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Abstract

Additive manufacturing through laser powder bed fusion (PBF-LB/M) inheres great
potential for the processing of bulk metallic glasses (BMGs). The size-independent high cooling
rates during the process benefit the fabrication of large and elaborate amorphous components.
Albeit, partial crystallization poses a challenge in additively manufactured BMGs, potentially
limiting the resulting mechanical properties. In this matter, the complex thermal history during
processing often states a remaining uncertainty. Besides in situ measurements and numerical
estimations, analytical models can be used to achieve a deeper understanding of the transient
temperature evolution. In this work, an iterative solution to the analytical Rosenthal equation is
developed and applied to ZrCuAINb- and CuTiZrNi-BMGs to predict melt pool dimensions
and cooling rates during PBF-LB/M. Therefore, temperature-dependent thermal properties are
determined via laser flash measurements. The effective absorptivity of the two materials is
measured, and single-line experiments were performed as a validation for the approach.
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Introduction

Additive manufacturing (AM) is widely recognized for its high design freedom,
individualization capabilities, and lightweight design. Recently possibilities to manufacture
novel advanced materials are brought into focus. Among the various AM technologies, laser
powder bed fusion (PBF-L/BM) has reached a significant level of technological maturity for
metallic parts. The experience with standard materials is high, and applications on an industrial
scale are already being implemented [1]. However, the exploration of new materials that can
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fully benefit from the specific process characteristics — i.e., layer-wise buildup, high heating
and cooling rates — is still subject to research. One promising alloy class for the processing via
PBF-LB/M is the bulk metallic glasses (BMGs) [2, 3]. These materials exhibit higher strength,
elasticity, and superior cryogenic properties compared to crystalline alloys [4]. The emergence
of an amorphous structure in a metallic alloy requires rapid cooling with an alloy specific so
called critical cooling rate (Rerit).

In conventional processing routes, these rates are typically difficult to achieve with
increasing volume to surface ratio, which effectively limits the manufacturable size of BMGs
to several millimeters [5]. In contrast, PBF-LB/M inherently features high cooling rates of 10"6
to 1077 K/s [6], which exceeds the Rt of most BMGs by several orders of magnitude. This
theoretically enables the manufacturing of large and complex BMGs. Nevertheless, in practical
applications, partial crystallization is frequently observed [7—13]. The layer-wise deposition of
powder and vector-based heating implies a heat treatment of the surrounding solidified material.
Additionally, contaminations of atomized powders and the influence of the process gas are
considered to affect the structure of fabricated materials [14, 15]. Consequently, to ascertain
vitrification despite the uncertain limitations, alloys with comparatively high glass-forming
ability (GFA) are preferably chosen.

Despite the potential of PBF-LB/M, the reported high cooling rates suggest that its
capabilities have not been fully exploited yet. The mechanism underlying crystallization and
vitrification is not yet fully understood, and experimental determination of the complex thermal
cycling during additive manufacturing processes on a meso scale cannot easily be performed.
Analytical methods for determining cooling rates and melt pool dimensions could enable an
estimation of the processability, including vitrification of novel material classes with lower
GFA. Further, the choice of adequate process parameters could be based on the analytically
determined viable cooling rates and melt pool dimensions, enabling an accelerated investigation
of novel and processable BMGs.

Analytical Rosenthal model

An analytical approach to describe the heat dissipation during laser welding was
developed by Rosenthal in [16] (eq. 1). It is based on a moving point heat source as energy
input, constant material parameters, and conduction as the only heat loss:

ab,  _vs(8+9
T=T0+T[—-e 2t Eq. 1

with the coordinates x (in scanning direction), y (width of scan track), and z (depth of
the melt pool); T, = temperature of surroundings, T = temperature at a specific point (x|y|z),
a = absorptivity, P,= laser power, k = thermal conductivity, v, = speed of heat source (moves
along x), T = thermal diffusivity, § = x — v - tis the distance of point (x|y|z) to heat source in

x direction. 6 = /€2 + y? + z2 is the radial distance of point (x|y|z) to the heat source.

