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ARTICLE INFO ABSTRACT

Keywords: To pave the way for thermophysical modeling and further PBF-LB/M process optimization, the thermophysical
Ti-6A1-4V ) properties of Ti-6Al-4V in powder and processed states were investigated using thermo-mechanical analysis,
Thermal analysis laser flash analysis, and differential scanning calorimetry. Microstructural characterization using SEM, Vickers
Microstructure . hardness testing, and XRD facilitated a novel interpretation of the results. The macroscopic density exhibited a
Laser powder bed fusion . . . ° . . . . . ’
Powder linear relationship up to 880 °C, showing only a minor impact from microstructural effects. The evolution of &

martensitic microstructure was analyzed by examining linear thermal expansion coefficients indicating direction
dependency. During heating, the precipitation and stabilization of § provoke the formation and decomposition of
the intermetallic phase, accompanied by a significant increase in hardness and an exothermic event. Additionally,
the relaxation of residual stresses and transformation into the § phase determines the microstructural evolution.
Thermal diffusivity of as-built Ti-6Al-4V propagates linearly up to 950 °C. For powder, HotDisk measurements
corroborate laser flash data obtained up to 850 °C. Based on the LFA, the start of sintering is identified and
attributed to a change in the heat transfer mechanism in AM powders. Specific heat capacity and effective
thermal conductivity of AM Ti-6Al-4V are determined, highlighting the shortcomings of predicting AM powders’

Thermal conductivity

conductivity based on solid materials.

1. Introduction

In additive manufacturing (AM), the Laser Powder Bed Fusion (PBF-
LB/M) is a fabrication method in which components are manufac-
tured by selective laser scanning of a metal powder. Adding powder
layer by layer and repeating the selective scanning procedure gener-
ates a solid three-dimensional component from the powder material
embedded in the non-solidified powder bed. The absence of component-
specific equipment requirements and the ability to manufacture complex
geometries make PBF-LB/M particularly attractive for aerospace, medi-
cal technology, and motorsports applications. These applications impose
high demands on the used materials, with the high-strength and low-
weight titanium alloy Ti-6Al-4V being a material of choice. To further
develop the capability and tailor the PBF-LB/M method with Ti-6Al-4V,
gaining knowledge about the process physics and the material behav-
ior is the focus of ongoing research. In particular, the flow of process
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heat from the laser-scanned layer surface is critical, as inadequate heat
removal is associated with defects such as warping [1-3] and compro-
mised component quality [4-8].

In behalf of the laser’s focused and dynamic energy input, the ma-
terial undergoes a unique order of transformations from the powder
state to the liquid state and several solid-state phase transformations.
For Ti-6Al-4V, the temperature history within the PBF-LB/M process
provokes a characteristic microstructure. The heat impact is classified
into the temperature field’s local and global range of influence [9-12].
Within the local range of influence, the material is molten, rapidly so-
lidified, and re-melted due to the bypassing laser focus spot. In this
range, melt pool physics with temperatures up to 4000 K, cooling gra-
dients up to 5-20 Lm, and cooling rates up to 1-40 X are the driving
mechanisms [8,12]. After melting, the liquid phase rapidly solidifies into
the body-centered cubic (bcc) # phase, transforming into a martensitic
structure during further rapid cooling. In PBF-LB/M-processed Ti-6Al-
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Fig. 1. Size and shape distribution of pristine Ti-6Al-4V powder and micrograph of powder particles under an optical microscope indicating martensitic microstructure.

4V, this structure typically appears as a lamellar and acicular config-
uration within the former f grain boundaries, exhibiting a hexagonal
close-packed (hep) crystal structure known as «’-martensite, though a
diffusionless, shear-like mechanism [13]. Due to the track-wise and lay-
erwise nature of the process, this leads to a characteristic columnar mi-
crostructure observable in micrographs [3,14]. The global heat affected
zone is characterized by several cooling and reheating cycles where
temperatures remain below the melting range. However, the solid-solid
phase transformations highly depend on the maximum temperature and
the cooling rate. If the f-transus temperature is reached, which is ob-
served at around 1000 °C [15,16,3,17,18,12], a lamellar and acicular
o' martensitic microstructure is formed [13,16,12]. The ongoing peri-
odic heating with decreasing temperature peaks provokes the evolution
of hierarchical martensitic structure. It consists of primary, secondary,
tertiary, and quaternary o’ martensite [10,14]. In comparison, conven-
tionally hot-rolled or usually post AM process heat-treated Ti-6A1-4V
exhibits an a+ # microstructure [19,3,17,12]. Differences in microstruc-
ture result in anisotropic properties, including increased yield and ten-
sile strength, reduced ductility in the build-up direction [3,10,17], and
enhanced corrosion resistance [20,21]. These property variations are
closely linked to process parameters and scanning strategies, which
influence the martensitic microstructure through the thermal history
[22,14]. Furthermore, some investigations observe a more complex mi-
crostructure with partial « and remaining f§ besides mainly acicular o’
martensite [22,21]. This underlines the necessity for future research en-
deavors to attain a thorough and comprehensive understanding of heat
flow and its effect on the process. As the material in the PBF-LB/M pro-
cess experiences a transition from the initial powder via highly dynamic
melting to a solid state, these two states govern the heat flow behav-
ior. In the solid state, the heat is transferred by conduction and deter-
mined by the associated thermophysical properties. To investigate the -
transus temperature of PBF-LB/M-processed Ti-6Al-4V in the processed
state, Liang et al. [15] and Bartsch et al. [23] used scanning calorimetry.
Bartsch et al. [23] also reviewed existing literature on thermophysical
properties and contributed new data through laser flash analysis, high-
lighting a current lack of detailed experimental data, especially for AM
powders [23]. In powder beds under inert gas atmosphere, the heat is
transferred by several mechanisms, like conduction through the particle
material itself, heat transfer through the contact areas between parti-
cles, conduction in the gas, and radiation between solid surfaces. Under
a continuum-mechanical approach, these mechanisms are considered to
be lumped and referred to as effective thermal conductivity [24-27].
However, experimental studies on the thermophysical properties of AM
powders remain sparse [23,28,29,24,25]. Ahsan et al. [29] and Liu et al.
[24] examined selected powder materials, including Ti-6Al-4V, via laser
flash and, respectively, transient plane method and compared their re-

