to the anodic dissolution of Ti
by passivating the substrate surface if not removed. TiCl4 is a viscous
liquid and to facilitate its removal from the electrode, there needs to be
strong stirring forces within the electrochemical cell [20]. When stir-
ring at an rpm<~150, we observed surface passivation due to the lack
of TiCl4 film dissolution, and when using an rpm>~350 we observed
inhomogeneous surfaces with regions of both pitting and polishing. We
believe a high rpm dissolves the TiCl4 film too quickly in regions, which
promotes the uneven polishing and localized pitting. The film's dis-
solution is described in Eqs. (3) and (4) whereby the ethanol (EtOH)
helps dissociate the TiCl4 into protons (H+), chlorine ions (Cl−), and Ti
ethoxide (Ti (EtO)4). The Ti (EtO)4 can then also break down further
into titania (TiO2) and ethanol:

+ → + +
+ −TiCl EtOH Ti EtO l H Cl( ) ( ) 4 44 4 (3)

+ → +Ti EtO l H O TiO s EtOH( ) ( ) 2 ( ) 44 2 2 (4)

It was determined that the applied potentials and stirring rates that
provided the best surfaces (flat, no oxide layer, and no pitting) were
27.5 V and 300 rpm for the UHP α-Ti cylinders (deformed and un-
deformed) and 25.0 V and 300 rpm for the Ti-6Al-4V samples (stress-
relieved and THRM-treated). All samples were electropolished in room
temperature solution (23 °C) for 50 min at a constant applied potential.
When using these parameters and performing consecutive electro-
polishing experiments, it was found that surface and EBSD pattern
quality did not noticeably degrade as the electrolyte solution was re-
used up to three times.

3. Characterization and testing

3.1. Monotonic compression

In order to prepare a sample of deformed UHP Ti for the study,
compression testing was performed on a servohydraulic INSTRON 1350
with a 100 kN load cell and DAX software and controller. The utilized
INSTRON machine is equipped with a customized compression fixture
that contains two cylindrical compression dies vertically aligned along
the actuator axis [38–42]. The two dies are mounted on separate cross-
beams connected by linear guides, which ensures parallel translation
parallel with respect to one another. Prior to experimentation, samples
and compression dies, made of hardened steel with smoothly ground
flat surfaces, were lubricated with colloidal graphite. The compression
test was conducted at room temperature, actuator displacement and
load were recorded at a frequency of 20 Hz, and a strain rate of
10−3 s−1 was maintained throughout all tests. The UHP α-Ti cylinder
was compressed along RD to a true strain of 0.2.

3.2. EBSD optimization

Both undeformed and deformed samples were electropolished prior
to characterization. Once electrolytically prepared, they were adhered
to aluminum stubs via carbon paint, fixed to a 70°, pre-tilted mount,
inserted into a TESCAN LYRA 3 GMU SEM and scanned with an ac-
celerating voltage of 20 kV. Incident electron beam spot diameters were
fixed at 150 nm for all samples, and working distance were maintained
at ~9 mm. A HIKARI XP2 detector was used to collect EBSD patterns

Fig. 3. Anodic polarization curves for the electrochemical reaction of UHP α-Ti
and Ti-6Al-4V in an ethanol-ethylene glycol-NaCl electrolyte solution. The red
and blue shaded zones highlight saddle regions on the UHP α-Ti and Ti-6Al-4V
plots, respectively, which indicate ranges of favorable electropolishing poten-
tials. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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from all samples. Overall pattern quality was excellent for all Ti spe-
cimens, but Kikuchi band contrast was especially high for undeformed
UHP α-Ti. To identify optimal scanning parameters for EBSD (max-
imum speed while maintaining sufficient pattern quality), patterns
were captured on an undeformed sample with various bin sizes (2 × 2,
4 × 4, and 6 × 6) and imaging gain (0, 400, and 800). These values
were chosen because they represent a relatively broad spectrum of
potential scanning parameters. For example, low binning and gain
allow for high pattern quality, but scan speeds are slow due to the high
exposure time associated with low gain. Conversely, high binning and
high gain allows for fast scans, but sacrifices pattern quality. Single
EBSD patterns collected from each of the undeformed UHP α-Ti scans
(when altering bin size and gain) are shown in Fig. 4.

These scans also provided information on pattern quality from
which the fraction of points indexed with a CI above 0.10 was calcu-
lated. Because patterns with a CI < 0.10 are associated with low or-
ientation indexing accuracy [5,43–45], the ratio of points indexed with
a CI < 0.10 to those> 0.10 will indicate the quality of the scan. These
scans are seen in Fig. 4, which are represented as inverse pole figure
(IPF) maps. Each map was post processed using a grain confidence
index standardization (CIS) and grain dilation function and then thre-
sholded to include points that only indexed with a CI > 0.10. These
maps are a visual representation of the data in Table 1, which show the
fraction of points indexed with a CI > 0.10.

