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In this paper, the microstructure and crystallographic texture of pure Ti thin walls generated by Additive Manu-
facturing based on Laser Cladding (AMLC) are analyzed in depth. From the results obtained, it is possible to better
understand the AMLC process of pure titanium. The microstructure observed in the samples consists of large elon-
gated columnar prior § grains which have grown epitaxially from the substrate to the top, in parallel to the building
direction. Within the prior B grains, a-Ti lamellae and lamellar colonies are the result of cooling from above the -
transus temperature. This transformation follows the Burgers relationship and the result is a basket-weave micro-
structure with a strong crystallographic texture. Finally, a thermal treatment is proposed to transform the micro-
structure of the as-deposited samples into an equiaxed microstructure of a-Ti grains.
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1. INTRODUCTION

Titanium and its alloys are key materials for engineers in a
wide range of applications, and specifically, they are strategic
materials in the biomedical field [1-3]. Currently, commer-
cially pure titanium (cp-Ti) grades 1, 2, 3, and 4, Ti6Al4V and
Ti6Al4V ELI are successful biomaterials employed for the
replacement of hard tissues [4]. They present higher biocom-
patibility, higher corrosion resistance, and a relatively lower
elastic modulus compared to other metallic biomaterials.

Additive Manufacturing (AM) of titanium and its alloys
increasingly attract more and more attention due to their applica-
tion to medicine [5,6]. AM is a group of technologies to gen-
erate 3D objects by adding layer-upon-layer of material. The
application of this technique in the industry is particularly suit-
able for producing low volumes of products, parts with com-
plex geometries and customized components.

AMLC is a process to build up a metallic or ceramic com-
ponent by depositing material layer by layer in a continuous
manner [7-11]. There are other similar techniques, which are
known under different names and acronyms: Laser Engineering
Net Shaping (LENS) [12], Laser Powder Deposition (LPD)
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[13], Direct Metal Deposition (DMD) [14], Laser Consolida-
tion (LC) [15], Direct Laser Deposition (DLD) [16], etc.

In AMLC, the laser beam is employed as a heat source to
generate a molten pool in a substrate; and the precursor mate-
rial, in the form of particles or wire, is fed into the molten pool.
The relative movement between the laser head and the work-
piece makes possible to deposit material to generate single
tracks with dimensions of millimeters or microns [13,17-20].
The overlapping of single tracks allows creating a bidimen-
sional layer, and by stacking layers is possible to build up a part.

Particularly, AM of Ti6Al4V has been widely studied because
it is the most commonly used titanium alloy in bioimplants
and even in all the industry. It is possible to find research work
studying the microstructure and crystallographic texture of
Ti6Al4V parts generated by Shape Metal Deposition [21]; by
Electron Beam Melting [22-25]; by Selective Laser Melting
[25-27]; and by AMLC or similar techniques [14,16,19,28-32].

Although Ti6Al4V is the most commonly used titanium alloy,
cp-Ti can be employed in any application where corrosion resis-
tance, strength, and corrosion fatigue resistance are import-
ant. As an example, almost all commercially available dental
implants are made of cp-Ti [4,6]. Research work on AM of
cp-Ti is not as abundant as in the case of Ti6Al4V. LENS
technique has been employed to generate porous Ti implants
and evaluate their biocompatibility [12], cp-Ti grade 2 has
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been used as a precursor material to study a novel Laser Pow-
der Microdeposition system [13], and AMLC has been stud-
ied to produce thin walls of pure Ti [9]. However, an in-depth
analysis of the microstructure and crystallographic texture
obtained in the pure titanium parts has not been tackled in
these works.

Microstructures obtained in AMLC are the consequence of
complex thermal cycling: material is melted and rapidly cooled
repeatedly during the process, which also implies several phase
transformations cycles. The observation of the final micro-
structure obtained in the pure Ti parts is interesting to fully
understand the process. Besides, it has been demonstrated
that crystallographic texture plays an important role in the use
of pure titanium as an orthopedic biomaterial, because it affects
the mechanical properties, corrosion behavior, cell prolifera-
tion and osteogenesis [33].

In this work, the microstructure and crystallographic tex-
ture obtained in the pure Ti thin walls generated by AMLC is
studied in depth. The microstructure was studied by Optical
Microscopy (OM) and Scanning Electron Microscopy (SEM);
composition by X-Ray Diffraction (XRD); and crystallo-
graphic texture was studied via Electron Backscatter Diffrac-
tion (EBSD).

