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Abstract

The conventional Kroll and Keller’s reagents do not reveal uniformly additive manufactured Ti—-6Al-4V microstructures, as
etching is not uniform over the surface and only detailed electron back scattering diffraction analyses can reveal the details
in the microstructures. In this research, an alternative etching solution has been proposed to reveal the microstructures of
additive manufactured Ti—-6Al-4V. The alternative reagent, never reported for titanium alloys, is known to be efficient for
steel microstructures. It is a basic water-based solution containing NaOH and NaNO; operational at 90 °C for a holding time
of up to 30 s. Similar regions of martensitic microstructures generated in 3D-printed parts using laser powder bed fusion
were etched by various reagents and compared. The alternative reagent provides optical image resolution at least one order
of magnitude superior to the ones obtained with the conventional reagents. It is particularly efficient at revealing as-built
martensitic microstructures and can reveal very fine features down to 0.70 pum. Such precise observation provides valuable

information on microstructure evolution after heat treatments or hot isostatic pressing.

Keywords Laser powder bed fusion - Titanium alloys - Microstructure - Chemical etching - Hot iso-static pressing -
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Introduction

The arrival of the Ti-6Al-4V alloy in 1954 was a break-
through thanks to good producibility and its excellent com-
bination of properties. Nowadays, this alloy is still the most
widely used titanium alloy in the world, constituting half of
titanium products [1]. With a low density, high corrosion
resistance, and biocompatibility, Ti-6Al—4V is widely used
as hard tissue replacements in artificial bones, joints, and
dental implants [2, 3]. In recent years, this alloy was the
most popular for the development of additive manufactur-
ing (AM) of metallic parts, and many processes have now
reached maturity for the printing of reliable dense parts [4,
5]. In particular, the laser powder bed fusion (L-PBF) tech-
nique is the most popular as it uses a laser beam and metallic
powders to produce parts with complex geometries that are
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now used in the field of biomedical and aerospace applica-
tions [1, 6, 7].

Analyzing and understanding the microstructure pro-
vides valuable insights into the properties, performance, and
behavior of Ti—-6A1-4V [8—10]. In the conventional classi-
fication of titanium alloys, Ti—-6Al-4V is an a + f titanium
dual phase alloy which has an excellent combination of
strength and ductility compared with a, quasi a, quasi 3, or
p phase alloys [11]. The size, morphology, and the arrange-
ment of the two phases, a and f3, define the microstructure
and properties of Ti-6Al1-4V, which are controlled by the
thermomechanical history of the material, and in particular
by the cooling rate from phase j (the S transus is typically
around 995 °C [12]). Rapid cooling generates a supersatu-
rated o' martensitic microstructure and almost no diffusion
of elements occurs. Heat treatments in the dual phase region
of a + f will allow elements and reform a certain percentage
of f enriched in vanadium.

The microstructures of Ti—-6A1-4V produced by AM pro-
cesses can be complex, as the material experiences a com-
plex series of heat treatments. For every layer, the high heat
input that produces a localized melt pool affects the material
that has already been solidified. Layering strategy, process
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parameters, and the shape and size of the localized melt pool
will affect the solidification process as well as the size and
intensity of the heat-affected zone. In all cases, the printing
process leads to the formation of # columnar grains with
various sizes and shapes, which can affect the final micro-
structure of the printed part [13]. During the printing pro-
cess under L-PBF, it is estimated that the melt pool is being
cooled at a very high rate close to 410 °C/s, leading to a
non-equilibrium solidification [14]. As a consequence of this
high cooling rate, the microstructure is comprised of a very
fine acicular (plate-like) o’ martensite, quite different from
the bimodal or lamellar « + f microstructures produced by
conventional manufacturing processes [15].

Revealing the microstructure of printed parts is a key ele-
ment for understanding the printing process and to properly
document the effect of post-heat-treatment processes. For
many years, Kroll’s reagent [a mixture of hydrofluoric acid
(HF) and nitric acid (HNO;)] and Keller's reagent [a mixture
of HF, HNO;, and hydrochloric acid (HCI)] were success-
fully used to reveal the microstructures of equiaxed or acicu-
lar @ + f titanium alloys, Widmanstitten, lamellar a + f, and
equiaxed a grain microstructures [11, 14, 16—19]. However,
as-built microstructures in [14, 19-22] were poorly revealed
by reagents containing hydrofluoric acid and nitric acid, and
only backscattered images in scanning electron microscopy
(SEM) [23, 24] or electron backscattered diffraction (EBSD)
techniques [5] could be used to entirely reveal the micro-
structural features.