sults to analytical models. Both studies concluded that known analytical
models for powders used in AM cannot predict temperature-dependent
properties due to the changing mechanisms of heat transfer with rising
temperature. By testing Ti-6Al-4V with different particle size distribu-
tions under argon up to 750 °C, Lui et al. [24] found that below 300 °C,
gas-gas and gas-solid conduction dominate heat transfer, while above
400 °C, particle agglomeration and material-dependent effects play a
significant role, enhancing effective thermal conductivity. Wei et al.
[28] used the transient hot wire method for measuring the effective ther-
mal conductivity of Ti-6Al-4V material powders under argon, nitrogen,
and helium atmospheres and pressure levels and stated increasing val-
ues with rising temperatures up to 200 °C. Zhang et al. [25] employsed
a laser flash analysis supported approach to calculate the effective ther-
mal conductivity from printed samples with enclosed loose powder.
Via finite element simulation and a multivariate inverse method, a lin-
ear trend is observed between 100 °C and 500 °C. Although promising,
these approaches are labor-intensive and prone to interference.

All in all, gaining a deeper understanding of transient and inhomo-
geneous temperature fields is necessary to design a reliable process that
delivers adequate component quality, which is a current engineering
challenge. While fundamental knowledge of materials process behavior
and macro-scale process simulation is powerful, the literature indicates
a lack of significant expertise in this area. Consequently, this study fo-
cuses on examining the thermophysical properties of Ti-6A1-4V within
the global temperature distribution occurring in the PBF-LB/M process.
Samples of pristine powder in its unused state (powder) and PBF-LB/M
processed solid state (as-built) are experimentally analyzed using calori-
metric, thermo-mechanical, and transient thermal methods alongside
fundamental material characterization techniques. This enables new re-
sults from a macroscopic point of view to be obtained on the thermal
expansion behavior, the thermal diffusivity, and the thermal conduc-
tivity, in dependence on the process temperature. Investigations on the
process-specific microstructure should allow a detailed discussion of the
complex trends of thermophysical properties. Additionally, the capabil-
ities and limitations of thermal analysis methods are critically assessed.

2. Methodology
2.1. Powder samples

As feedstock material one batch of pre-alloyed and gas atomized Ti-
6Al-4V with extra low interstitials quality (Grade 23) supplied by EOS
GmbH Electro Optical Systems was used. The samples for powder anal-
ysis were taken from the one batch in pristine condition with a core
multi sampler (Biirkle GmbH, Germany). The particle size and shape
distribution (see Fig. 1) was analyzed via dynamic image analysis with
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Table 1

Chemical composition of unused Ti-6Al-4V ELI powder and as-built sample.
Sample Element Al A% o H Fe* Cc* Ti
powder  wt.% 6.23 376 0119 0.035 0.004 max.0.25 max.0.08 bal
as-built wt.% 6.51 3.95 0.145 0.022 0.008 max. 0.25 max. 0.08 bal.

* value from data sheet, not measured [32].

a CAMSIZER X2 by Microtrac RETSCH GmbH according to ISO 13322-
2 [30]. The powder particles measure an equivalent particle diameter
of 25.4 pm (D), 37.6 pm (D5, - Median) and 46.4 pm (Dgg) and a
mean value of 36.8 um. The shape distribution is characterized by the
arithmetic-mean value of sphericity of 0.88 (with reference to DIN EN
ISO 9276-6 [31]). The present results provide evidence of the powder’s
quality, characterized by sharp and normally distributed particle size
and a precise and uniform spherical shape. Table 1 shows the chemical
composition of the powder batch which was analyzed on a sample using
optical emission spectrometry with inductively coupled plasma, and IR-
spectrometry after melt extraction. The density of the particles (skeletal
density) was measured with a helium pycnometer by Anton Paar of the
type Ultrapyc 5000 to 4.4140 %

2.2. As-built samples

The as-built samples were fabricated using a TruPrint1000 Multilaser
by Trumpf SE + Co. KG. This PBF-LB/M system operates with two fiber
laser and f-theta lenses optics, providing two continuous scanning lasers
at a wavelength of 1070 nm. The laser focus spot diameter is 55 pm. The
process is shielded under an argon atmosphere with an oxygen ratio
below 0.01%. The scanning parameters are set to 110 W laser power,
905 @ scan speed, and an 80 um hatching distance with a parallel line
scan pattern and rotating pattern angle of 67° in layers of 20 um powder
height. The density of 4.4175 % of the printed sample components
was measured using the helium pycnometer which leads to a porosity
of ~0.6%. The samples for thermal analysis were taken from one print
job and cut with a diamond wire saw supplied by WELL DWS SA to
prevent heat input during sample preparation.

