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Abstract

This short study presents the results of micro-Raman investigations performed on the
alloy Ti-6Al-4V, which was additively manufactured via metal fused filament fabrication
(MPF?). Local laser micro-annealing was applied at different power intensities to distinct
regions. The applied laser power density was varied in the range of ~0.05 kW /cm?
to ~5 MW/cm?. Laser-induced compositional changes in structures, approx. 1 pm in
diameter, arranged in an array, are laterally limited. Simultaneously, the surrounding
matrix maintains its initial pristine material properties down to ~500 nm in spacing between
neighboring structures, reproducibly. The presented results confirmed that the material
contains residues of the organic-based binder system and its decomposition products.
Besides the characteristic Raman modes related to hydrocarbon compounds, TiC, and
defect carbon phases were identified. Unexpectedly, micro-Raman mapping measurements
performed on regions exposed to laser power densities above 2.5 MW /cm? for up to
2 min revealed the complete suppression of hydrocarbon modes. Additionally, laser
micro-annealing applied under identical operating conditions initiates “carbonization”
processes in regions predominantly composed of residues from the organic-based binder
used in material preparation. This short initialization study is a prerequisite and first
building block for the development of suitable laser annealing technology which allows the
modification and functional texturization of Ti-6Al-4V alloys down to the sub-micro scale.
The correlation between modified materials’ structural and mechanical properties will be
the aim of our future studies. This would allow the design and fabrication of sophisticated
tools using MF® technology for, e.g., surgery biocompatible implants with locally tuned,
favorable mechanical properties.

Keywords: local laser-micro-annealing; Ti-6A1-4V; Raman spectroscopy; MF®

1. Introduction

The next generation of micrometer-sized devices for special applications and harsh
environments, such as those used in space research and exploration, requires fabrication
tools and technologies that can simultaneously transport materials, develop heat locally in

Crystals 2026, 16, 647

https:/ /doi.org/10.3390/ cryst16100647


https://crossmark.crossref.org/dialog?doi=10.3390/cryst16100647&domain=pdf&date_stamp=2026-10-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-0445-6489
https://orcid.org/0000-0001-7210-611X
https://orcid.org/0000-0003-2254-4511
https://orcid.org/0000-0002-8641-2094
https://doi.org/10.3390/cryst16100647

Crystals 2026, 16, 647

2of 16

microscale regions, and facilitate chemical reactions in the target area. Therefore, alternative
device fabrication technology that implements different conventional tools and techniques
within a hybrid multichannel injector architecture could significantly improve the material
properties locally at the micrometer scale. The small dimensions of regions that can be
functionally designed with respect to the tuning of their mechanical properties would
be advantageous and would allow for the realization of, e.g., complex material textures
with locally tuned mechanical properties. Hence, it can be expected that such novel
material systems/architectures would exhibit physical, chemical, mechanical, optical, and
electrical properties that differ strongly from materials fabricated using established, e.g.,
metal injection/printing, laser-assisted “melting”, and/or annealing techniques [1-11].
Researchers also paid special attention to post-processing of additively manufactured
titanium alloys [12-17]. Future trends in this technological field would certainly benefit
from the enormous number of fabrication techniques developed over the last 50 years,
especially those employing lasers as energy sources [18-21]. It is well known that laser
annealing can be used for repairing ion- and/or radiation-induced damage [22-25], as
well as for processing micro- and nanostructures, particularly for annealing contacts to
nanostructures [25-30]. The latter studies generally aimed to reduce contact resistance and,
for practical and industrial applications, to use the shortest possible annealing times. In
contrast, our study focuses on structural processes and their evolution on the microscale
that are initiated during the longer (up to several minutes) time scale of laser exposure.
Monitoring of such structural and/or phase changes, local strain distribution, and the
development and /or transformation of chemical compounds can be performed using the
Raman spectroscopy technique [30-37].