The aim of this work is to share some interesting results
obtained during our research with our industrial partner and
to propose to the community a promising basic reagent that
can reveal small features of martensitic microstructures in
an as-built condition.

Materials and Methods

This study was run on cylindrical samples of grade 23
Ti—6Al-4V fabricated through L-PBF technique. The build
plate has been considered as the horizontal XY plane, hence,
the z-axis is the vertical direction or build direction (BD).
The dimensions of the samples were 70 mm X 8 mm and
they were printed vertically. The samples were printed using
a laser power of 280 W with a spot size of 100 pm. The
laser scanning speed, hatch distance, and powder layer thick-
ness were set to 1200 mm/s, 140 pm, and 30 pm, respec-
tively. Three conditions were considered: as-built (AB),
heat-treated (HT), and hot isostatic pressed (HIP). The heat
treatment was carried out under a protected environment of
argon at 900 °C (below the f transus temperature for this
alloy) with a soaking time of 1 h followed by furnace cool-
ing. According to ASTM F3001 — 14 [25], the HIP process
was performed at 107 MPa and 900 °C for 3 h.
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The XZ (parallel to the BD) and XY (perpendicular to
the BD) cross-sections of the cylinders were prepared for
metallographic examination using standard techniques fol-
lowing by 5 h of vibratory polishing with 0.05-um colloi-
dal silica. Some micro-harness marks were performed on
the surface of the sample using a CLEMEX micro-harness
machine to localize the region of interest for microstructural
investigation.

The polished samples were etched using three different
reagents: Kroll's reagent (2 ml HF, 4 ml HNO;, and 94 ml
H,0), Keller’s reagent (1 ml HF, 2.5 ml HNO;, 1.5 ml HCI,
and 95 ml H,0), and the proposed basic reagent (40 g NaOH,
15 g NaNO;, 60 g H,0) introduced by Gouné for steels [26].
This basic reagent is particularly efficient at differentiating
bainite from martensite; however, to our knowledge, it has
never reported to be used for titanium microstructures. This
reagent does not have any specific name, hence, for the sake
of ease, it is called “Tichant” in the rest of this paper. While
Kroll’s and Keller’s reagents are used at room temperature
typically for 20 s, Tichant reagent is used at 90 °C for 30 s.
As water evaporates, its concentration changes and distilled
water should be added from time to time to keep the initial
composition in place. After applying the Tichant reagent,
the sample should be washed only with water and dried with
compressed air, i.e., alcoholic solvents such as methanol and
ethanol will remove the features created by the reagent. On
the other hand, the acidic Kroll’s and Keller’s reagents etch
the sample deeply.

Two as-built samples were etched using Kroll’s and
Keller’s reagents to reveal the microstructure using an
OLYMPUS LEXT OLS 4100 confocal microscope. To
reveal the potential of the Tichant reagent and to compare
the same region after different etching, the microstructures
revealed by the Tichant reagent were documented, its fea-
tures removed by polishing under vibratory conditions, and
the same region etched with Kroll’s reagent. The obtained
images were compared in terms of the o’ or ¢ maximum
widths for 50 random plates.

Results and Discussion

The microstructure revealed by Kroll’s reagent at different
magnifications for the AB condition display regions with
different gray levels somehow elongated in BD, as illus-
trated in Fig. 1. Inside these elongated regions, series of
parallel lines with specific orientations are found, typical
of an acicular martensitic structure. These regions corre-
spond to the columnar structure that solidifies as f grains.
They are referred to as prior-f columnar grains, and some
of them, particularly well-contrasted, are indicated with yel-
low arrows in Fig. 1a. Some horizontal wavy lighter lines
can be seen across the image which are associated with the
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Fig. 1 Microstructure of AB Ti-6A14V in XZ plane using fresh
Kroll’s reagent for 60 s with different magnifications; a horizontal
lighter layers are barely visible and darker regions are found, some
marked with yellow arrows, equivalent to prior-f columnar grains; b

built layers. Figure 1b shows that, at higher magnification,
it is possible to distinguish some of the acicular grains, but
only some of the plates are revealed. It seems that all the
lines corresponding to the 12 possible variants can be found
in given prior-f grains, but not all the lines are revealed.
These variants result from the geometric transformation
of the f cubic center phase into the a hexagonal compact
phase described by the Burgers orientation relationship [27].
At higher magnification, it becomes evident in Fig. 1c that
some regions of the microstructure are not revealed by the
reagent, as indicated by the white arrows. A similar micro-
structure could be seen for the untreated Ti—-6Al-4V pro-
duced by the selective laser melting (SLM) technique[19].
One could argue that the sample is not sufficiently etched,
but in the same image, regions where pitting occurs can be
found, identified by the horizontal black arrows. Unetched
or pitted regions prevent an adequate documentation of the