2.3. Thermo mechanical analysis TMA

The thermal expansion behavior was investigated using thermo me-
chanical analysis (TMA) via a TMA 402 F1 Hyperion supplied by NET-
ZSCH. The device is equipped with a type K sensor and argon 5.0 is used
as purge gas. During the measurement the samples were heated from
25°C up to 900 °C with a heating rate of 10 % under a static force
of 1 N. The method was calibrated with an aluminum oxide standard.
The as-built samples had a quadratic cross-section with 5 mm x 5 mm
and a total height of 20 mm. The exact dimensions of all samples were
measured using a micrometer screw with a precision of =10 pum, and
these measurements were used to calculate the coefficient of thermal ex-
pansion. With the utilized scanning strategy, which includes layerwise
67° rotation of the scan pattern angle, homogeneous microstructure in
the in-layer direction is intended [33,34]. Therefore, the as-built sam-
ples were fabricated and tested transversally and along the build-up
direction. For powder evaluation the powder sample was placed in an
aluminum oxide cylindrical sample holder with an inner sample volume
of @5.5 mm x 6 mm and a piston as lid.

2.4. Laser flash analysis LFA

The laser flash analysis (LFA) is one of the transient methods in
thermal analysis to determine the thermal diffusivity. In this work a
LFA 467 HT by NETSCH was used. With this device, one side of a sam-
ple is flashed with a xenon light while the temperature on the counter
side is logged by an IR-detector. Analytical models are fitted to each

flash’s time-temperature behavior in the evaluation software. The sam-
ple’s thermal diffusivity is calculated based on the assumptions of the
heat transfer model and the sample height. Comparable to the other
analysis methods argon 5.0 was used as purge gas. For as-built samples
disks were cut from fabricated cylinders with a diameter of ¥11.98 mm
and a height of 2.92 mm by described the diamond wire saw. The sam-
ple surfaces were sandblasted to increase the absorption of the xenon
light flash. Three measurements were driven at each temperature step
ranging in from 25 °C until 950 °C. The powder samples were prepared
in a transparent sapphire sample holder with the inner dimensions of
©10.97 mm x 1.977 mm. Four series of measurements were carried out
whereas the holder was packed with powder and leveled twice with
a spatula to achieve a smooth powder surface. With this procedure
504.993 mg for the first, 508.008 mg for the second, 509.547 mg for
the third, and 498.570 mg for the fourth run of powder was tested re-
sulting in a powder apparent density of 2.70+0.04 %. In each run
multiple flashes were measured between 30 °C and 850 °C.

2.5. Transient plane source method HotDisk®

As a further representative of transient thermal analyses the tran-
sient plane source method (HotDisk® method) was used to estimate
and validate the thermal diffusivity measurements. The HotDisk® sen-
sor operates both as heat source and as dynamic temperature sensor.
The sensor is inserted centrally into the sample. With a defined electri-
cal heating power (in W) and a measurement duration (in s), a specific
amount of energy is applied to the center of the samples by the sensor
and the temperature change of the sample is measured over time. The
experiments were carried out with a TPS 2500s system supplied by Hot-
Disk® and equipped with the kapton sensor #6.378 mm and coverage.
To measure at room temperature, 30 °C, 50 °C, and 100 °C, the setup
was placed in a laboratory furnace. Sufficient heating times and time
intervals between data recording were considered. The as-built samples
were cut from a cylinder with the diameter of $19.90 mm and with
a height of 5.02 mm. For powder evaluation, a tube with an inner di-
ameter of ¥19.9 mm was filled with 8 mm of powder, the sensor was
inserted through a cut in the tube wall on the plane powder surface,
and the tube further filled with 7 mm. A total of 12.925 g of powder
was filled in, resulting in an estimated apparent density of 2.8+0.1 %.

2.6. Differential scanning calorimetry DSC

Differential scanning calorimetry (DSC) was utilized to investigate
the phase characteristics within the temperatures observed globally dur-
ing the PBF-LB/M process. To carry out this experiment, a heat-flux type
STA 449 F1 Jupiter by NETZSCH was equipped with a type S sensor and
argon 5.0 as purge gas. A platinum-rhodium crucible with aluminum ox-
ide liner and a pierced lid was used. For the DSC measurement and the
evaluation of the specific heat capacity according to the ratio method, an
isothermal phase with 30 °C is followed by a constant heating phase up
to 1100 °C. Referring to DIN 51007 a heating rate of 20 ﬁ is ensured.
The measurement procedure was calibrated with indium, aluminum,
and zinc. Measurements with empty crucibles with pierced lids were
carried out as references and for baseline correction. A sapphire stan-
dard of 49.9 mg was measured for specific heat capacity calculation. The
as-built samples with a comparable mass were prepared as described.
Furthermore, the bottom surfaces of the samples were wet-sanded and
cleaned with isopropanol before weighing to ensure an adequate and
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Fig. 2. Thermal elongation of as-built sample tested in build-up direction and
transversal to build-up direction and powder Ti-6Al-4V samples during heating
with 10 £

min

fully-faced contact with the crucible, which proved crucial for success-
ful data collection.

2.7. Metallurgical characterization

In order to analyze the microstructural transformation mechanisms,
as-built samples of the dimension 10 mm x 10 mm x 10 mm were man-
ufactured, heat-treated in a laboratory furnace under an air atmosphere
at selected holding temperatures for 30 minutes, followed by quenching
in water. For scanning electron microscopy (SEM), heat-treated samples
were sectioned using a diamond wire saw at the center of each sample.
The mid surface was then ion polished with the HITACHI Ion Milling
System ArBlade5000. During the polishing process, the temperature of
the cross-section milling stage was kept at 0 °C to prevent any changes
in the microstructure. Subsequently, SEM was conducted using a ZEISS
Ultra Plus equipped with an In-lens detector operating in SE2 mode (1
kV) and a 60 pum shutter.