Our work represents the first building block necessary for the realization/developing
of a large-array multi-injector “head” solution [38] for material texturization down to
the micrometer and, prospectively, to the sub-micrometer scale required for advanced
3D printing technologies. Nevertheless, the impact of material modification by laser
exposure in such small dimensions, revealed by micro-Raman spectroscopy, as presented
in this short study, represents a first important step to establish a correlation with the
mechanical properties (which will be the target of our future investigations). Characterizing
the impurities in the Ti-6Al-4V specimens using micro-Raman spectroscopy helps us
understand the effect of laser micro-annealing on extrinsic impurities resulting from the
technological processes used to prepare them. These impurities are unexpected residues or
products of the organic binder system that were not fully removed during extensive thermal
decomposition or pyrolysis processes. They affect the mechanical properties in various
ways [39-41]. The investigation of the mechanical properties of materials modified by
laser-micro-annealing, however, will be the scope of a separate comprehensive study on a
series of materials with different binder compositions and optimized debinding treatments.
In Section 3, we present a “proof of principle” laser annealing procedure that induces local
structural changes in lateral dimensions of about 1 um in diameter while simultaneously
preserving the initial pristine material properties of the regions between neighboring
structures (allowing to achieve minimum technologically possible spacing), reproducibly.
The experimental results are presented on samples fabricated from a representative material
system described in Section 2.

2. Materials and Methods

A commercial Ti-6Al-4V powder (Grade 23, Tekna Advanced Materials Inc., Sher-
brooke, QC, Canada) with a density of 4.4 g/cm?, an average particle size (dso) of 28.6 um,
and a specific surface area of 0.15 m? /g was used. The carbon and oxygen contents were
0.008 wt.% and 0.09 wt.%, respectively. The organic binder was composed of poly(vinyl
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butyral) (PVB, Mowital 30H, Kuraray Europe GmbH, Frankfurt, Germany), polyethylene
glycol (PEG 8000, C. Roth GmbH Co. KG, Karlsruhe, Germany) and acetyl tributyl citrate
(ATBC, Sigma Aldrich, St. Louis, MO, USA). The solid load of the feedstock was set to
60 vol.%. Information on the development and the properties of the binder system can
be found in [42,43]. The samples were debound using a three-step process. First, PEG
was extracted in a water bath at 30 °C. Subsequently, ATBC was removed in a thermal
pre-debinding process under an oxygen atmosphere at 230 °C. Finally, thermal debind-
ing was performed to pyrolyze the remaining binder components using a heating rate of
1.5 °C min~! up to a maximum temperature of 550 °C. The debound specimens were then
sintered in a metal sintering furnace (MUT Advanced Heating GmbH, Jena, Germany)
at a heating rate of 5 °C min~! and a maximum temperature of 1350 °C. Both thermal
debinding and sintering were conducted under an argon atmosphere to minimize oxygen
and nitrogen contamination.

The Raman studies were carried out on the sintered samples in a confocal Raman mi-
croscope (Renishaw inVia FSM REFLEX, New Mills, Gloucestershire, UK) in backscattering
geometry, which was equipped with a frequency-doubled Nd-YAG laser (532 nm, 50 mW)
and a CCD detector. The backscattered signal was collected through a 100 x objective lens
(Leica, NA 0.85, (Product Nr. 566073, Contrasting Methods 456TL/05), Wetzlar, Germany)
and dispersed by a grating with 2400 grooves per mm. According to the technical specifica-
tions provided by Renishaw plc (www.renishaw.com), the laser beam has a spot diameter
of ~1 um and the spectral resolution is 1 cm~!. The spectrometer was referenced to the
transverse optical phonon of Si at 521 cm ™. Spectra were recorded in the range between
100 cm~! and 2000 cm~!. An average optical power density of ~0.05 kW /cm? used for
our Raman spectroscopy investigations was reproducibly identified as a power density
that does not initiate any surface morphology or structural changes in pristine regions of
the Ti-6Al-4V specimens. This laser power density level was estimated according to our
previous experimental procedures reported, to stay below the material’s thermal damage
threshold [44—46]. Six Raman spectra were collected at each distinct position for the sake
of statistics. A careful comparison of groups of six spectra revealed that they were almost
identical. Therefore, we decided to present one representative Raman spectrum from the
six measured.

After the characterization of the pristine specimens at selected representative mor-
phological areas, local laser micro-annealing was carried out using a frequency-doubled
Nd-YAG laser (532 nm, 50 mW, Renishaw, New Mills, Gloucestershire, UK) in the average
laser power density range of approximately 0.05 kW /cm? to 5 MW /cm? for one min. The
average laser power density is the total power incident on the entire sample area [47]. The
beam area is calculated from the 1/e?-diameter of the Gaussian beam profile. The power
density was calibrated at room temperature using a spectrophotometer (Agilent Cary 5000,
Santa Clara, CA, USA).

