RESEARCH ARTICLE | OCTOBER 29 2024

Comparative analysis of laser power, pure titanium, and
titanium alloy effects on dendrite growth and surface
morphology of TiO,-ceramic

Abid Ullah & @ ; Karim Asami @ ; Kashif Azher @ ; Claus Emmelmann

’ '.) Check for updates ‘

J. Laser Appl. 36, 042061 (2024)
https://doi.org/10.2351/7.0001601

@ B

View Export
Online  Citation

Laser Applications

Y
o
©
c
p -
-
O
ﬁ

Articles You May Be Interested In

Effect of fiber laser welding on solute segregation and proprieties of CoCrCuFeNi high entropy alloy
J. Laser Appl. (March 2020)

Prediction of the primary dendritic arm spacing in the laser metal deposition of Inconel 718 superalloy
using the numerical and experimental techniques

J. Laser Appl. (March 2023)

Interrupted interface growth and periodic boundary layer trapping in dendrite growth of steel

Appl. Phys. Lett. (June 2013)

L I A Become part of the LIA experience -
cultivating innovation, ingenuity, and
inspiration within the laser community.

The professional society for
lasers, laser applications,

and laser safety worldwide. ) www.lia.org/membership
Find Out More membership@lia.org

ALIA

THE LASER INSTITUTE

8G:vv:L | ¥Z0Z 49qUISNON €0


https://pubs.aip.org/lia/jla/article/36/4/042061/3318361/Comparative-analysis-of-laser-power-pure-titanium
https://pubs.aip.org/lia/jla/article/36/4/042061/3318361/Comparative-analysis-of-laser-power-pure-titanium?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-8692-8592
javascript:;
https://orcid.org/0000-0001-8382-263X
javascript:;
https://orcid.org/0000-0003-2856-3692
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.2351/7.0001601&domain=pdf&date_stamp=2024-10-29
https://doi.org/10.2351/7.0001601
https://pubs.aip.org/lia/jla/article/32/2/022005/225330/Effect-of-fiber-laser-welding-on-solute
https://pubs.aip.org/lia/jla/article/35/2/022013/2879242/Prediction-of-the-primary-dendritic-arm-spacing-in
https://pubs.aip.org/aip/apl/article/102/24/241903/212977/Interrupted-interface-growth-and-periodic-boundary
https://e-11492.adzerk.net/r?e=&s=tkZlyzpIZQcMRNmd-lv9Hr_8RD8

Journal of

o - ARTICLE ubs.aip.org/lia/jla
Laser Applications P p-org/lia/j

Comparative analysis of laser power, pure
titanium, and titanium alloy effects on dendrite
growth and surface morphology of TiO,-ceramic

Cite as: J. Laser Appl. 36, 042061 (2024); doi: 10.2351/7.0001601 @ I-ﬁ @
Submitted: 1 July 2024 - Accepted: 16 October 2024 -
Published Online: 29 October 2024

View Online Export Citation CrossMark

Abid Ullah,"%?) (2 Karim Asami,' (£ Kashif Azher,” {2 and Claus Emmelmann’

AFFILIATIONS

TInstitute of Laser and Systems Technology, Hamburg University of Technology, 21079 Hamburg, Germany
2Centre for Additive Manufacturing, School of Engineering, RMIT University, Melbourne, VIC 3000, Australia
*Department of Mechanical Engineering, King Fahd University of Petroleum & Minerals, 31261, Dhahran, Saudi Arabia

2 Author to whom correspondence should be addressed; electronic mail: abid.ullah@tuhh.de and abidmech95@gmail.com

ABSTRACT

Despite several challenges, including the inherent brittleness of ceramics, inadequate melting of the powder, and the formation of
microstructural defects, laser powder bed fusion remains a promising method for ceramic fabrication. This research looks at the intricate rela- 3
tionship between laser power as a dominant factor in the energy density, the influence of pure titanium (Ti) and titanium alloy (Ti-6A1-4V)
additives on the laser fabrication of TiO,-based ceramics, and the resultant microstructural aspects, with a particular emphasis on dendritic
growth and solidification defects. The research findings revealed that changing the laser energy density has a substantial influence on the
dendrite growth and solidification rate of TiO, ceramic. However, in addition to optimizing the laser power, the addition of metal material
additives also plays a significant role in regulating the melting state and controlling the part defects in ceramics. The findings support that the
mixing of pure titanium showed a relatively favorable influence, enhancing the melting condition of TiO, and yielding a smooth surface with §
reduced defects. Conversely, the addition of a titanium alloy (Ti-6Al-4V) has a comparatively lower positive effect and led to the formation of
substantial dendrites, solidification shrinkage, and significant fractures. The change in the scanning strategy from zigzag to island has no
noticeable effect on the surface morphology and dendrite formation but contributes to controlling the spattering and crack propagation.
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I. INTRODUCTION in the aerospace sector due to their high melting point, high
strength, hardness, chemical stability, and low thermal and electri-