The Vickers hardness was investigated on sectioned samples embed-
ded in epoxy resin. The sample surface was grinded with SiC paper until
a grit size of 400 and polished with MD-Mol 6 um and polishing suspen-
sion. Hardness HV5 was measured using the Qness Q10A+ universal
hardness device by ATM Qness GmbH with a static measurement force
of 49.03 N over 10 seconds. A minimum of 9 idents were measured in
the center of each sample.

The X-ray diffraction (XRD) analysis was performed using a BRUCKER
D8 Discover with a Cu-Ka tube set to 40 kV and 40 mA in line focus. An
optical Ni filter with a 2.5° axial Soller and an 8 mm detector shutter
was utilized, along with a LynexEye XE detector. Scanning was con-
ducted with a step size of 0.02° and a collection time of 2 seconds per
step. The quantitative Rietveld phase fraction analysis was carried out
using the TOPAS V6 software package.

3. Results and discussion
3.1. Thermal elongation behavior and density

Fig. 2 shows the macroscopic thermal elongation curves of the as-
built and powder samples measured by TMA. For additional detail, the
differential coefficient of thermal expansion is provided in Fig. 5. At the
starting temperatures, the powder samples exhibit a delayed increase
in elongation compared to the as-built samples. This is attributed to
a densification of the powder in the sample holder by a compaction
of the powder particles. Subsequently, the thermal elongation of all
samples continues almost linearly. In the as-built samples, the elonga-
tion trend in the transverse-to-build-up direction remains linear across
the examined temperature range. In contrast, the as-built samples mea-
sured in the build-up direction and the powder samples exhibit slope
changes in slope at 458.6 °C (onset temperature for the as-built in the
build-up direction) and 548.3 °C (onset temperature for the powder).

Materials & Design 253 (2025) 113823

&
IS
T
I

E
T
I

—as-built
=—powder

b
o
T
I

Density in g/cm3
(98]
[

N
o0
T
I

0 100 200 300 400 500 600 700 800 900
Temperature in °C

N
=~

Fig. 3. Calculated density progression for powder (isotropic expansion) and as-
built state (transversal isotropic expansion behavior).

These differences can be attributed to the highly oriented microstruc-
ture, particularly grain boundaries aligned in the build-up direction,
which predominantly influence macroscopic elongation in the trans-
verse direction. However, the microstructural transformation mecha-
nisms dominate the macroscopic elongation behavior in the build-up
direction. The powder particles and the as-built samples contain marten-
sitic o/, formed due to rapid cooling during their respective fabrication
processes. However, the temperature history in additive manufacturing,
involving multiple heating cycles, results in a hierarchical microstruc-
ture [10]. This contrasts with the non-periodic cooling temperature
history of the gas-atomization process and could be an explanation for
different onset temperatures and trends.

The experimental data of the elongation behavior enables the eval-
uation of the macroscopic temperature-dependent density of the AM
Ti-6Al-4V in both the powder and the as-built state. With the assump-
tion of isotropic expansion behavior, the powder density Pp evolution is
calculated, with the powder apparent density at room temperature py,,
and the thermal expansion Exyz> by [35]:

1 .
(1+€,,,(0)%

The density of the as-built state p,;, is determined by hypothesizing
transversal isotropic expansion behavior, characterized by ¢, in build-
up direction and thermal expansion e, transversal to build-up direction.
Accordingly, the density is calculated based on the density of the fabri-
cated samples at room temperature p,, as [35]:

] .
(14,02 (1+€,0)

The results for the calculated density progressions from room tem-

perature to approx. 880 °C are represented in Fig. 3. The density in the
as-built state decreases from 4.4175 % to 4.314 % and the appar-
ent powder bed density from 2.70 % to 2.65 % Consequently, the
influence of changes in the microstructure with the global temperature

range on the macroscopic density evolution is rather small within the
almost linear progression.

Pp@)=py - €))]

Pap(0) = Papo - 2

3.2. Microstructure and phase transformation

The established DSC method is known for quantitatively measur-
ing heat effects (enthalpies) and their associated temperatures. Thus, it
allows conclusions to be drawn about the physical and chemical trans-
formation mechanisms in the microstructural state. Fig. 4 represents the
obtained DSC data from the AM samples during heating. The powder
and as-built samples exhibit two peaks within the examined tempera-
ture range. For the powder sample, the first peak is characterized by
an extrapolated initial temperature ,;; of 431.3 °C and an extrapolated
finish temperature 6,¢; of 603.4 °C. Similarly, for the as-built sample,
the first peak is defined by an extrapolated initial temperature 6,;; of
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Fig. 4. DSC signal of powder and as-built Ti-6Al-4V during heating with 20 ﬁ
showing an exothermic and endothermic transition when deviating from the
linear reference line (dashed-blue).

441.7 °C and an extrapolated finish temperature ¢, of 604.9 °C. The
associated transformation shows an exothermic heat effect with an ab-
solute value of the transition enthalpy AH of 26.1 é for powder and

15.2 é for the as-built state. With ongoing heating, a second calorimet-

ric event occurs starting at an extrapolated initial temperature 6., of
835.8 °C (powder) and 826.5 °C (as-built) representing an endothermic
transformation. This endothermic event could correspond to the f# trans-
formation. Compared to the literature on the g-transus of AM Ti-6Al-4V,
this temperature appears relatively low. The DSC measurements alone
do not allow for a definitive interpretation. In anticipation of the addi-
tional microstructural analyses and hardness measurements (see Fig. 6
(a)), it seems reasonable to assume that this combines f transforma-
tion and progressive grain coarsening. When comparing the data for
as-built and powder samples, it is noticeable that the enthalpy values
of the first peak are lower for the as-built samples, and the second peak
is less pronounced. This could indicate the influence of the hierarchical
martensitic structure in the as-built state. The fine and highly distorted
structure may sterically hinder the transformations, potentially explain-
ing the observed differences. Since the characteristics of the DSC signals
depend on thermal inertia and are also influenced by heating rates, a
conclusive answer must be provided outside the scope of this study.