3. Results and Discussion

The optical micrograph presented in Figure 1a shows a typical surface morphology of
regions in which the metallic character has fully developed into Ti-6Al-4V “islands” after
thermal annealing (following debinding at 550 °C and sintering at 1350 °C). These “islands”
are surrounded by the residues and/or products of binder decomposition reactions. Their
presence was confirmed through optical inspection as well as through the measured repre-
sentative Raman spectra in Figure 2 shown later. As mentioned in Section 2, an organic
mixture of PVB, PEG and ATBC was used as a binder for preparing the materials (MF®
technology). It should be noted that the unexpected recognition/presence of signatures

of residual organic binder educts/products after a sintering process performed at 1350 °C
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cannot currently be fully explained. Nevertheless, we assume that the presence of complex
organic molecules in material systems/objects exposed to extremely high temperatures,
such as in meteorites, could at least provide evidence that such effects cannot be ruled out
in general. In particular, complex organic decomposition compounds entrapped in the
Murchison meteorite, for example, have been reported [48,49], even though the meteorite
could reach temperatures above 2000 °C upon atmospheric reentry [50,51]. Similarly, this
may indicate that a sintering temperature of 1350 °C, as in our case, is, under certain
material-technological conditions, insufficient to completely remove all reaction products
and by-products (i.e., the binder materials PVB, PEG and ATBC and their decomposition
reaction products), which may become entrapped in the final product- our investigated
Ti-6Al-4V metal alloy specimens. However, extensive research is required to reveal this
unexpected phenomenon, and the chemical and physical mechanisms behind such effects

will certainly be studied in more detail in the future.

Figure 1. (a) Optical micrograph of the Ti-6Al-4V alloy before laser exposure and (b) micro-Raman
mapping intensity image for the Raman mode 800 cm ™! (corresponding to hydrocarbons) performed
on the region PO, demonstrating an almost uniform distribution, and (c) after the laser micro-
annealing procedure was performed/applied in 16 positions. It should be noted that this is only one
representative example of arrays which were used for this study.

In the following, we characterized the regions PO, P1, P2 and P3 presented in Figure 1a
using micro-Raman measurements before a laser micro-annealing procedure was per-
formed (on, e.g., 16 positions; see Figure 1c). A representative Raman spectrum pre-
sented in Figure 2a, collected in the central metallic/clean region before laser exposure
(corresponding to position PO in Figure 1a), reveals only weak, broad Raman modes
at ~800 cm ! assigned to rather unspecific C-C skeletal/conformational modes in poly-
mers [32] and a mode at ~440 cm~!. The micro-Raman mapping image presented in
Figure 1b reveals a nearly uniform intensity distribution of the 800 cm~! Raman mode in
the PO region. The micro-Raman measurements were performed before the laser micro-
annealing experiments. A micrograph of this area after laser micro-annealing is presented
in Figure 1c. In contrast, the top region (position Pl-identical in Figure 1a,c) represents the
typical morphology, where the residue of binder products surrounds regions that are almost
“metallic”. After inspecting large areas of the investigated Ti-6Al-4V material, we can con-
clude that the Raman mode at ~800 cm~! (assigned to C—C skeletal /conformational modes)
is distributed inhomogeneously on the microscopic scale. Several dominant narrow modes
in the range between 1000 and 2000 cm ! are visible in the Raman spectrum presented in
Figure 2b. These skeletal conformational C—-C Raman modes are induced by backbone vi-
brations related to differences in chain conformation, crystallinity, orientation, and disorder
in the organic binder-related products and their decomposition reaction products [32,52,53].
As mentioned above, the unexpected presence of organic products related to the binder
and its decomposition reaction products in Ti-6Al-4V specimens after the sintering process
cannot be clarified in this short study. However, consistent material properties resulting
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from technological advances could lead to the design of new metal/alloy-organic com-
pound composite materials with adjustable properties. For instance, these materials could
have enhanced mechanical parameters and/or radiation hardness, making them ideal for
use in harsh environments, such as those encountered in space research or nuclear/fusion
applications. This should, of course, be clarified and confirmed by future studies. Progress
in revealing the mechanism and identifying the organic compounds present in meteorites
will undoubtedly inspire further research into this phenomenon [48,49].
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Figure 2. Representative Raman spectra collected in the (a) metallic/clean region, prior to laser
exposure (PO in Figure 1a) and the (b) “binder-residue” region (P1 in Figure 1a). The Raman band at
~800 cm~! is assigned to C—C skeletal /conformational modes, while the modes above 1000 cm~! are
fingerprints of residual binder-related adducts and their decomposition reaction products. Spectrum
(c) (P2 in Figure 1a) reveals characteristic TiC-related Raman modes. Spectrum (d) (P3 in Figure 1a)
exhibits the carbon D (~1360 cm~!) and G (~1590 cm 1) bands, respectively. The laser beam was
focused on the surface through a 100x (NA 0.85) objective lens. The average optical power density
was ~0.05 kW /cm?. The acquisition time was set to 10 s. The total acquisition time (measurement
duration) is defined as the sum of acquisition time, data processing, movement of mechanical
components, etc., and takes 50 s for every single measured spectrum (from 100 cm ™! to 2000 cm™1).
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A representative Raman spectrum shown in Figure 2¢, collected at position P2 (left side
of Figure 1a), revealed a strong increase in the Raman mode at around 155 cm !, indicating
the local presence of TiC [54,55]. Even though first-order Raman scattering is forbidden
for stoichiometric TiC [56-58], broad bands induced by carbon-vacancy disorder can be
observed at ~260 cm ™1, ~440 cm ™1, and ~605 cm 1! [56,59] for non-stoichiometric material
due to the loss of the inversion center in the material observed. In addition, residual carbon
is present, as evidenced by the appearance of D and G Raman bands that are slightly
shifted from their characteristic positions [60]. Conversely, measurements performed in the
right region (position P3, Figure 2d) of Figure 1a confirmed the presence of broad Raman
modes at ~1360 cm~! and ~1590 cm ! [61,62], which are assigned to carbon D and G
modes, respectively. Their intensities and full width at half maximum (FWHM) indicate
the presence of defective carbon phases [61,62].