Laser powder bed fusion (LPBF), also known as selective laser o ) o :
cal conductivity.”™ However, various applications in the aerospace

melting (SLM), is an additive manufacturing (AM) technique that

has gained significant attention in recent years due to its ability to ~ industry are also influenced by factors such as production cost,
fabricate complex geometries with high accuracy and precision.””  time, techniques, and the complexity of the components being
Ceramics have the potential to execute the most stringent demands manufactured. Traditional manufacturing techniques take longer
of today’s industries. For example, advanced ceramic materials are ~ and have many limitations, including high tool wear and shrinkage
resistant to abrasion and can endure high-temperature heat, during the sintering process. For ceramic materials, compared to
making them ideal for a variety of applications. Ceramic materials other materials, part defects are high, which has obstructed the
are being utilized more often as insulators, conductors, and applications of this technology.

semiconductors, although they are constrained by temperature and The challenges associated with LPBF of ceramics include the
pressure.”* Ceramics processed through LPBF are highly important difficulty in achieving uniform powder distribution and the risk of
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thermal shock, asymmetric dendrites and grains growth, porosity,
and cracking during the printing process.”'’ However, ongoing
research is discovering various approaches to overcome these
challenges and improve the performance of LPBF printed ceramics.
Liu et al." studied crack defects in ceramic AM processes, empha-
sizing strategies to relieve them. Their work showed that the adjust-
ment in parameters and material composition regulates molten
pool flow, releasing thermal stress, refining grains, and toughening
structures to resist crack initiation and growth. Huang et al.'* inves-
tigated the solidification behavior and crack mechanisms in ceram-
ics using a thermal model and the effects of changing laser
parameters on cracking characteristics, demonstrating that con-
trolled microstructure and parameters optimization are important
in crack morphology and distribution. Chen et al."” investigated
that particle size has a significant impact on the quality and perfor-
mance of bulk samples, as well as fracture inhibition. Smaller parti-
cles were identified to be responsible for substantial volume
shrinkage and decreased porosity, leading to improved mechanical
performance. However, this study determined that surface micro-
cracks were formed because of large volume shrinkage and were
significantly healed by the sintering process, confirming that parts
sintering is an efficient approach for the elimination of micro-
cracks. Zheng et al."* studied the formation of cracks in alumina
ceramics and classified the cracks into transverse and longitudinal
cracks. Liu et al."” investigated the formation mechanisms and con-
ducted the quantities analysis of pores in AI20;-ZrO, ceramic.
Their research divided the pores of ceramic structures into four
types: intercrystalline pore, interlayer pore, intralayer pore, and
shrinkage pore. Zhang et al.'® found that ZrSiO, enhances the flex-
ural strength of silica-based ceramic cores by inhibiting crack prop-
agation. However, these approaches have limitations, including
poor surface quality, restricted part size and complexity, poor
mechanical properties, and high costs. Further research is needed
to identify the root causes of these defects and develop effective
methods to improve the manufacturing process of ceramics.
Titanium dioxide (TiO,)-based ceramics are valued for their
exceptional characteristics and versatility in a wide range of appli-
cations ranging from advanced coatings to high-performance
electronics.'’~*" Understanding the intricate interaction of process-
ing variables and material behavior in TiO,-ceramic composites is
essential for reaching their full potential. In earlier research,”’ a
study was conducted on the effect of specific LPBF process parame-
ters (laser power and scanning speed) and material addition (only
pure titanium) on the surface microstructure of pure titanium
dioxide. However, there was still a need to further explore the mate-
rial choices for addition in the form of Ti alloy, further increase
into the pure Ti percent weight, and to investigate the variation in
scanning strategy along with the optimized and increased laser
power. In addition, the formation of dendritic structures, grain
growth, and solidification defects requires further exploration in
both the surface and cross sections of the specimens. In this study,
we investigated the effect of Ti-6Al-4V alloy alongside pure Ti
additives, allowing us to broadly compare the effects of these mate-
rials on the manufacturing process and microstructure of TiO,
ceramic. Furthermore, we also adopted the island scanning strategy
along with the zigzag strategy to provide a more detailed examina-
tion of microstructural changes and explore the influence of
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variation in scanning strategy on the fabrication of ceramics.
Additionally, we carefully controlled and optimized the laser power
within a specific range (80-170 W), which contributed to more
stable processing conditions, consistent experimental results, and a
reduction in surface defects. Our current study is distinguished by
its in-depth analysis of dendrite formation and grain growth in the
samples’ surface and cross sections, offering a deeper understand-
ing of surface microstructures, defects, and their correlation with
different material additives, as well as laser power and scanning
strategy as laser parameters.