In addition to calorimetric measurements, the trend of the differen-
tial coefficient of linear thermal expansion from TMA provides valuable
insights regarding internal crystallographic and morphological changes.
The differential coefficient of linear thermal expansion « corresponds to
the first derivative of the curve of the thermal expansion with respect
to temperature. It is determined with initial sample length L, the rel-
ative change of the sample length SL at a differential temperature step
60 as [35]

1 6L
0(0) = L_O . E

The results for the differential coefficient of linear thermal expansion
(CTE) are shown in Fig. 5. Coupled with the investigated onset tempera-
tures, a more complex behavior becomes evident, particularly along the
build-up direction. In this direction, the thermal behavior is governed
solely by the characteristic AM martensitic structure, uninfluenced by
interruptions from former grain boundaries. This key aspect is the focus
of the study, although valuable insights can also be gained by analyz-
ing similarities in the microstructure. To fully leverage the potential of
thermal analysis as a powerful investigative tool, it is crucial to correlate
the observed results with the corresponding microstructural transition
mechanisms.

Consequently, further material characterizations were conducted on
heat-treated samples, with holding temperatures selected based on the
observed CTE and DSC curves. The selected temperatures were 400 °C,
500°C, 650°C, 850°C, and 1000 °C. Fig. 6 illustrates these results,
including (a) Vickers hardness measurements, (b) an SEM micrograph

3)
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of an as-built sample, and (c—g) micrographs of samples subjected to the
respective holding temperatures.

The hardness indicates no significant difference between the as-built
sample and those exposed to a temperature of 400 °C. However, beyond
400 °C, the hardness values increase significantly, rising from 366 HV5
to a maximum of 399 HV5 at 500 °C. Subsequently, the hardness values
decline to a minimum of 355 HV5 at 850 °C before experiencing a slight
increase up to 1000 °C. The SEM micrographs reveal the evolution of
microstructure across the different temperature steps. Between the as-
built and the 400 °C condition no visible differences are observed. At
500 °C, white specks emerge, representing nanosized f particles [36].
At further annealing to 650 °C, the microstructure evolves with the pre-
cipitation of the nano-particles into fine f films within the acicular
structure. At 850 °C, significant coarsening of the microstructure oc-
curs, characterized by a stabilized lamellar structure comprising a and
p phases. Finally, at 1000 °C, the resultant structure is distinctly differ-
ent, characterized by non-oriented needle-like features dominating the
morphology alongside a stable a+ # microstructure. It is reasonable to
conclude that the observed martensite results from subsequent water
quenching, while the PBF-LB/M-induced martensite is entirely trans-
formed. Based on additional SEM images, an image particle analysis was
performed to study transformation in the acicular size distribution. As
the modifications are expected to begin in the fine fractions of the struc-
ture, the focus will be on the smaller fragments of the microstructure.
Yang et al. classified these fragments as secondary martensite, character-
ized by the length of the martensite needles ranging from 1-2 pm [10].
In the image particle analysis, the needles were evaluated by the length
of the major axis, the length of the minor axis, and the angle between
the horizontal and the major axis (see illustration Fig. 7 (a). Fig. 7 (b-d)
exemplarily displays the evaluation results for the as-built condition.

The DSC data, the observed propagation of the CTE, and the marked
increase in Vickers hardness suggest that a microstructural transforma-
tion initiates at around 400 °C. However, SEM results did not provide
significant insights.

Existing literature points to microstructural diffusion mechanisms
within the sub-nanometer scale as a potential factor [36,37]. To fur-
ther investigate this, a sample was subjected to annealing at 475°C
for 24 hours to provoke the underlying mechanisms. Together with
an as-built sample XRD analysis was conducted to assess the quanti-
tative variations in phase fractions through Rietveld refinement. Fig. 8
illustrates the XRD diffractograms, while Table 2 details the identified
phase fractions. The potential phase fractions were established, with
the hep a phase designated as P63\mmc (#194, Mg type), and the bcc
p phase identified as Im3m (#229, W type). The disturbed martensitic
o' cannot be differentiated from the « phase, as variations in lattice
parameters and composition are considered to be minimal. The evalu-
ation of the as-built condition shows that 100% of the morphology is
in the martensitic phase, consistent with the SEM images’ observations.



J. Rottler, T.K. Tetzlaff, A. Wohninsland et al.

Materials & Design 253 (2025) 113823

410 T T T T

a)

400}
el
> 300
%380t 3
i d
2 370 rerermnrsn }
g .
2360}
o
<
2350}

3401

330 ! ! ! !

0 100 200 300 400 500
holding temperature in °C

twin boundaries

build-up direction o

o
=g
£
=3

nanosized"[i p:irticles

600 700 800 900 1000

1000°C

Fig. 6. Examination of the microstructure utilizing the hardness profile HV (a) and 25kX SEM images (build-up direction upwards) of as-built (b) and heat-treated
samples at 400 °C (c), 500 °C (d), 650 °C (e), 850 °C (f), and 1000 °C (g) for 30 minutes and water quenching.

a) b)
E £ 05
° <
3 ©
3 S 04
o o
=] o
= £ 02
= =
fla) Q
2 0 |
0 5 10 15
Length of major axis in pm
c) 3 d)
E 5 0.03
E2 g
2 S 0.02
o [=¥
S 2
=] -5 0.01
= =
Q i}
) =
0 0.5 1 1.5 2 0 50 100 150

Angle yin°

Length of minor axis in pm

Fig. 7. Evaluation criteria for image particle analysis a) and the exemplarily
distribution of the length of major axis (b), length of minor axis distribution (c)
and angle alignment (d) of secondary martensite in as-built condition.