2. EXPERIMENTAL PROCEDURE

AMLC technique was selected to produce pure titanium
parts (see Fig. 1(a)). The experiments were performed employ-
ing a high power fiber laser (SPI SP-200C) to generate the
molten pool. The laser beam was focused on the substrate by a
lens with a diameter of 50 mm and a focal length of 120 mm,
obtaining a circular spot with a diameter of approximately
60 um on the surface of the substrate. The mean irradiance
was 35.4 kW/mm’ for a delivered laser power of 100 W, in
continuous mode.

A CNC table was employed to move the substrate with regard
to the laser head. The metallic substrate moves at 5 mm/s with
regard to the laser beam and particle injector, generating the
first clad. When it reaches the end, the substrate is moved
down one step (50 um) and starts the movement in the oppo-
site direction to create a new overlaid clad. This sequence of
movements is performed continuously in a loop and a sample
of several millimeters in height is built, layer by layer. The sam-
ples were generated by depositing 400 layers continuously with
a step between layers of 50 um (see Fig. 1(b)).

Commercially pure Ti grade 4 powder, Metco 4017 from
Oerlicon Metco was used as a precursor material to generate
the samples. As can be seen in Fig. 2, powder is irregular shaped
and its size range between 70 um and 180 um. Irregular shaped
powder has been demonstrated to be viable for producing fully
dense and crack free walls by a process similar to AMLC [34-
36]. However, the process has been limited to using only gas-
atomised, spherical powders. In this paper, the feasibility of
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Fig. 1. (a) Sketch of the experimental set-up and (b) Outline of the path
followed to generate pure titanium samples.
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Fig. 2. SEM micrograph showing particle size and morphology of cp-
Ti grade 4 particles employed in this work.

using water-atomised powders is investigated, based on an
experimental comparison of gas- and water- atomised pow-
ders in multiple layer, laser fused deposition of 316L stainless
steel. The work shows that, despite much lower cost (approx-
imately 25% of the price of gas-atomised powders. In partic-
ular, irregular shaped Ti powder has been successfully employed
to produce three-dimensional volumes of pure titanium with-
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out pores and cracks by means of AMLC [9].

The powder was carried by argon and laterally injected in
the molten pool by a convergent nozzle. The mass flow of cp-
Ti grade 4 particles is fixed at a rate of 0.45 g/min. The pow-
der material is melted and distributed layer by layer over the
partly built sample. This heated material solidifies in an inert
atmosphere when the laser beam goes on sweeping a path
leaving the interaction zone.

The samples were cut, embedded in epoxy resin and pol-
ished in order to examine the transverse section and the longitudi-
nal section. The analysis of the morphology and microstructure
was done by optical microscopy, after etching the samples
with Kroll’s reagent. The microstructure was also studied by
means of scanning electron microscopy (SEM, Philips X1.30)
employing a backscattering electron detection mode. The
qualitative elemental composition was determined via Energy-
dispersive X-ray spectroscopy (EDS, EDAX PV9760 coupled
to the SEM).

X-Ray Diffraction (XRD) analysis was carried out by means
of a PANalytical X Pert Pro X-ray diffractometer, using mono-
chromated Cu-Ka radiation (A= 1.54 A) over the 10-90° 20
range with a step size of 0.02°. Diffractograms were obtained
directly from the polished surface of the longitudinal section.
It was done to compare the crystal structure of the samples
with the cp-Ti grade 4 particles. The crystallographic texture
was analyzed by Electron Backscatter Diffraction (EBSD, Oxford
HKL Channel 5 detector equipped on a dual-beam worksta-
tion FEI HELIOS 600 NanoLab).

Finally, a set of samples were thermally treated to trans-
form the microstructure of the as-deposited samples into an
equiaxed microstructure of o-Ti grains. The chosen thermal
treatment was to increase the temperature of the samples slightly
above PBtransus, 934 °C [37], and slowly cool them in the fur-
nace from the § domain. More specifically, the temperature
was increased up to 1000 °C at a rate of 10 °C/min, the hold-
ing time was 30 min and the cooling was done at a rate of -15
°C/min. This thermal treatment was carried in vacuum to pre-
vent the oxidation (10~ Pa). The longitudinal sections of these
samples were polished and etched with Kroll’s reagent. They
were observed by optical microscopy to compare the micro-
structure before the thermal treatment (in the as-deposited
samples) and after it.