Il. EXPERIMENT
A. Materials and methods

The material powders used in this study are characterized as
follows: TiO, powder with an average particle size of 3 um (ranging
from 1 to 5um), Ti powder with an average particle size of 1 um
(ranging from 0.5 to 2um), and Ti-6Al-4V alloy powder with an
average particle size of 45 um (ranging from 30 to 60 um). The corre-
sponding thermo-physical properties are TiO, with a melting point
of approximately 1843 °C and a heat conductivity of 7.8-8.4 W/m K,
Ti with a melting point of 1668 °C and a heat conductivity of
16.2-21.9 W/m K, and Ti-6Al-4V with a melting point range of
1600-1660 °C and a heat conductivity of 6.7-7.5 W/m K.

The purity of both TiO, and Ti powders was recorded as
99.89%. Experiments were conducted based on variations of laser
power and material ratios. A slurry was prepared by mixing the
powder with water at a powder-to-water weight ratio of 3:1. The
purpose of the slurry was to facilitate the deposition of layers on
the movable platform because it is difficult to maintain a layer of
the powder due to the inherent properties of ceramics. The diffi-
culty in maintaining a uniform powder layer is primarily due to

the high brittleness, low flowability, and high cohesiveness of ;
ceramic powders. Unlike metal powders, ceramic powders tend to :

form agglomerates and have poor flowability, making it challenging
to spread them evenly across the build platform. Additionally, the
brittle nature of ceramics can cause the particles to break during
deposition, further complicating the formation of a consistent
powder layer. In the next step, the water evaporated completely.
The thickness of each layer was maintained at 50 um, and each
printed sample consisted of 25 layers. The size of each sample was
10 x 10 mm. The scanning speed was kept constant at 200 mm/s as
in previous studies’"** considered this optimal for ceramics. For
pure TiO, specimens, both island and zigzag scanning strategies
were utilized, while only the zigzag scanning strategy was used for
samples with metal additives. The hatch spacing was kept constant
at 50 um. Figure 1 shows the schematic diagram of the ceramic
samples’ fabrication process used in this study. The laser power
parameters and material ratios are listed in Table I.

B. Experimental setup

The experiments were conducted in a self-built laboratory-
scale laser powder bed fusion system containing a continuous fiber
laser called the YLR-500 that has a wavelength of 1.06 um and a
maximal output of 500 W. Theoretically, the spot size of the laser
beam was 70 um The machine was also equipped with a 20 kW
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FIG. 1. Schematic diagram of the ceramic samples’ fabrication process. From Zhang et al., Smart Mater. Manuf. 2, 100048 (2024). Copyright 2024 Author(s), licensed

under a Creative Commons Attribution (CC BY) license.

induction heating system (Shanghai BamacIn), which was mainly
used to preheat the substrate at a temperature of 110 °C to evapo-
rate water from the deposited layer. As for the experimental condi-
tions, these experiments were conducted in an open environment.
For more details, please refer to the previous work where the exper-
imental steps are fully described, as this study follows the same
approach.”'**

TABLE I. Experimental parameters.