For comparison, micro-Raman mapping measurements were also performed on all
fabricated samples with an area of approximately 10 mm x 10 mm (Ti-6Al-4V specimen).
The results confirmed the presence of carbon-related modes and their inhomogeneous
distribution, as exemplified in Figure 3. Unfortunately, the inhomogeneous nature of
the samples made it more difficult to demonstrate the major goal, i.e., proof of princi-
ple, of this short study: “the laser annealing procedure induces local structural changes
within lateral dimensions of approximately 1 pum while simultaneously preserving the
pristine material properties in the space (area) between neighboring structures”. The
minimum distance (spacing) between neighboring structures that can be achieved can be
experimentally estimated.

ORIy

1A PRI
STy i =
SR o .w'ﬁ(-‘,‘ SRS
T Oovras nomd R 2 A
e T O
2 ‘i,:l ,__'_,% A
ST
-[ 3 N ¢ \ .’_‘v )
) 3 e, 0 B “Sy.
ey T A 1mm
S A fll (| =
(b) (c)

Figure 3. (a) Optical micrograph of the Ti-6Al-4V material/specimen with a size of approx.
10 mm x 10 mm. Micro-Raman intensity mappings performed at (b) 1360 cm~! and (c) 1590 cm !
showing that carbon-related compounds are distributed inhomogeneously on the macroscopic scale.
A 5x Leica objective (NA 0.12) collected the backscattered signal, which was then dispersed using a
grating with 2400 grooves per millimeter. The average optical power density was ~0.05 kW /cm?.
The mapping step size was 50 um, and the laser spot size was 70 um. To achieve a 70 um defo-
cused laser beam on a Renishaw Raman InVia microscope using a 5x Leica (NA 0.12) objective
lens, the precise z-axis offset was calculated and set by the WiRkE 5 software (Renishaw plc, New
Mills, Gloucestershire, UK). The Raman mapping measurements were performed in static mode,
and the acquisition time was set to one second (per measurement position on the sample). The total
measurement time (duration) was approximately 12 h. It should be noted here that the area of the
presented micro-Raman intensity mapping images is slightly smaller than 10 mm x 10 mm. This is
to eliminate the possible effects of the specimen’s sidewall and the interaction/contribution of the
sample holder during measurements.