3. RESULTS AND DISCUSSION

Three-dimensional simple parts have been generated with a
transverse dimension below 1 mm (0.7 mm) and a height of
20 mm (see Fig. 3(a)). The transverse section of the samples
presents a lamellar microstructure, also known as basket-
weave structure (see Fig. 3(b)). The finest lamellae are pres-
ent at the bottom of the samples (Fig 3(c)); looking towards
the top, the lamellae become longer and organized into bigger
colonies (Figs. 3(d), 3(e), and 3(f)). The basket-weave micro-
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Fig. 3. (a) Optical micrograph showing a transverse section of pure
titanium sample and (b-f) SEM micrographs obtained at different
heights in the transverse section of the sample.

structure is typically obtained as a result of simple cooling from
temperatures above the B-transus of cp-Ti grade 4: 934 °C [37].
When the temperature falls below the transus temperature, 3-
Ti (BCC) transforms into a-Ti (HCP) lamellae into the prior
grain. However, at very high cooling rates (faster than 350 K/s)
from temperatures above the martensite start temperature of
cp-Ti grade 4, Ms=850 °C [37], B-Ti (BCC) transforms into
o’-Ti (HCP) by a diffusionless transformation process that
results into a microstructure apparently similar.

Laser Cladding and AMLC are characterized by high cool-
ing rates of the deposited material [38-41]. The cooling rate,
at a given location near the molten pool, can be calculated by
multiplying the thermal gradient at the liquidus isotherm and
the beam scanning speed (5 mm/s) [41]. Thermal gradient
across the molten pool in similar processes is reported to be
between 10° K/m and 10° K/m [39,41,42]. A decrease in the
layer thickness and the deposition rate of material produce an
increase in the thermal gradient and the cooling rates [38].
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The thickness of the individual layers employed to generate
our samples is 50 pum, which is smaller than the ones reported
in those studies. Therefore, we consider the gradient across
the molten pool to be in the order of 10° K/m. Moreover, the
width of the sample is below 1 mm, so the molten pool and
heat affected zone during the process have a size in the order
of millimeters. In the molten pool and the heat affected zone,
the temperature changes from highly above the melting point
(1660 °C) to below the B-transus (934 °C). There exists a dif-
ference in temperature of more than 1000 K in a distance in
the order of 1 mm. Therefore, it is realistic considering a tem-
perature gradient across the molten pool in the order of 10° K/m.
The cooling rate is calculated to be in the order of 5000 K/s by
multiplying the estimated thermal gradient (1 0° K/m) and the
beam scanning speed (5 mm/s). However, to take into
account the inaccuracy in the estimation of the thermal gradi-
ent, we consider a broad range so the cooling rate is estimated
to be in the order of 10°-10" K/s.

Since the estimated cooling rate is higher than 350 K/s, the
microstructure should be the result of a diffusionless transfor-
mation from B-Ti (BCC) to o’-Ti (HCP). However, long and
thick lamellae organized into colonies are observed, especially,
in Figs. 3(e) and 3(f). These microstructures are identified as
thin (Fig. 3(d)) and thick (Figs. 3(e) and 3(f)) lamellar micro-
structures with o phase. Therefore, they are not the result of a
rapid cooling from above f-transus and the phase transforma-
tion might be attributed to a diffusional process. The obtained
microstructures are the consequence of a complex thermal
cycling which also implies several phase transformations
cycles. During the deposition process, titanium is melted and
rapidly cooled down. However, when new layers of material
are generated, the previously deposited titanium is remelted
and rapidly cooled again more times. After depositing more
new layers, part of the material is not remelted anymore, but it
is still heated and cooled several more times. Besides, the
cooling rate changes while the part is being built because it is
mainly produced by heat conduction from the molten pool to
the substrate. In the first layers, the cooling rates are higher
resulting in a finer microstructure. When new layers are added
the distance from the molten pool to the substrate increases.
Therefore, the heat conduction resistance is higher and the heat
evacuation from the molten material to the substrate decreases.
The result is a lower cooling rate and the formation of the big-
ger lamellar colonies observed in the top of the samples.

XRD analysis was performed to compare the diffracto-
gram of precursor material, cp-Ti grade 4 particles (Fig. 4(a))
and the diffractogram obtained in the longitudinal section of
the samples (Fig. 4(b)). The diffractogram of precursor mate-
rial perfectly matches the pattern of a-Ti (HCP). However,
some peaks are missing in the XRD of the samples, indicat-
ing a microstructure with preferential orientation of the crys-
tal structure.