Material composition (wt. %) Laser power (W)

TiO, =100 80, 120, 170
TiO,:Ti=98:02 80, 120, 170
TiO,:Ti = 95:05 80, 120, 170
TiO,:Ti=90:10 80, 120, 170
TiO,:Ti = 85:15 80, 120, 170
TiO,:Ti = 80:20 80, 120, 170
TiO,:Ti=75:25 80, 120, 170

TiO,:Ti64 = 95:05 80, 120, 170
TiO,:Ti64 = 90:10 80, 120, 170
TiO,:Ti64 = 85:15 80, 120, 170
TiO,:Ti64 = 80:20 80, 120, 170
TiO,:Ti64 = 75:25 80, 120, 170

C. Measurements

A Leica EM ACE200 ion sputter coater was used for the
samples’ gold coating. To acquire high-resolution images and
investigate the surface morphology and microstructure of the
printed objects, a scanning electron microscope (SEM) (FEI
Quanta 250F) was used. IMAGE] software was used to analyze the
SEM images. The parts’ structure and formation of phases were
determined using Bruker D8 x-ray diffraction (XRD). The XRD
patterns were produced at room temperature using continuous
mode Cu Ko radiation (=1.5418 A) of 26 = 10°-100° The XRD
was run at 40 mA tube current, 40 kV target voltage, and 2°/min
scan speed.

lll. RESULTS AND DISCUSSION

Sections III A-III C discusses the experimental results on the
effects of laser power, the addition of metal powders to TiO,, and
the influence of different scanning strategies.

A. Influence of laser power variations and the addition
of Ti-6Al-4V and pure Ti on TiO,

In this section, we analyze and compare the influence of Ti
alloy and pure Ti on the melting behavior, manufacturability, and
surface morphology of titanium dioxide fabricated by the LPBF
process. In this study, “melting state” or melting condition” refers

¥¥:LL ¥20T 49qWBAON €0

b
©

J. Laser Appl. 36, 042061 (2024); doi: 10.2351/7.0001601

© Author(s) 2024

36, 042061-3


https://pubs.aip.org/lia/jla

Journal of

Laser Applications

to the ability of TiO, to absorb laser energy, reach its melting
point, and form a homogenous melt pool with smoother and
reduced surface defects. The pure titanium dioxide specimens
were found to have several microstructural flaws, including micro-
cracks, irregular dendrite and grain formation, porosity, and spat-
tering effects. Similar defects have been widely investigated in
previous studies of ceramic LPBF, where they were attributed to
high-temperature gradients, inadequate melting, and rapid heating
and cooling of the powder layers, as shown in Figs. 2(a) and 2(b).
Our experimental results align with these prior findings.”' ">
The SEM images of the specimen reveal that asymmetrical grain
and dendrite development serve as significant causes of crack for-
mation. These phenomena are more common in specimens of
pure titanium dioxide produced with lower laser energy input.
Figures 2(a) and 2(b) show some fractures in the form of large
cracks with a number of elongated grains and dendrite growths.
The specimens also possess rough surfaces due to the spattering
effect or partially melted materials, as identified in the LPBF of
cuprous oxide,”” possibly due to inadequate melting of the
ceramic powder. Lowering the laser power decreases the energy

50 pm
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input, leading to lower temperatures in the material and reduced
temperature gradients, as described by Fourier’s law of heat con-
duction. This, in turn, influences the solidification and cooling
rates of the sintered or melted layers.”” This implies that poor
melting and rapid cooling of the powders causes some sort of
interface instabilities and solidification defects, which turn into
the formation of dendrites, as evident in Fig. 2(a). These dendrite
structures are generally undesirable and considered the key causes
of various microstructural defects including interdendritic frac-
tures which are formed as a result of weak and complex boundary
connections of the dendrite arms. During the poor melting of the
powder, the mobility of powder particles along these dendrite
boundaries may be limited, making it difficult for them to rear-
range, distribute evenly, and eliminate defects. The defects found
in Fig. 2(a) were reduced with an increase in the laser power from
80 to 120 W, which further supports the idea that high laser
power contributes to the proper melting of the powders and
reduces surface defects”' as shown in Fig. 2(b). However, certain
dendritic fragmentation along with surface roughness and micro-
cracks still exist.