All scans of the UHP α-Ti sample with 0 or 400 gain had over 93% of
their raw patterns indexed with a CI of 0.10 or above. The scan with

2 × 2 binning and no gain also had a high percentage of raw points
indexed above 0.10 CI (97%). When post processed with CIS and grain
dilation, these percentages rise to 100 for all but the 4 × 4 and 6 × 6
bin sizes at 800 gain. Therefore, when accounting for scan speed, it
appears 4 × 4 binning with 400 gain gives the best compromise be-
tween speed and pattern quality/indexing accuracy for undeformed
UHP α-Ti within the range of tests performed. Specifically, with 4 × 4
binning and a gain of 400, we were indexing at 106 patterns per second.

3.3. Microstructural characterization

Once optimal EBSD parameters were determined from smaller scans
of the undeformed UHP α-Ti material, larger scans were taken on all
samples using these parameters to collect bulk crystallographic or-
ientation data at ~100 patterns per second. EBSD datasets were ana-
lyzed using the EDAX TSL Orientation Imaging Microscopy (OIM)
Analysis™ software in addition to the MTEX [46] toolkit in MATLAB. All
EBSD patterns were indexed as having hcp crystal structure, and al-
though it is possible for Ti-6Al-4V to contain β-Ti, there were no bcc
EBSD patterns observed in either Ti-6Al-4V scan. Each EBSD dataset
underwent a CIS and grain dilation, and patterns with a CI < 0.10
were discarded. During microstructure reconstruction, grains were de-
fined as groups of pixels numbering>5 with>5° of crystallographic
misorientation with respect to neighboring groupings. These re-
constructions allow for measurements/calculations of crystallographic
texture and various twin and grain statistics to be made.

4. Results

The surface quality produced by the electropolish for the un-
deformed UHP α-Ti cylinder is shown in Fig. 5 compared to the surface
after grinding with 600 grit SiC paper. The surface roughness was re-
duced significantly, and although it was not measured quantitatively in
this study, Kim et al. reported a 2.341 nm surface roughness for CP Ti
while using the same electrolyte solution and similar working condi-
tions [20].

IPF maps constructed from EBSD data of the undeformed UHP α-Ti,
deformed UHP α-Ti, and undeformed Ti-6Al-4V (both stress-relieved

Fig. 4. The effect of bin size and imaging gain on EBSD pattern quality (left) and the subsequent effect on orientation indexing as shown by unique grain maps (right).
Data is from scan of the undeformed UHP α-Ti sample.

Table 1
Fraction of patterns indexed with a CI> 0.10 as a function of bin size and
imaging gain. Fractional values reflect post-processed data and bracketed
fractional values reflect raw data. Scan taken of an undeformed UHP α-Ti
sample.

Imaging gain

0 400 800

Bin size 2 × 2 1.000 [0.985] 1.000 [0.975] 1.000 [0.970]
4 × 4 1.000 [0.978] 1.000 [0.970] 0.995 [0.599]
6 × 6 1.000 [0.968] 1.000 [0.931] 0.794 [0.118]
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and THRM-treated) are shown in Fig. 6(a, c, e, g) and illustrate crys-
tallographic orientation with respect to sample frame for each material.
Image quality (IQ) maps in Fig. 6(b, d, f, h) allow for the spatial vi-
sualization of EBSD pattern quality and highlight the detailed micro-
structural features observed in the four materials. Specifically, IQ is the
sum of detected peaks in the Hough transform of an EBSD pattern (the
Hough transform is used for indexing a pattern) [47–49]. A perfect
crystal lattice in the diffracting volume will result in the highest IQ for a
given sample geometry and beam conditions. Crystallite interfaces
(grain, twin, sub-grain, etc. boundaries) produce EBSD patterns with
especially low IQ relative to interface-free regions. At these interfaces,
backscattered electrons can originate from multiple crystallites creating
superimposed EBSD patterns with slightly different orientations [47].
This lowers IQ by creating diffuse peaks in the Hough space and pro-
duces high IQ contrast at crystallite interfaces allowing for the detailed
mapping of microstructures. Large grains with high IQ are seen in the
undeformed UHP Ti, complex twin/grain structures are detailed in the
deformed UHP Ti, and fine sub-grain structures are resolved in the
stress-relieved and THRM-treated Ti-6Al-4V.

Due to differences in feature size in each material, EBSD step size
was not the same when scanning each sample, as indicated in Table 2.
In order to resolve the twins and sub-grain structures in the deformed
UHP α-Ti and undeformed Ti-6Al-4V, respectively, smaller step-sizes
than the 5 μm used for the undeformed UHP α-Ti were required. De-
spite the various length scales at which measurements were being made
and the variety of Ti being examined (pure, alloyed, undeformed/de-
formed, heat-treated), once the EBSD datasets were cleaned (grain CIS
and dilation), all scans had over 96% of patterns indexing with a
CI > 0.10 (see Table 2). The overwhelming majority of points that did
not index with CI > 0.10 were at grain/twin/sub-grain interfaces due
to the lower indexing accuracy of low-IQ EBSD patterns. Additionally,
some points in regions of high plasticity in the deformed material did
not index with CI > 0.10. This is due to the elevated dislocation
content creating a superposition of slightly misoriented EBSD patterns,
similar to what occurs at crystallite interfaces, which contributes to
peak broadening in Hough space and lowers IQ [47].