In order to fully understand the crystal structure of the sam-
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Fig. 4. Comparative of X-ray diffractograms; (a) cp-Ti grade 4 parti-
cles (precursor material) and (b) longitudinal section of the pure tita-
nium part (AMLC sample).

ples, they were etched with Kroll’s reagent to observe their
longitudinal section under the optical microscope (Fig. 5(a)).
Samples present a microstructure formed by large elongated
columnar prior 3 grains emerging from the substrate to the top,
parallel to the building direction (Z axis in Fig. 5). This struc-
ture is the result of an epitaxial growth from the parent grains
during solidification of the molten pool [43] thus leading to
large temperature gradients. This is used, in unison with closely
controlled solidification velocities, to stabilise the columnar
dendritic growth, thereby avoiding nucleation and growth of
equiaxed grains in the laser clad. It is possible with this tech-
nique to deposit a single crystal clad by epitaxial growth onto
a single crystal substrate. In this paper, the microstructure
obtained by E-LMF is analysed by scanning electron micros-
copy (SEM. A low mass deposition rate and an excess of laser
power delivered results in a large penetration of the molten
pool. It produces a remelting of the previously deposited lay-
ers and promotes the formation of columnar grains via bot-
tom grain epitaxial growth [44].

EBSD analysis was done in three areas at different heights
to study the microstructure and crystallographic texture along
one columnar grain (Fig. 5(a)). EBSD maps are colored cod-
ifying Euler angles into RGB values for each pixel. The changes
in the size of the lamellae and colonies are clearly observed
again in the EBSD maps (Figs. 5(b), 5(c), and 5(d)). As it was
reported in the study by SEM (Fig. 3), the longitude of lamel-
lae and colonies increase from the bottom to the top of the
samples. In the EBSD maps, each color corresponds to a crys-
tallographic orientation and it is possible to discern 6 pre-
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Fig. 5. (a) Optical micrograph showing a longitudinal section of pure titanium sample and (b-d) EBSD maps colored codifying Euler angles into

RGB values for each pixel.

ferred orientations in Fig. 5(b). However, to discern the preferred
orientations more accurately is necessary to analyze the pole
figures.

The crystallographic texture can be fully understood by
studying pole figures obtained for each EBSD map (Fig. 6).
Pole figures present the same pattern along all the columnar
grain. The observed crystallographic texture results of the
transformation of f-Ti (BCC) into aTi (HCP) produced when
the material is cooled. During the f§ to o transformation, the
BCC plane (110)p transforms to the basal plane (0001)a of
the hexagonal phase according to the Burgers orientation
relationship [2]. There exist six possible (110)B planes in a
cubic crystal that correspond to the six preferred orientations
of the (0001)a planes in the pole figures. The pole figure of
the basal planes (0001)a is reminiscent of the pattern (110)p
in the prior BCC crystallographic orientation.

Among that, for each orientation of the (110)p // (0001)a
plane, there exist two possible slip directions <111>f, which
become <11-20>a direction after the transformation from [-
Ti (BCC) to aTi (HCP). For every basal plane (0001)a. there
are two possible sets of <11-20>a reflections. These two crys-

tallographic orientations for each basal plane form an angle of
10.5° between them [21]manufactured by shaped metal depo-
sition (SMD. In the pole figures (Fig. 6) for the type I prismatic
plane, (10-10)a, and type II prismatic plane, (11-20)a, there
are pairs of adjacent poles (separated around 10°). Therefore,
samples present all the twelve possible crystallographic ori-
entations into the prior B grain: six orientations of the basal
plane (0001)a and, for each one, two sets of <11-20>a. reflections.
For the same basal plane, the two possible crystallographic
orientations are very similar and it is not possible to discern them
clearly in the EBSD maps attending to their coloring (Fig. 6).
The EBSD maps also show a significant amount of pixels
that were not indexed. Figure 7(a) is the EBSD map of a small
area in the longitudinal section to analyze this issue in detail.
Those colored pixels that correspond to the lamellae, present
awell-defined EBSD pattern (Fig. 7(b)). However, in the inter-
lamellae space the signal strength is low and the pattern is not
well defined (Fig. 7(c)), which can be due to an amorphous
structure or a highly distorted crystal lattice. This fact is in
accordance the wide band present in the XRD spectrum of the
samples (Fig. 4(b)). During the transformation of the B-Ti (BCC)
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Fig. 6. Basal {0001}, Prism type [ {10-10} and Prism type II {11-20} pole figures corresponding to the (a) top, (b) middle, and (c) bottom EBSD
maps of Fig. 5.