© Author(s) 2024
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FIG. 2. (a) Pure TiO, at 90 W, (b) pure TiO, at 120 W, (c) TiO, 90% with Ti64 10% at 90 W, and (d) TiO, 90% with Ti64 10% at 120 W.
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Considering the high melting point and poor heat conduction
of ceramics, getting a high degree of densification becomes more
difficult at lower energy input by the laser beam which can contrib-
ute to the higher level of microstructural defects in the fabricating
specimens. In addition, the heat produced by the laser beam is dis-
tributed unevenly.”® This uneven heat distribution is caused by
factors such as the high concentration of energy at the center of the
Gaussian beam, the poor heat conductivity of ceramics, and varia-
tions in heat absorption across different regions, which can result
in thermal stresses and high-temperature gradients that contribute
to creating several challenges including the above-mentioned
defects in ceramics.'™' The addition of a titanium alloy
(Ti-6Al-4V) reduced the surface defects including the formation of
primary dendrite arms to some limit and enhanced the densifica-
tion of the printing layers, as shown in Fig. 2(c). However, the
surface morphology of the specimen shows that there are some
deep lines or grooves between the adjacent scanning tracks while
the scanning tracks tend to be raised (which seems like a protrusion
effect) and sufficiently melted. It is also clearly observed that den-
dritic growth occurs along the boundaries of the scanning tracks.
The dendritic arms form perpendicular to the laser’s scanning
direction and extend and intersect with the boundaries or edges of
the neighbor scanning tracks. Microcracks propagating perpendicu-
lar to the scanning direction are also initiated from the origin of
these dendrite structures. The cracks are caused by thermal stresses
developed during the rapid heating and cooling cycles of the LPBF
process. *** As the laser moves along its path, the material in the
near region rapidly heats and expands, while the surrounding mate-
rial remains colder and more confined. When cooled, the heated
material shrinks. This uneven thermal expansion and contraction
generates stresses that are perpendicular to the scanning direction,
resulting in cracking development since the material cannot with-
stand the tension. Figure 2(d) shows that the formation of dendrite
arms was eliminated or largely reduced by increasing the laser
power. Instead, there are some fused interlayer materials observed
between the two adjacent scanning tracks, which apparently serve
as a bridge to reinforce or further strengthen the tracks” boundaries.
This phenomenon can result in smoother and more uniform sur-
faces between neighboring tracks. The melting paths are observed
as raised and melted as a result of energy application, which are
possibly caused by the immediate cooling and solidification of the
molten powders after the laser passes. Although it is evident that
there are still some microcracks and surface roughness, the results
show that the addition of Ti-6Al-4V contributed to controlling the
growth of asymmetric grains and dendrite formation, reducing the
formation of large cracks, and ultimately leading to improved
surface morphology. The possible reason behind this is that
Ti-6Al-4V, with its comparatively lower melting range (1600-1660 °C)
compared to titanium dioxide (~1843 °C), melts more easily and
transfers the absorbed energy to the surrounding titanium dioxide
particles, ultimately helping to improve the overall melting condi-
tions of the deposited powder layer. The formation of primary den-
drite arms along with other defects are largely reduced, which shows
that Ti-6Al-4V served as a nucleation site for the crystallization of
titanium dioxide during the solidification process. This also indicates
that adding Ti-6Al-4V to TiO, ceramic stimulates the melting state
of the powder and produces a uniform crystalline structure, both of

ARTICLE pubs.aip.org/lia/jla

which eventually prevent the formation of structural defects such as
irregular dendrites in addition to surface defects like cracks and
porosity. Previous studies show that lack of fusion during the LPBF
process is a primary defect that leads to several other issues. Poor
melting results in insufficient fusion, while improved and proper
melting of the powder reduces these defects. By ensuring better
melting, defects such as cracks, porosity, and irregular formations
can be minimized.””™’

In the prior research, the influence of pure Ti was explored to
some extent, which revealed some enhancements in the surface
morphology of the printed parts.”’ Here, we further explore the
impact of increased weight percent (2-30wt. %) of pure Ti and
variable laser power. The addition of a small weight (<5wt. %) of
Ti has the least influence on the LPBF of TiO, specimens. As
revealed in Fig. 3(a), the specimens produced with a 2% weight of
Ti have some defects, such as keyhole porosity, cracks, dendritic
development, and spatters or defects caused by partly melted
powder. However, compared to Fig. 2(a), there is a slight improve-
ment in controlling the cracks and grain growth developments.
This indicates that the printing of pure Titania ceramics exhibits
significant microstructure and surface flaws due to its poor thermal
conductivity, high heat resistance, and low laser energy absorptivity,
as mentioned earlier. Figures 3(c) and 3(d) show that increasing
the amount of pure Ti results in a reduction of surface defects,
including cracks and pores. These changes indicate improved
melting and fusion conditions, which are associated with the
increased Ti content. The surface defects seen in Figs. 2(a) and 2(b)
were almost entirely removed or substantially reduced, as seen in
Fig. 3(c), by adding 10 wt. % Ti. However, there are some tree-
shaped solidified surfaces observed in the specimens at higher mag-
nification, which seems different from the dendrite shapes observed
in Figs. 2(a)-2(c). The laser melts the powder along its path and