Before the laser micro-annealing procedure was applied, we first identified areas of the
sample with nearly identical material properties, as was already shown in Figure 1b (region
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P0). Here, it should be noted that such areas/regions were identified by micro-Raman
mapping measurements on all samples before laser micro-annealing was applied.

Figure 4 presents one example of the results of micro-Raman mapping measurements
performed on a representative array containing 16 laser-treated positions. Prior to laser
micro-annealing, the entire area was characterized by micro-Raman mapping. These
measurements revealed a nearly uniform distribution of a weak, broad Raman mode at
800 cm~!, which is assigned to rather unspecific C-C skeletal /conformational modes in
polymers [32]. A representative Raman spectrum in this region is displayed in Figure 2a
(position P0) of Figure 1a. Intensity mapping of the measured Raman modes at 155 cm ™!
(Figure 4a), 440 cm~! (Figure 4b) and 605 cm ™! (Figure 4c) confirms the local transformation
(down to 1 um in diameter) of the laser-annealed/exposed areas and reveals a strong
decrease in intensity in the center of the laser-annealed regions/positions. On the other
hand, an almost uniform distribution of the 800 cm~! Raman mode is observed in the
non-laser-annealed /exposed areas (Figure 4d). This result demonstrates the presence of
hydrocarbons with characteristic Raman modes in the outer original matrix surrounding
laser-annealed /exposed areas, as well as especially between neighboring structures with
spacing down to 500 nm, as revealed by careful inspection of micro-Raman mapping
data. The latter result is in very good agreement with our initial micro-Raman mapping
measurements on the targeted region before laser-micro-annealing was applied, which
exhibited uniform intensity of the 800 cm~! mode. It should be noted that the laser-
micro-annealing process performed in this study is highly reproducible, and the data
collected for all four micro-Raman mappings presented in Figure 4 originate from the area
shown in Figure 1b. This is only one representative example; we repeated these kinds of
investigations six times for statistical evaluation.

Figure 5 shows representative Raman spectra collected in the middle of the area that
had been exposed to a continuous wave (cw) laser for an average optical power density rang-
ing from ~0.05 kW/ cm? to ~5 MW /cm? over a period of one minute. At ~0.05 kW / cm?, the
spectrum is dominated by the ~800 cm~! mode associated with hydrocarbons (C-C skele-
tal/conformational modes). Furthermore, the results confirm that Ti-6Al-4V can withstand
laser exposure with average power densities ranging from ~0.05 kW/cm? to ~5 kW /cm?
for one minute without significant changes occurring that can be detected by Raman mea-
surements. The intensity of the ~800 cm~! mode becomes less dominant as the average
laser power (annealing) density increases further until suppression (a decrease in the mea-
sured intensity) is observed in the range of ~2.5 MW /cm? to ~5 MW /cm?. Conversely,
at ~50 kW /um?2, characteristic Raman modes at ~155 cm ™!, ~440 cm ™! and ~605 cm ™1,
associated with TiC, start to evolve and become more intense up to ~2.5 MW /cm?, proving
that substantial localized structural and chemical changes have been initiated by laser-
micro-annealing, most probably leading to the reaction of hydrocarbons with Ti and to the
formation of TiC.

Representative Raman spectra for one and two minutes of laser exposure time with an
average laser power density of ~2.5 MW /cm? were collected at coordinates [x = 3, y = 2],
which are identical to the layout of the laser-exposed regions in Figure 4. They are pre-
sented in Figure 6. However, increasing the laser annealing time from one (Figure 6a)
to two minutes resulted in structural and chemical changes in the central exposure re-
gions, as can be seen in the Raman spectrum presented in Figure 6b. The Raman mode at
~800 cm ! (assigned to C—C skeletal /conformational modes) has been almost completely
suppressed. This indicates that, in addition to the average laser power density increasing
from ~2.5 MW /cm? to ~5 MW /cm?, an increase in local laser annealing exposure time also
reduces the hydrocarbon content in the exposed area.
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Figure 4. Examples of selected Raman intensity images generated (by WiRE software, Renishaw
-1