Table 2

Results of quantitative Rietveld phase analy-
sis of as-built and 475 °C 24 hours annealed
condition and goodness of fit (GOF).

Condition  a/a’ p Ti;Al  GOF
as-built 100% 0% 0% 1.68
475°C 85% 5% 10% 1.83

In contrast, the heat-treated samples display additional reflections, in-
dicating the presence of a f phase. Furthermore, as indicated by current
literature [36,37], these peaks have been fitted with intermetallic Tiz Al
(P63\mmc), resulting in a satisfactory fit. The heat-treated samples ex-
hibit a f phase content of 5%, suggesting that § precipitation begins
at sub-nano dimensions, as no noticeable changes are detected in the
SEM images of samples treated at 500 °C. The phase fraction analysis
also indicates that the intermetallic phase constitutes 10% of the overall
composition.

The findings provide critical insights into the transformations of PBF-
LB/M Ti-6Al-4V during thermal exposure. In as-built conditions, the pre-
dominant microstructure is characterized by the martensitic o’ phase, a
direct consequence of the specific temperature history associated with
the additive manufacturing process [10]. This fine, needle-like marten-
site exhibits a hierarchical size distribution and alignment (see Fig. 7)
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additional § and Ti;Al reflections.

between prior f grain boundaries and twin structures (see Fig. 6(b)),
indicating the shear-dominated formation mechanism that leads to a
microstructure significantly out of thermodynamic equilibrium. Up to a
temperature of 400 °C, no significant changes were observed, and the
elongation characteristics are determined by thermal expansion of «
phase [37]. A subsequent rise in temperature from 400 °C to 500 °C
leads to a significant reduction in CTE. This behavior is driven by the
start of sub-nano-scale § precipitation observed in phase analysis and
the accompanied segregation by forcedly dissolved Vanadium. Haubrich
et al. [36] observed the diffusion of Vanadium, which was highlighted
by an increasing Vanadium concentration in # to a maximum as shown
through HEXRD and atom-probe tomography within this temperature
range [36]. The deliberate incitement of the mechanism in this study
showed that this segregation through Vanadium diffusion provides the
prerequisite for a sufficient formation of intermetallic Ti; Al. This forma-
tion of the hard intermetallic Ti; Al dominates over the precipitation of
the softer nanosized f# phase, which is related to the significant increases
in hardness. This hardening occurs at PBF-LB/M process-relevant times
and temperatures, such as within heat accumulations. In combination
with the residual stresses created during the process, this embrittlement
can result in crack formation or fracture, leading to irreversible damage
within the component during the manufacturing process. In the current
literature, first relaxation processes of residual stresses were also de-
tected above 400 °C [37]. The changing trend of the CTE at 500 °C into
an increase represents a variation in the microstructural transformation.
This could be linked to the dissolving of the Vanadium enrichments in
the g phase fraction [36]. The appearance of the nano-particles, as seen
in the SEM images (see Fig. 6(c)) indicates the persistent growth and sta-
bilization of f#, which favor this mechanism. The stated insights suggest
that as an effect, the concentrated Vanadium is distributed in the in-
creasing f phase fraction, the intermetallic Ti; Al decomposes. This find-
ing is corroborated by the reported reduction from the hardness peak at
500 °C, further dominated by a softening trend-driven rise of f§ con-
tent. This process of crystal recovery through recrystallization, which
entails the precipitation and decomposition of the intermetallic com-
pound Ti;Al due to diffusion of forcibly dissolved Vanadium, is thought
to be responsible for the exothermic peak noted in the DSC analysis.
This exothermic event was characterized by an initial temperature 6,;,
of 441.7 °C and an efinal temperature 6., of 604.9 °C, which represents
as completed mechanism to the specified temperatures. The evolution
from 650 °C onwards is characterized by the ongoing stress relaxation
and the starting transformation of @’ — a+ f. This transformation be-
comes evident by the again reducing CTE and the coarsening of acicular
to a more lamellar microstructure (see SEM image in Fig. 6(f)). The
image particle analysis shown in Fig. 9 reveals that the coarsening at
850 °C is mainly distinct by the growth in length of the minor axis of

Sample 650°C 30 min w.q. Sample 850°C 30 min w.q.
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Fig. 9. Comparison of the needle major and minor axis distribution indicates
the increase between the sample at 650 °C (left) and 850 °C (right), indicating
the coarsening in the microstructure.

the grains. As a consequence, the hardness drops further between 650 °C
and 850 °C.

Finally, the rise in CTE and the endothermic effect (at onset 826.5 °C
for as-built conditions) at the upper end of the investigated temper-
ature range marks the decomposition of the structure followed by a
slight incline in hardness with further heating. During this decompo-
sition, all remaining a’ and « phase fractions decay until exclusively
f is present after heating beyond the f-transus temperature. Fig. 6(g)
shows the corresponding microstructure with stable a+ f morphology—
the non-orientated, nano-sized ¢’ martensite results from subsequent
water-quenching of the samples. In this case, the volume fraction of
the reformed martensite is still influenced by the heating temperature
[38]. As the temperature rises, the martensite transformation process
is promoted. As a result, the more significant volume fraction of the
subsequent water-quenched martensitic microstructure and the finer
martensitic structure are likely responsible for the hardness increase ob-
served in the temperature range between 850 °C and 1000 °C. The CTE
behavior of the sample tested transversal to the build direction shows
similar trends but is less pronounced. The assumed recrystallization re-
lated to the intermetallic phase, followed by coarsening, is noticeably
weaker. This can be attributed to the previous columnar structure of the
former f grains and the alignment of the martensite. These persistent
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Fig. 10. Thermal diffusivity of as-built Ti-6A1-4V by LFA and hot disk method.