produces localized regions of high heat. As these regions cool :
rapidly, they can lead to the formation of solidified structures, ;

which are observed as dendrites. Dendrites are frequently observed
during solidification processes, as also discussed by Refs. 32-34.
These structures exhibit both branched and tree-like growth similar
to the ones seen in these samples. However, in the case of this
study, it appears that there is no clear association between this
form of solidification effect and the defects formation, other than
the micro surface roughness they caused. In this case, it is critical
to closely monitor the process and further comprehend the com-
plexity of the laser-material interaction.

The influence of increasing weight percent of Ti-6Al-4V and
pure Ti was further investigated along with increasing laser power
to 120 W. Figures 4(a) and 3(c) show that the growth of irregular
dendrites structure and formation of defects were largely reduced
by increasing the wt. % of Ti64 and pure Ti to 20%, respectively.
Compared to Fig. 2(c), the formation of solidification dendrites on
the edges of scanning tracks was prevented, which helped to
control other defects and produced a significantly improved surface
morphology, though some minor defects remained, as shown in
Fig. 4(a). The melting paths are still observed as raised along with
deep and narrow grooves or lines on the sides, which are possibly
caused by the solidification and large particle sizes of the powder.
However, increasing the laser power to a certain limit also plays an
important role in improving the melting of the powders and
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FIG. 3. (a) TiO, 98% with 2% Ti at 80 W, (b) TiO, 95% with Ti 5% at 80 W, (c) and (d) TiO, 90% with Ti 10% at 80 W.

controlling defects, as reported in previous research.'*”"** In this
study, 120 W was determined to be sufficient for melting the
Ti-based powder at a scan speed of 200 mm/s. Similarly, with an
increase in the amount of pure Ti to 20 wt. %, there were dramatic
improvements in the overall melting condition of the powder and
controlling the surface defects, as shown in Fig. 4(c). The effect of a
further increase in Ti-6Al-4V and pure Ti up to 25wt. % was
tested at a higher laser power of 120 W. The formation of large and
irregular grains’ development was prevented but some unusually
large fractures are observed at higher wt. % of Ti-6Al-4V, as shown
in Fig. 4(b). Similarly, large crack fractures are seen in the samples
fabricated with 25 wt. % of pure Ti. Further increasing the metal
powder content poses a risk due to the high thermal conductivity
of the metal, which can lead to rapid heat transfer, chances of over-
heating, and flammable oxidation of the powder in open air. At the
same time, the thermal energy absorbed by the powder was trans-
ferred to the substrate (made of pure alumina), resulting in thermal
expansion and cracks in the alumina substrate, which could be a
major cause of the massive fractures in the built layers. A proper
setup is required to develop for the experiments with a high %age

weight of Ti (>25%) that would involve using an inert gas environ-
ment with controlled oxidation to convert Ti into TiO,, optimized
laser parameters to prevent overheating while ensuring sufficient
energy absorption, and temperature control of the substrate to
manage thermal expansion and promote uniform oxidation and
melting.

Compared to the first set of experiments with lower wt. % of
Ti-6Al-4V and pure Ti addition, the apparent burning of the
powder during the laser materials interaction was more intense,
indicating that the addition of a higher amount of pure Ti or alloy
contributed to more effective melting of the powder. As described
in the previous discussion, the main possible reasons for sufficient
melting of the powder and controlling of defects are that Ti and
Ti-6Al-4V have lower melting points, high laser absorptivity, and
relatively high thermal conductivity, which facilitate the melting
process of TiO, ceramic. The sufficient melting of the powder is the
key to controlling defects in the ceramic LPBF process, which was
nearly achieved by the addition of the pure metal materials to TiO,.