5. Discussion

Ti and its alloys are usually prepared metallographically with
harmful acids often at low temperatures and with high voltages. In this
work, we successfully develop an electropolishing procedure for Ti with
an ethanol-NaCl-ethylene glycol electrolyte solution avoiding the use of
harmful acids. Importantly, the setup necessary to perform the

experiment is relatively simple. High-quality scans resolving twins and
sub-grain structures in the deformed UHP α-Ti and undeformed Ti-6Al-
4V, respectively, are presented and discussed.

The electropolished surfaces of all Ti samples produced high-quality
and high-contrast diffraction patterns when performing EBSD, from
which similarly high-quality and detailed datasets were created. The
electropolishing created globally flat surfaces and crystallographic or-
ientation indexing accuracy was high. Fig. 5(b) shows no regions with
abnormally high or low secondary electron signal, which indicates
uniform charge distribution throughout the sample. Scratches or other
sharp topographical features with edges store charge and appear bright
via secondary electron imaging, which is what is seen in the unpolished
micrograph in Fig. 5(a). Moreover, the IQ maps in Fig. 6 show no iso-
lated regions of low IQ, which could indicate sample roughness at
larger length scales. If there existed relief on a sample surface that was
greater than the microscope's depth of focus, patterns can become out
of focus and IQ and indexing accuracy can decrease. The lack of micro
and macroscopic topography on electropolished surfaces, coupled with
the high fraction of patterns with CI > 0.10 indicates that the col-
lection of comprehensive and accurately indexed EBSD datasets is
possible. It is likely that the slight decrease in the number of patterns
indexed with CI > 0.10 for the deformed UHP α-Ti, stress-relieved Ti-
6Al-4V, and THRM-treated Ti-6Al-4V is due to the large increase in
interface density for the materials.

Additionally, the high Kikuchi band contrast observed for all sam-
ples during EBSD indicates negligible oxide formation on sample sur-
faces after electropolishing. Although the diffraction signal from
backscattered electrons (off a metallic atomic lattice) is influenced by
many factors, such as incident electron penetration angle, elemental
composition, crystal structure, and defect type/density, the majority of
signal originates from the top 30 nm of material when using an accel-
erating voltage of ~20 kV [50]. If oxide films did form, they would
need to be minimal given the observed pattern quality.

Finally, electropolishing with an ethanol-NaCl-ethylene glycol
electrolyte solution will produce surface finishes suitable for EBSD for
other phases of pure Ti such as β-Ti, ω-Ti, and any of the metastable
phases. In addition to elemental composition, the surface activity of a
grain depends on its orientation, and crystal structure [51]. Variation in
IQ was observed amongst grains, most notably in the undeformed UHP
α-Ti sample; however, the variation was minimal and did not affect the
ability to index orientations accurately. Therefore, it is assumed that
crystal structure would have similarly negligible effects on orientation
indexing accuracy on a Ti specimen electropolished using an ethanol-
NaCl-ethylene glycol electrolyte solution.

Fig. 5. Secondary electron micrographs of undeformed UHP α-Ti samples before (a) and after (b) electropolishing.
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Fig. 6. IPF maps (left) and IQ maps (right) created from EBSD data for undeformed UHP α-Ti (a,b), deformed UHP α-Ti (b,c), and undeformed Ti-6Al-4V after stress-
relieving (e,f), and after THRM treatment (g,h). The colors in the IPF maps represent the orientation of the sample axis with respect to the local crystal lattice frame
according to the IPF color key where RD is out of plane for UHP α-Ti and BD is out of plane for Ti-6Al-4V. The contrast in the IQ maps represents EBSD pattern
quality. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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6. Conclusions

Ti and its alloys are regularly prepared metallographically with
harmful acids, often at low temperatures, and with high voltages. The
electropolishing of Ti and its alloys with an ethanol-NaCl-ethylene
glycol electrolyte solution avoids the use of such harmful procedures.
Moreover, the apparatus necessary to perform the sample preparation
using the ethanol-NaCl-ethylene glycol electrolyte is relatively simple.
This paper demonstrated that electropolishing pure Ti and its alloys
with the described solution provides excellent surfaces from which
high-quality EBSD datasets can be collected. EBSD scans performed on
UHP α-Ti had excellent Kikuchi band contrast, which allowed for large
areas to be scanned at fast speeds without sacrificing indexing accuracy.
The electropolishing also created excellent surfaces on deformed UHP
α-Ti, which featured deformation twins, and additively manufactured
Ti-6Al-4V, which allowed for detailed EBSD mapping of fine micro-
structural features despite the increased lattice strains and Al and V
alloying elements. A non-acid electrolyte solution demonstrated here to
work for electropolishing of undeformed and deformed pure Ti as well
as stress-relieved and THRM-treated forms of AM Ti-6Al-4V will
streamline and make safer metallographic preparations of Ti and its
alloys in future microstructural studies.
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