(9

plc.) from the data collected by micro-Raman mapping measurements performed (from 100 cm
to 2000 cm~!) on a representative array, where the laser-micro-annealing procedure was carried
out/applied at 16 positions (see Figure 1c). The laser beam was focused on the surface through a
100x (NA 0.85) objective lens. The average optical power density was ~0.05 kW /cm?. The acquisition
time was set to 10 s. The mapping step size was 200 nm. The total acquisition time (measurement
duration) was ~7 h. Micro-Raman intensity mapping images are displayed (four characteristic peaks)
as follows: (a) 155 cm™1, (b) 440 cm ™1, (c) 605 cm ™! associated with TiC, and (d) 800 cm ! associated
with C—C skeletal /conformational modes. The Raman intensity data presented in the images (for
all displayed Raman modes) are color-coded as follows: black indicates zero intensity, while the
highest intensity is attributed to the most intense shades of blue, magenta, red, and green. While the
intensity of the hydrocarbon compounds decreases upon local micro-laser annealing, the intensity of
the modes associated with TiC increases.

As shown in Figure 7, the laser-micro-annealing procedure was also applied to the
region of the specimen investigated where residues of the binder polymer mixture were
predominantly identified. Figure 2b already shows a representative Raman spectrum
exhibiting narrow modes in the range between 1000 and 2000 cm~!. Comparing that spec-
trum, which was collected in the non-laser-annealed exposure region, with representative
Raman spectra collected in the “binder residue” region exposed to average optical power
densities ranging from ~250 kW /cm? to ~500 kW /cm? for one minute (exposure time),
no significant changes in the recorded Raman spectra were revealed. However, dramatic
changes in the “Raman signature” were detected in these laser exposure regions for average
laser power densities of ~2.5 MW /cm? and ~5 MW /cm?. While the visible maxima of
the presented Raman modes (at these two high average laser power densities) are not pre-
cisely located at the well-known characteristic Raman modes (D and G) for carbon-related
compounds, we can conclude that, thermal effects lead to a “carbonization” process in the
targeted region between ~500 kW /cm? and ~2.5 MW /cm? and cause the characteristic
Raman modes related to binder polymer-mixture residues to disappear. Further investiga-
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tions are planned and will be included in our comprehensive study to be submitted in the
future. Nevertheless, these results suggest that the careful tuning of process parameters,
such as exposure power and time during laser micro-annealing, can substantially change
both the “metallic character” and “binder-polymer residue” regions when applied locally.
These processes can lead to the local modification of Ti-6Al-4V containing organic-based
binder products, with the prospective aim of tuning their mechanical properties. This
would also enable surface texturization and localized functionalization of materials down
to the micrometer scale.

P 2.5 MWiom:

Peyp= 500 kW/cm?

intensity (a.u.)

J W“‘WW'V I,MMM”TWMWWMMWWWMMWWWM
= 5 kW/cm?

SXI)
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hydrocarbon compound traces P 0.05 kW/c

500 1000 1500 2000

Raman shift (cm™")

Figure 5. Representative Raman spectra collected in the middle of the cw laser-exposed area for
average optical power densities ranging from ~0.05 kW /cm? to ~5 MW /cm? for one minute exposure.
The laser beam was focused on the surface through a 100x (NA 0.85) objective lens. The acquisition
time was set to 10 s. As the average optical power density increases, the intensity of modes related to
TiC increases. At ~2.5 MW /cm? and ~5 MW /cm?, the mode related to hydrocarbons is suppressed.

intensity (a.u.)

[—— exposure time: 1 minute] [—— exposure time: 2 minutes|
5
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2
‘@
C
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£
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Raman shift (cm™") Raman shift (cm™")
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Figure 6. Representative Raman spectra collected in the middle of the cw laser-exposed area for an
average annealing power density of ~2.5 MW /cm? for one (a) and two (b) minutes, respectively. The
laser beam was focused on the surface through a 100 x (NA 0.85) objective lens. The acquisition time
was set to 10 s. The increase in annealing time at ~2.5 MW /cm? leads to the suppression of the mode
at ~800 cm~! (assigned to hydrocarbons/C-C skeletal /conformational modes).
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Figure 7. Representative Raman spectra were collected in the “binder-residue” region with an
exposure time of one minute and average optical power densities ranging from ~250 kW /cm? to
~5 MW /cm?2. The laser beam was focused on the surface through a 100x (NA 0.85) objective lens. The
acquisition time was set to 10 s. The characteristic fingerprints related to the mixture of binder-related
educts and decomposition products disappear after local laser annealing at ~2.5 MW /cm? and above,
and the characteristic D and G modes related to defective carbon evolve.