The cross sections of the specimens produced with pure TiO,,
15% of Ti64, and 15% of pure Ti are presented in Fig. 5. The pure
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FIG. 4. SEM images of the specimens produced at 120 W and scanning speed 200 mm/s (a) TiO, 80% with Ti64 20%, (b) TiO, 75% with Ti64 25%, (c) TiO, 80% with Ti
20%, and (d) TiO, 75% with Ti 25%.

TiO, specimens display two primary types of surfaces, which we
refer to as zones 1 and 2, as shown in Fig. 5(a). Zone 1 is largely
dispersed in the upper portion of the cross section, with small den-
dritic structures which can be also called a dendritic zone, while
zone 2 seems to be melted adequately. Some large dendritic tree
formations can be seen on the boundary between the two zones.
Zone 1 does not appear to have any dendritic structures and seems
to have adequately melted. It is possible that the temperature in
this zone was high enough for a sufficient amount of time to
completely melt the powder and remove any pre-existing dendritic
structures. This region’s molten pool may be cooled sufficiently
slowly to prevent dendrite growth, producing a more uniform
microstructure. The combined actions of the heated substrate, the
previously solidified layers below, and the thorough deposition of
the new layer serve as the reason for this homogeneous cooling.
The heated substrate and previously solidified layers act as heat res-
ervoirs, gradually releasing heat during the cooling process. This
helps maintain a stable thermal environment, encouraging a more
controlled cooling and solidification process, which prevents rapid
temperature fluctuations and reduces the likelihood of defects such

as uneven dendritic growth. The small dendritic structures in zone
1 indicate that the temperature here was different from the melted
zone. These dendrites likely formed as a result of less stable
thermal conditions and faster cooling rates.””’® The boundary
between the melted zone and the dendritic zone contains compara-
tively large dendritic tree formations. The tree-shaped dendrites
were able to form in the border zone possibly due to the intermedi-
ate cooling rates. This may be the result of dynamics of partial
melting and solidification impacted by the closeness to both den-
dritic and completely melted areas. The overall scenario indicates
that there is no homogeneous heat transformation in the laser
manufacturing of pure ceramics, leading to significant abnormali-
ties, including the formation of dendritic structures and grain
growth. By mixing in some Ti-6Al-4V and pure Ti, the solidifica-
tion irregularities in the pure TiO, ceramic were evacuated, as
shown in Figs. 5(b) and 5(c), respectively. However, the sample
containing 15% pure Ti does not appear to have any porosity or
dendritic structures, but the sample containing 15% Ti-6Al-4V
does exhibit some porosity. This again confirms that adding an
amount of pure Ti improves heat dissipation due to its high
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FIG. 5. Cross section of the specimens produced with (a) and (a-1) pure TiO,, (b) and (b-1) 15% of Ti64, and (c) and (c-1) 15% of pure Ti at laser power 120 W and
scanning speed 200 mm/s.
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thermal conductivity (~21.6 Wm™) and causes a more even-
balanced cooling process that leaves the microstructure homoge-
nous and clear of porosity and dendritic formations. The simpler
chemistry of pure titanium encourages small grain structures and
stable solidification.”>”® On the other hand, adding Ti-6Al-4V
introduced some porosity as shown in Fig. 5(b), which might be
linked to its complex alloy composition which includes aluminum
and vanadium. The presence of multiple alloying elements can lead
to nonuniform solidification kinetics.””** This nonuniform solidifi-
cation may cause localized stresses due to the varying thermal
properties of the alloying elements, potentially leading to the for-
mation of porosity. Experiments were also conducted with more
than 120 W laser power levels, which indicated substantial abnor-
malities and layer distortions due to high energy input. Raising the
laser power to 170 W, certain tracks evaporated and warped,
making it unfeasible to complete the desired layers.

B. Effect of scanning strategy

Several studies have been conducted on the effect of scan strat-
egies on the surface morphology and microstructure of printing
parts and have shown their influence, particularly in metal LPBF
research. In this study, two scanning strategies, zigzag and island
scanning strategies, were considered to test their effect on the
microstructure, surface morphology, overall melting behavior, and
part quality of the TiO,-based ceramic. The zigzag scanning strat-
egy involves a continuous back-and-forth motion across a
10 x 10 mm? surface, while the island scanning strategy divides the
same surface into 16 islands, arranged in four rows and four
columns, with each island scanned individually in a specific
sequence, similarly adopted in Ref. 14. The apparent surface mor-
phologies of the samples show that there is no significant effect of
the scanning strategy compared to the laser energy density and the
addition of metallic materials. However, a minimal effect on crack
initiation and suppression and porosity was observed, which was
also noticed in the LPBF of alumina ceramics. The overall results
based on the SEM of the surface morphology of the pure TiO,