boundaries reduce the effects of transformations. Notably, the transition
to the g phase occurs simultaneously to the CTE trend of the as-built
sample tested in the build-up direction. The CTE of the powder condi-
tion demonstrates the identified settling effects at lower temperatures.
The trend indicates a change at approximately 500 °C, which may be as-
sociated with the reduction of residual stresses and the decomposition
of martensite. Moreover, the exothermic event in the DSC could indicate
the precipitation of § and the intermetallic Ti; Al through the segrega-
tion of Vanadium. The fact that this aspect is less pronounced in the
CTE trend of the powder could suggest a link between the martensitic
size or directional dependence and the intermetallic phase formation.
The effect on the change in length is less prominent maybe due to the
random orientation of martisite within the particles (see micrograph in
Fig. 1). The martensite was created during the rapid cooling process in
powder production (gas atomization) and consequently did not exhibit
the hierarchical PBF-LB/M morphology. The decomposition mechanism
becomes notably pronounced when the material reaches temperatures
beyond the g-transus, indicating a critical transition point where struc-
tural changes are initiated. This further underscores the exceptional
nature of the AM-specific Ti-6Al-4V microstructure, making the knowl-
edge of it essential for achieving excellence in quality assurance and
process optimization.

3.3. Thermal diffusivity

In addition, to the microstructural features and transformations oc-
curring in the global process temperature range, the present study aimed
to evaluate the thermal diffusivity of AM Ti-6Al-4V. This was achieved
by utilizing the LFA and HotDisk® methods. The experimental LFA data
for as-built Ti-6Al-4V was analyzed using the standard model of the pro-
vided preprocessing software according to Cape et al. [39]. The theory
of this model considers two-dimensional heat flux, multi-surface heat
loss, and radiation and is intended for solid samples. Fig. 10 shows the
results for thermal diffusivity of the as-built samples derived from both
the LFA and HotDisk® method. The thermal diffusivity of LFA measure-
ment shows a linear trend over the temperature range up to 950 °C. The
data measured by LFA and HotDisk® in the lower temperature region
provide reasonable values expected for PBF-LB/M processed Ti-6Al-4V
[23]. The minor standard deviation of LFA data can be attributed to
the shielded setup and the automated procedure providing more stable
conditions during analysis.

In the LFA evaluation of the powder samples, the best-fit results are
achieved with the implemented penetration model (according to Mac-
Masters et al. [40]), which considers one-dimensional heat flux, surface
heat loss, porosity, and inhomogeneous energy absorption at the sam-
ple surface. The thermal diffusivity results are shown in Fig. 11. Up to
100 °C, both transient analysis methods lead to comparable results and
thus validate each other.

As the temperature increases, the LFA results exhibit a nonmonotonic
trend until the values rise significantly above 500 °C. This behavior was
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also investigated in recent studies on AM Ti-6Al-4V powders [29,24] and
referred to the driving heat transfer mechanism, which is temperature-
dependent. Under PBF-LB/M process conditions (argon gas and pres-
sure), the heat transfer in lower temperatures is primarily determined
by conduction through the process gas as heat transfer between particles
is limited by the temperature-independent contact resistance at particle-
to-particle interfaces [28,24]. As the temperature increases, the powder
particles start sintering and forming agglomerates. Therefore, the con-
tact areas are increasing, which promotes heat conduction. Furthermore,
the effect of radiation is enhanced exponentially [28]. Consequently, the
start of powder sintering is associated with the 500 °C onset tempera-
ture. A similar effect can be observed in the fit results of the individual
IR-detector signals of the LFA. In the nonmonotonic trend range, the
data fitting with the penetration model delivers sufficient quality pa-
rameters with randomly distributed residues. In the range of increasing
diffusivity values, the fit quality shows deficiencies, illustrated by the
IR-detector signal and penetration model fit of shot 53 at 500 °C com-
pared to shot 65 at 700 °C in Fig. 12. This circumstance can be linked
to the change in the primary heat transfer mechanism, which is not
accounted by the assumptions of available LFA evaluation models. De-
veloping an appropriate evaluation model for powder analysis remains
an area for further research. Nevertheless, the results indicate that both
transient methods are capable of powder evaluation. Even LFA is more
straightforwardly applied for higher temperatures and is more likely to
evaluate AM powders as smaller sample masses are required.

3.4. Specific heat capacity and effective thermal conductivity

The isobaric specific heat capacity is a property that describes the
energy required to raise the temperature of a given amount of sub-
stance by 1 Kelvin while keeping the pressure constant. This property
is applicable only if the material does not undergo any first-order phase
transformations. As reported in Chapter 2.3, the specific heat capacities
of an as-built and powder sample were analyzed considering baseline,
sapphire standard, and sample measuring runs in DSC. Based on these
measurements, the specific heat capacity of the sample ¢ can be
calculated with:

p.sample

standard (usample(a) - ubaseline(a))
(ustandard 0 - Upaseline )

m
Cp,sample(a) = Cp,slandard(e)’ 4

Msample

where Mg, q,rq is the mass of the sapphire standard, mg,py is the sam-
ple mass, g,y is the DSC signal of the sample run, up,gjiq is the signal
of the baseline run, ug,,4..q is the DSC signal of the sapphire standard,
and ¢, gandara 1 the specific heat capacity of the sapphire standard. Un-
der a continuum mechanical approach, a powder’s thermal properties
are considered as lumped and described with effective material param-
eters. The effective specific heat capacity of a finite powder volume c;, ¢
is determined in approximation with the mass fractions of the process

gas :g“ the specific heat capacity of the process gas c the mass

p.gas?