zoom from the center of image a showing regions with different con-
trasts and brightness; and ¢ zoom from the center of image b showing
pitted and unrevealed regions (dark and white arrows, respectively)
(Color figure online)

microstructure, as reported by other researchers on the same
material and the same reagent [26, 27]. These over-etched
regions were also present in the images taken at intermediate
magnification (Fig. 1b). Overall, similar results were found
on microstructures revealed by the Keller’s reagent, as illus-
trated in Fig. 2, including the fact that some regions of the
microstructure are not revealed, while other regions show
some pits. It is relevant to note that the gray-level contrast
seen at low magnification is reduced, as higher magnifica-
tions are used.

The effect of etching time on the quality of microstruc-
ture was further detailed and is reported here for the Kroll’s
reagent only, but equivalent conclusions can be drawn for
Keller’s reagent. By increasing the etching time from 20 s
to 90 s, it was not possible to reveal the features that were
absent while extended pitting occurred in many regions
(some of them are shown by dark arrows in Fig. 3). This

Fig.2 Microstructure of AB Ti—6A1-4V in XZ plane using fresh Kel-
ler’s reagent for 60 s with different magnifications; a horizontal layers
were barely visible and yellow arrows indicate the presence of prior-f
columnar grains, b zoom from the middle—top region of image a

showing the interface between two areas of different contrasts, and ¢
zoom from the middle-top region of image b where dark and white
arrows indicate pitted and unrevealed regions, respectively (Color fig-
ure online)
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Fig.3 Microstructure of

AB condition of 3D- printed
Ti—6Al-4V using Kroll’s
reagent with different etching
times: a 60 s and b 90 s

means that neither Kroll’s nor Keller’s reagent can fully
reveal the microstructure of the 3D-printed Ti—6A1-4V in
the AB condition.

The microstructure in the AB condition, revealed thanks
to the Tichant reagent, are spectacular in terms of preci-
sion and contrast. Some examples are provided in Figs. 4,
5, 6, and 7 to compare the same microstructure obtained by

Fig.4 Microstructure of the
AB condition of Ti-6Al-4V in
the XY plane using a, ¢ fresh
Kroll’s reagent after 30 s and
b, d Tichant reagent for 30 s.
White arrows show the regions
which could not clearly seen in
a and ¢ and same locations in
b and d. Red stars reflect the
same region of interest. The
twinning areas are shown with
vertical blue arrows and a zoom
of this feature is provided in e
(Color figure online)
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Kroll’s reagent and Tichant reagent. Low and high magnifi-
cations are used and the microstructures are examined in the
XY and XZ planes. For the XY plane, some dark regions,
easily identifiable in Fig. 4a, are surrounded with dashed red
curves in Fig. 4b to help the comparison. The regions which
could not clearly seen in Fig. 4a, some identified with white
arrows, can be distinctly seen in Fig. 4b. Images at higher
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magnification were taken in the center of the image and are
reported Fig. 4c and d, providing a clear illustration on the
precision revealed by the new proposed etching method.
Red stars are used to reflect the same region of interest. The
microstructure revealed by Kroll’s reagent shows some rel-
evant features, but the one revealed by the Tichant reagent
bears much more information, showing almost every needle
or plate in this area (the white arrows in Fig. 4c and d point
to the similar regions). Another interesting point is that the
Tichant reagent was able to reveal some mechanical twin-
ning in the thicker martensitic needles. These twinning areas
are shown by vertical blue arrows in Fig. 4d. This level of
precision is exceptional using optical microscopy. Despite
the fully acicular martensitic structure of the AB sample,
the Tichant reagent has distinguished different variants of
martensite in Fig. 4d, thanks to various gray levels. While it
is almost impossible to measure the martensite plate widths
in the AB condition for the Kroll’s micrograph (Fig. 4c), a
value of 0.70 + 0.40 pm can be calculated for the Tichant
micrograph (Fig. 4d). A similar conclusion can be drawn
when observing the microstructure in the XY plane, as seen
in Fig. 5, and the average martensite plate width as measured

Fig.5 Microstructure of AB
condition of Ti—-6Al-4V in

XY plane using a) and c) fresh
Kroll’s reagent for 30 s and (b)
and (d) Tichant reagent for 30 s.
White arrows show the regions
which could not clearly seen

in a and ¢ and same locations

in (b) and (d). Red stars reflect
the same region of interest. The
twinning areas are shown with
vertical blue arrows and a zoom
of this feature is provided in e
(Color figure online)

for this plane was similar, at 0.67 + 0.39 um. The columnar
growth parallel to the BD is clearly visible in all regions of
the microstructure when using the Tichant reagent, where
it is not always possible to differentiate the variation of ori-
entations from one region to the next when Kroll’s reagent
is used.