ARTICLE pubs.aip.org/lia/jla

specimens show that the zigzag scanning strategy produced cracks
in both vertical and horizontal directions, which are mainly initi-
ated from the point of cracks bifurcation, leading to intricate crack
network as shown in Fig. 6(a). On the other hand, the samples
produced with the island scanning strategy show cracks in only
the horizontal direction, which were named transverse cracks by
Zhang et al.”” In addition, the sample produced with zigzag scan-
ning shows plenty of spatters, which are likely composed of
unmelted or partially melted powders while the samples produced
with Island scanning show some cavities identical to keyholes, as
shown in Fig. 6(b). These voids suggest localized melting issues
that lead to incomplete fusion and porosity. The overlap of melting
tracks is also observed, which may contribute to the prevention of
bifurcation and the controlling of cracks in vertical directions. This
overlap might be caused by the maximum internal temperature,
which is comparatively higher for island scanning.’**’

Overall, the effect of the scanning strategy is not very signifi-
cant. This could be due to the specific strategies used or the experi-
mental conditions applied. There is a possibility that these
conditions may not have been ideal for fully capturing the impact of
the scanning strategy; therefore, a future investigation to explore this
area in more depth is recommended, especially focusing on its influ-
ence on the microstructure and surface morphology in ceramics.

C. X-ray diffraction analysis

XRD study of pure TiO,, TiO,-Ti64, and TiO,-Ti specimens
produced at moderate laser power (120 W for TiO,) revealed that
the addition of metals had no evident effect on the sample’s crystal-
line structure. However, as demonstrated in Fig. 7, the samples pro-
duced with the addition of pure Ti and Ti alloy have a higher peak
intensity and are more refined. The stability and increase in peak

intensity may indicate the refined crystalline structure with a small :
grain size. In addition, there is no peak detected for pure Ti or Ti64. ;

This also supports the previous findings where more refined micro-
structures with smaller grain sizes were obtained, and the metal
powder was completely converted to oxide ceramic by oxidation.”’

Direction .
} —— Cavity

/

FIG. 6. Surface morphology of pure TiO, at laser power 90 W with (a) zigzag scanning and (b) island scanning strategy.
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FIG. 7. XRD analysis of pure TiO,, TiO,-Ti64, and TiO,-Ti.

IV. CONCLUSION

The printing of pure ceramics using direct laser melting pre-
sents significant challenges. The pure titanium dioxide (TiO,) spec-
imens exhibited numerous microstructural flaws, including
microcracks, irregular dendrite and grain formation, porosity, and
spattering effects. This research focused on enhancing the manufac-
turability of TiO,-based ceramics and reducing part defects includ-
ing irregular dendrite growth through the addition of Ti-6Al-4V
and pure Ti powders using the LPBF process. The following are the
main conclusion points:

1. The addition of Ti and Ti-6Al-4V powders improves the surface
morphology and microstructure of the final specimens by
enhancing melting behavior, resulting in more uniform melting
and solidification. A comparative analysis was conducted to
understand the distinct effects of Ti-6Al-4V versus pure Ti. The
experimental findings revealed that adding a small amount of
pure Ti improves the melting process and results in a more
evenly balanced cooling process, leading to a smooth surface,
free of porosity, and dendritic formations. Future studies could
include a detailed investigation of the absorptivity behavior to
further support this conclusion.

2. The surface morphology of the samples with pure Ti additions
was cleaner, with fewer large grains, porosity, and dendrites
compared to those with pure TiO, and Ti-6Al-4V. Additionally,
the impact of the scanning strategy was investigated. It was
found that the scanning strategy had minimal effect, except that
the island scan produced only horizontal cracks with some cavi-
ties, while the zigzag scanning produced both horizontal and
vertical cracks along with some spatters composed of unmelted
or partially melted powder. However, further investigation is
required to explore in-depth the influence of scan strategy on
the microstructure and surface morphology of ceramics using
the LPBF process.

3. The XRD analysis indicated that a more refined microstructure
was achieved by adding metal powders, with the effect of pure
Ti being more desirable compared to Ti-6Al-4V alloy.
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