B
total
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fraction of the particle material 4 and the specific heat capacity of

X X Miotal
the particle material ¢, i1 [41]:
. _ Mgas c Mgolid c ~e . 5)
p.eff = * Cp.gas * Ep,solid ™~ Cp,solid»
Myotal Myotal

Taking further into account that the mass fraction of the process gas
in the finite volume is low, the assumption applies that the effective
heat capacity of the powder is primarily determined by the specific heat
capacity of the particle material (compare the density of argon with 1.6
% [42] and solid Ti-6Al-4V with 4430 % [43,44] at room temperature
[41,45,42]). Fig. 13 shows the results of the as-built and powder samples
with extrapolation over the exothermic peak range, including a linear
fit. The slightly lower values of the powder could be attributed to the
contact resistance of heat transfer of the powder particle and the DSC
crucible.

In general, from the fundamental heat transfer equation, the thermal
conductivity is determined by:

A0) = a(9) - ¢,(0) - p(0), ©

with the thermal diffusivity a, the specific heat capacity c,,, and the
density p. Fig. 14 represents the results derived from the temperature-
dependent experimental data compared to literature values of conven-
tional a+ f Ti-6Al-4V [43]. It can be concluded that thermal properties
comparable to conventional solid Ti-6Al-4V can be achieved with suit-
able process parameters.

Given the lack of data on the effective thermal conductivity A
of PBF-LB metal powders, these are calculated in simulations from the
solid-state thermal conductivity A4 in connection with the porosity of
the powder bed ® by:
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Fig. 14. Thermal conduction of as-built compared to literature values of solid
Ti-6Al-4V and effective thermal conductivity of powder.
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Based on the apparent density of the powder samples (see Chap-
ter 2.5) and the density of solid Ti-6Al4-V from literature [43], the
powder bed porosity is found to be 0.39. Therefore, the effective thermal
conductivity is determined using the results of the as-built samples and
equation (7) (see Fig. 14). By comparing the result calculated and the
experimentally obtained data, it can be observed that the equation over-
estimates the effective thermal conductivity of AM powders and does not
consider sintering processes and the associated change in heat transfer
behavior. Lui et al. [24] showed that the prediction of analytical mod-
els based on temperature-dependent properties of the solid material and
gas properties is not feasible to predict the effective thermal conductiv-
ity of AM powders reliably. Therefore, such assumptions are unsuitable
for predicting the heat transfer from the solid to the powder and thus
cannot be used to predict heat build-up in the AM process.

4. Conclusion

Understanding the thermophysical properties across the global tem-
perature field is crucial, as these properties significantly influence heat
flow during the PBF-LB/M process. This study provides a comprehen-
sive experimental characterization of Ti-6Al-4V in its processed state
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via laser powder bed fusion (PBF-LB/M) and its powder state, employ-
ing thermal analysis techniques. Characterization of the microstructure
allowed meaningful insights into the effect of microstructural trans-
formation on temperature-dependent macroscopic behavior, enhancing
the interpretation and discussion of derived data. The microstructural
transformation of PBF-LB/M processed Ti-6Al-4V under heating was
described using calorimetry, the trend of the coefficient of thermal ex-
pansion, Vickers hardness testing, SEM, and XRD.

Up to 400°C, thermal elongation is primarily influenced by the
expansion of crystals within the fully martensitic microstructure. It is
presumed that the initial precipitation and the diffusion of forcibly dis-
solved Vanadium are sufficient to promote the formation of intermetallic
Ti; Al phase, significantly increasing Vickers hardness. The intermetal-
lic phase begins to decompose when temperatures exceed approximately
500 °C. The recrystallization and crystal recovery, including the precip-
itation and decomposition of the Tiz Al intermetallic phase, results in an
exothermic peak observed in calorimetry, accompanied by a reversal in
the trend of thermal expansion. As a driving effect, the precipitation of
the g phase is suspected. Beyond around 650 °C, both coarsening and
the growth and stabilization of the § phase lead to further reductions
in thermal expansion and hardness. The complete transformation of the
microstructure to the pure f phase is characterized by an endothermic
peak. In the transverse direction to the build-up orientation, thermal
elongation behavior is influenced by prior g grain boundaries, leading
to a diminished impact from microstructural transformations. The find-
ings, characterized by the hardness trend, reveal the complexity of the
material’s behavior in inhomogeneous heat removal during PBF-LB/M.
Differences in hardness indicate embrittlement favoring potential crack
initiation, leading to irreversible failure of component quality. From
this, heat accumulation in this temperature range should be avoided,
although the actual influence on components is the object of future re-
search.

Settling effects, crystal elongation, and the relaxation of residual
stresses influence the thermal expansion characteristic of the AM pow-
der state. Sintering of powder particles affects the thermal diffusivity
measured with the laser flash method, which indicates a significant
change in the heat transfer mechanism within the powder. Notably,
the transient plane source method validated laser flash measurements.
Beyond the benefits and limitations of experimental analysis methods
utilizing AM powders, this research offers comprehensive data on ther-
mophysical properties that contribute to the advancement of the field.

The evaluation of heat conductivity based on the experimental data
reveals that the simplified assumptions often employed for temperature-
dependent thermal conductivity of AM powders in simulations may not
adequately capture the complexities of the material behavior. This re-
search provides a detailed database of thermophysical properties. It
paves the way for thermophysical material modeling, enabling precise
future investigations of process heat flow with detailed process planning
and optimization.
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