Fig. 7. (a) EBSD map of small area in the longitudinal section of the sample, (b) EBSD pattern in a lamella, (c) EBSD pattern in an inter-lamellae
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Fig. 8. Sketch to illustrate the formation of the microstructure and
crystallographic texture of the samples.

to a-Ti (HCP), the plane (334) does not suffer distortion and
it becomes the (41-50)a [37]. The transformation produces
great distortions in the perpendicular direction to this plane
causing the appearance of this interlamellae spaces with an
amorphous or highly distorted crystal structure. The colonies
are sandwich-structured formed by alternating lamellae and
inter-lamellae spaces parallel to the (41-50)a plane.

From the results obtained, it is possible to better understand
the AMLC process of pure titanium (Fig. 8). During the process,
previously deposited layers of material are remelted. When
the laser beam leaves the interaction zone, the cooling is pro-
duced mainly by heat conduction to the already built part (and
substrate). Therefore, the boundary between the molten pool
and the previously deposited layers is a solidification front;
where an epitaxial growth of columnar § grains takes place
mimicking the crystallographic orientation of the previously
deposited layers. When the material is cooled below B-tran-
sus, B-Ti (BCC) is transformed into o Ti (HCP). This transfor-
mation follows the Burgers relationship [2] giving, as amaximum,
twelve variants of crystallographic orientation to the a-Ti into
each prior B columnar grain. Consequently, the microstructure
consists of elongated prior B columnar grains formed by o-Ti
lamellae and lamellar colonies structured in a basket-weave
pattern with a strong crystallographic texture.

Finally, a set of samples were thermally treated in vacuum
following the sequence represented in Fig. 9(a). The thermal
treatment was chosen to transform the microstructure of the
samples into equiaxed o-Ti grains. The thermal treatment con-
sisted of increasing the temperature of the samples slightly above
B-transus and slowly cool them in the furnace from the B domain.
Figure 9(b) is an optical micrograph showing the longitudinal
section of a thermally treated sample. In comparison with origi-
nal microstructure (Fig. 5(a)), columnar prior B grains have
disappeared. When the samples are heated above B-transus
the microstructure of the as-deposited samples is transformed
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Fig. 9. (a) Thermal treatment of samples after deposition and (b) Opti-
cal micrograph showing a longitudinal section of pure titanium sample
thermally treated.

into new P grains. Slow cooling from the B domain (above Btran-
sus) produces a transformation from BTi (BCC) to a-Ti (HCP),
resulting in the equiaxed structure of o-Ti grains showed in
Fig. 9(b).

4. CONCLUSION

An in-depth analysis of the microstructure and crystallo-
graphic texture obtained in the pure Ti thin walls generated by
AMLC was presented. The microstructure consists of large
elongated columnar prior 3 grains emerging from the substrate to
the top, in parallel to the building direction. The prior  grains
are formed by o-Ti lamellae and lamellar colonies, which are
structured in a basket-weave pattern.

The prior B columnar grains are produced by an epitaxial
growth from the parent grains during solidification of the
molten pool. Employing a low mass deposition rate and an
excess of laser power, previously deposited layers of material
are remelted. When the laser leaves the interaction zone, an
epitaxial growth of columnar B grains is produced in the solid-
ification front. The newly solidified material mimics the crys-
tallographic orientation of the previously deposited layers.

Within the prior  grains, o-Tilamellae structure is the result
of cooling from above the B-transus temperature. This transforma-
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tion follows the Burgers relationship and a-Ti lamellae pres-
ent twelve variants of crystallographic orientation into each
prior B grain. The result is a basket-weave microstructure with
a strong crystallographic texture. The finest lamellae are pres-
ent in the bottom part of the samples and towards the top, the
lamellae are longer and organized into bigger colonies. This
phenomenon is caused by a reduction in the cooling rate while
the part is being built.

A thermal treatment can be applied to transform the micro-
structure of the as-deposited parts into an equiaxed micro-
structure of o-Ti grains. The thermal treatment proposed consisted
of increasing the temperature of the samples slightly above -
transus and slowly cool them in the furnace from the  domain.
Heating the parts above B-transus eliminates the large elon-
gated columnar prior 3 grains and the slow cooling from the
domain gives as a result the equiaxed a-Ti grains microstructure.
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