Finally, we display the results of areas that appear metallic but additionally exhibit a
wavy, deformed surface, as shown in the optical micrographs presented in Figure 8 and the
inset in Figure 9. The investigated target area is surrounded by wavy, deformed regions.
Unlike the metallic/clean area shown in Figure 1a (before laser exposure), a metallic region
was identified that did not exhibit any Raman modes within the measured range before
or after laser exposure in the non-laser-annealed regions. It should be noted that this
region with a metallic character and lacking the aforementioned Raman modes was chosen
carefully for comparison purposes. After applying the local laser annealing procedure at
an average optical power density of ~5 MW /cm? for one and two minutes, a black region
(black spot) becomes visible, which is then found to be Raman active. Representative
Raman spectra collected before and after cw laser exposure, in the middle of the ‘black’
region (corresponding to Figure 8), are presented in Figure 9. The recorded measurement
before laser annealing exhibits no visible Raman modes (black trace in Figure 9), whereas
the Raman measurements after annealing reveal Raman modes related to residual organic
binder system products. The broad Raman mode at ~800 cm ! (assigned to C-C skele-
tal/conformational modes) that evolved after a one-minute exposure is nearly suppressed
after two minutes of total laser exposure. This is clearly evident from Figure 9. The simple
explanation for this effect is the thermal, laser-initiated migration of binder residue products
from the deeper regions of the investigated specimens. This results in the appearance of the
hydrocarbon signal in the initially pure metallic regions after laser annealing. Repeating
micro-Raman measurements reproducibly confirm the presence of a broad, characteristic
Raman mode at ~800 cm ™! (assigned to C—C skeletal/conformational modes) in the mea-
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sured Raman spectra, which evolves after laser exposure of 5 MW/ cm? for one minute.
Further investigations and physical-chemical modeling studies are required, which will
be the focus of our future work. These studies will examine the mechanisms behind the
results observed in experiments. This is important for understanding how residual binder
system compounds are transported from deeper layers to the surface during laser exposure.
Nevertheless, the presented results provide indirect evidence of the presence of binder
residues beneath the targeted region. The effect confirms that increasing the laser exposure
time is the effective driving mechanism behind structural and compositional changes,
analogously to what is already presented in Figure 6. Additionally, characteristic Raman
modes at ~155 cm ™1, ~440 cm~! and ~605 cm ! associated with TiC also occurred, as can
be seen in Figure 9. Therefore, we can conclude that residual binder-related educts and
their decomposition reaction products occurred during local “post-annealing” (initiated by
laser exposure) of the investigated material.

laser exposed area

wavy deformed regions

@) (b)

Figure 8. (a) Optical micrograph of the Ti-6Al-4V material after the laser micro-annealing procedure
was performed at a single position at ~5 MW/ cm? for one minute. (b) A detailed view of the
laser-exposed spot in the target area, surrounded by wavy deformed regions.

5 MW/cm? 2 minutes exposure

intensity (a.u.)

pristine material
before laser exposure

ey A Arvurrthibe " A oy e Addraotedd
v v 4 iy Aadad) et )

200 400 600 800 1000

Raman shift (cm™")

Figure 9. Representative Raman spectra were collected before and after cw laser exposure at an
average optical power density of ~5 MW /cm? for one and two minutes, respectively, in the middle of
the ‘black’ region (see Figure 8). The laser beam was focused on the surface through a 100x (NA 0.85)
objective lens. The acquisition time was set to 10 s. The broad Raman mode at ~800 cm ! (assigned
to C-C skeletal /conformational modes) evolved after a one-minute exposure time and originated
from binder residues in the deeper region below the central region of the pristine material. This
Raman mode was nearly suppressed after two minutes of total laser exposure. The inset displays a
micrograph of the pristine area.
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Micro-Raman mapping intensity measurements were also carried out on the tar-
geted Ti-6Al-4V region/on the single exposed black region, i.e., after the local laser micro-
annealing procedure for one minute at an average optical power density of ~5 MW /cm? (see
Figure 8). The respective images of the selected Raman modes are presented in Figure 10.
The highest Raman intensity was observed in the middle of the thermally transformed
region for the following Raman modes: 155 cm~! and 440 cm ™! (assigned to TiC), as
well as at 800 cm ™! (corresponding to C—C skeletal /conformational modes). As Figure 10
shows, these results confirm the local nature of thermally laser-induced changes in all
three cases. This is manifested by an abrupt decrease in intensity (micro-Raman mapping
intensity images, see Figure 10) in the lateral distribution on the laser-exposed area. This
observation is fully consistent with our previous studies of the structural transformation
and degradation effects induced by pulsed (femtosecond) and cw laser exposure in Bi;Se;
nanolayers [47].