Even if Kroll’s reagent is known to perform well at
revealing the microstructure of heat-treated Ti—6Al1-4V,
it is relevant to compare the performance of the two rea-
gents for HIP and heat-treated conditions. In both cases,
the microstructure becomes larger and a Widmanstitten,
lamellar a + f,structure is found. The nucleation and
growth of B phase between the a plates increases the con-
trast and reveals the morphology of the a phase. Figure 6
shows some typical microstructures after HIP, as revealed
using Kroll’s and Tichant reagents. The microstructure
morphology is well displayed using Kroll’s reagent, but it
is more or less a binary image where the a phase is white.
In particular, it is not possible to differentiate the vari-
ous variants. The quality of the image obtained using the
Tichant reagent is quite impressive in terms of contrast and
number of gray levels. In the micrograph produced by the
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Fig.6 Microstructure of HIP
condition of Ti-6Al-4V in a
XY plane using Kroll’s reagent,
b XY plane using Tichant rea-
gent, ¢ XZ plane using Kroll’s
reagent, and d XZ plane using
Tichant reagent. Etching time is
30 s for both reagents

Tichant reagent, many different gray levels can be seen in
a given prior-f grain. Slight differences in orientation of
these plates may be distinguished by the Tichant reagent
and in these various gray levels associated with the dif-
ferent variants. The average a plate widths after HIP pro-
cess in the XY planes are 1.68 + 0.66 um and 1.65 + 0.35
for the Kroll’s and Tichant reagent, and 1.57 + 0.33 and
1.62 + 0.52 um for the XZ planes, respectively.

Since the amount of the f phase for the sample would be
less than 10% and the shape of f phase after HIP process
is not a plate shape but small islands [28], none of these
elongated dark features could be identified as f phase. In
the Kroll's reagent micrographs, the a laths, a interface,
and small amounts of f, are distinguished by only a two-
color contrast. However, when etched with the Tichant
reagent, the different variants of the @ phase (generated
by the various variants of martensitic parents) are revealed
with varying levels of gray.

As shown in Fig. 7, the heat-treated samples were
held at 900 °C for a shorter time compared to the HIP
process and display a similar Widmanstétten lamellar

@ Springer

microstructure but with smaller and fragmented fea-
tures. Again, more features are revealed using the Tichant
reagent.

Conclusions

Ti—6Al1-4V alloy (grade 23) samples were prepared using
the laser powder bed fusion technique. One set of samples
were kept in the as-built (AB) condition. A second set of
samples were heat treated (HT) at 900 °C for 1 h in an argon
atmosphere and hot isostatic pressing (HIP) was applied to
some of them at the same temperature but at 107 MPa for
3 h. The microstructures of the AB condition were studied
using Kroll's, Keller's, and Tichant reagents and compared.
The Tichant reagent is the basic reagent that was used here for
the first time to reveal the microstructure of the Ti-6Al-4V
alloy. The microstructures of the AB, HT, and HIP conditions
were studied using Kroll’s and the Tichant reagents and result-
ing micrographs were compared. It was found that, for the
AB condition, Kroll’s and Keller’s reagents could not reveal
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Fig.7 Microstructure of HT
condition of Ti-6Al-4V in a
XY plane using Kroll’s reagent,
b XY plane using Tichant rea-
gent, ¢ XZ plane using Kroll’s
reagent, and d XZ plane using
Tichant reagent. Etching time is
30 s for both reagents

the entire microstructure even after longer etching time, while
the Tichant reagent could reveal the entire features. All three
reagents could reveal the microstructures of the HT and HIP
conditions. The Tichant reagent showed more features and
more information about the morphology of the microstructure
compared with Kroll’s and Keller’s reagents. In every condi-
tion, high-quality micrographs were produced by the Tichant
reagent, and the use of this reagent is strongly recommended
for titanium alloys, especially for samples manufactured by
additive manufacturing techniques, and especially in their as-
built condition, as the microstructures produced are thinner
due to the higher cooling rate than the conventional method
of Ti-6Al-4V manufacturing.
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