(b) (c)

Figure 10. Micro-Raman mapping measurements were performed (from 100 cm~! to 2000 cm™1)
on a single exposed spot where the laser-micro-annealing procedure was applied to a Ti-6Al-4V
region with fully metallic character, i.e., no Raman modes were visible before exposure. Micro-Raman
intensity mapping images are displayed (three characteristic peaks) as follows: (a) 155 cm~! and
(b) 440 cm ! assigned to TiC and (c) 800 cm 1 assigned to C—C skeletal /conformational modes.
The laser beam was focused on the surface through a 100x (NA 0.85) objective lens. The average
optical power density was ~0.05 kW /cm?. The acquisition time was set to 10 s. The mapping step
size was 200 nm. The total acquisition time (measurement duration) was ~7 h. The intensities are
color-coded from the middle position (maximum) to the rim position (minimum) as follows: (a) white
to yellow to green, (b) white to turquoise to blue, and (c) red to green/yellow to blue/violet. Black in
all three Raman mode images means zero intensity. The localized intensities (color-coded), for all
three cases, in the target region, surrounded by a black area, confirm that laser micro annealing under
high ~5 MW /cm? average laser power intensity for one minute (exposure time) can initialize the
appearance of Raman modes related to the above-mentioned compounds stemming from the depth
of the material.

4. Conclusions

In this study, the influence of laser-micro-annealing procedures performed within the
power density range from approximately 0.05 kW /cm? to 5 MW /cm? on additively manu-
factured Ti-6Al-4V (via metal fused filament fabrication (MF®) technology) was investigated
using micro-Raman spectroscopy. Generally, the specimens contain residues of the organic-
based binder educts. We observed that the morphology of the specimens is non-uniform.
We identified several different morphological areas which corresponded to specific spec-
tra. These areas were studied before and after laser micro-annealing. Each area behaved
uniquely, disclosing the participation of different chemical educts and the formation of
different by-products in the specimen’s reaction pathways during laser annealing. For
metallic regions characterized initially by a weak hydrocarbon signature, the hydrocarbon
signature disappears and TiC forms instead. In regions with binder residues, characterized
by characteristic fingerprints related to binder-related educts and their decomposition
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reaction products, the fingerprints disappear, and modes for defective carbon evolve, and a
carbonization process sets in. In pure metallic regions characterized morphologically by flat
areas surrounded by wavy deformed regions and by a lack of Raman modes, the annealing
procedure leads to the appearance of the hydrocarbon-related mode, which disappears
upon further annealing. The hydrocarbon compound most likely stems from deeper re-
gions in the specimen. Applying laser power densities above 2.5 MW /cm? for up to two
minutes results in the complete suppression of Raman modes related to hydrocarbons.
Furthermore, exposure to average laser power densities in the range between ~500 kW /cm?
and ~2.5 MW /cm? initiates “carbonization” processes in regions predominantly built from
residual organic binder-related educts and their decomposition reaction products.

In summary, this brief study indicates that precise local heat control is essential for
producing materials with consistent impurity content at the microscale. Future investiga-
tions will explore the correlation between laser-micro-annealing, microscale impurities,
and mechanical properties. It cannot be excluded that an optimized laser-micro-annealing
procedure could lead to favorable mechanical properties. The obtained knowledge will be
important for the lifetime and reliability of future, sophisticated, micrometer-sized tools
fabricated using metal fused filament fabrication (MF?) technology. The results presented
here are a prerequisite, a first building block, towards developing large-array, multi-injector
technology. This would enable sophisticated tools to be designed and fabricated using MF?
technology, for example, biocompatible implants with locally tuned mechanical properties
as required.
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