Despite the simplifications, several studies demonstrated the viability of the Rosenthal model
to approximate the temperature distribution during PBF-LB/M [17-19]. For instance,
Promoppattum et al. used the Rosenthal equation to predict the dendrite spacing of IN718 in
[17]. In PBF-LB/M the main heat transfer mechanism changes with increasing energy input
from conduction mode (dissipation into surrounding solid material) to keyhole mode
(evaporation and plasma) [20]. One can conclude that the validity of the model is higher for
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processing parameters in conduction mode. Since crystallization needs to be avoided in
processing BMGs, low energy densities are typically preferred [13, 21]. Consequently, keyhole
mode is generally avoided in BMG processing [22], and the Rosenthal equation potentially
allows meaningful estimations for the apparent temperature profiles. Additionally, latent heat
and phase transitions are presumably irrelevant during vitrification, further enhancing the
practicality of the approach. However, there are remaining uncertainties regarding the
assumption of constant thermophysical properties and the unknown absorptivity. Metallic
materials typically feature large temperature dependencies of their thermal conductivity and
diffusivity. It is reasonable to assume that BMGs also display similar temperature
dependencies, which should be taken into consideration when applying the analytical model.

This work targets the analytical description of the melt pool dimensions and cooling
rates during PBF-LB/M of BMGs based on the Rosenthal model. Thereby a fundamental
understanding of the time-temperature regime present during the laser material interaction is
established. Temperature dependencies of the thermal conductivity and diffusivity are
determined and inserted into the Rosenthal equation. Two glass-forming alloys,
Zrs93Cuyg gAly g 4Nby 5 (AMZ4, trade name: Zr0) and Cuy, TizsZr;1Nig (Vit101) are chosen for
the analysis. AMZ4 is a commercially available glass forming alloy, whereas Vit101 is known
and investigated, but not yet commercialized. They inhere outstanding material properties, such
as an elasticity exceeding conventional materials by ~2%, combined with a flexural strength of
2.1 GPa and 2.5 GPa. The selection of these materials allows for a comparison between
analytically predicted and experimentally determined melt pool widths, aiming to validate the
model. The novel glass-forming alloy TiggZr;5Cuy,Sg (Ti60S) is a prospect for PBF-LB/M
with an extraordinary yield strength of ~3 GPa, exceeding conventionally manufactured
Ti6Al4V by 200%. Additionally, biocompatibility and corrosion resistance are favoring this
material. The feasibility study concerning manufacturing amorphous TigyZr;5Cu;,Sg single
tracks by PBF-LB/M completes this work.

Materials and Methods

BMG Alloys
For the three chosen glass-forming alloys AMZ4, Vit101, and TiggZr;5Cu,,Sg,the

physical properties are given in Tab. 1. Gas atomized powder feedstock was used for the
processing of single lines of AMZ4 and Vit101.

As a measure for the GFA, the critical diameter D, [cm], the highest possible diameter
at which the whole structure solidifies amorphous during casting, is present. Based on this, the
critical cooling rate in K/s [23] is:

10
Repie = W Eq. 2

This is used as a reference value for the comparison to the calculated cooling rates in additive
manufacturing:

Eq.3



Table 1: Composition and physical properties of selected glass-forming materials.

Physical property AMZA4 Vit101 Ti60S ( [24])
Composition [at%] Zrsg 3Cuyg gAlygaNby 5 | Cuy;TigsZryNig | TiggZrisCuq,Sg
Density 6.68 g/cm? [147] 6.89 g/cm? [25] 5.5 g/lem?
Liquidus temperature T; 1193 K [26] 1168 K [25] 1365 K
Solidus temperature Ty 1143 K [27] 1067 K [25] -
Glass transition temperature 671 K [26] 690 K [25] 675 K
T
Crystallizatior{i temperature 748 K [26] 710 K [25] 752 K
T
Critical castin; diameter D¢ 5-14 mm [28] 4-5 mm [23, 25] 1 mm
Critical cooling rate R ;¢ 5-40K/s 20 - 62 K/s 1000 K/s
(acc.toeq. 2)

Sample analysis

The thermal conductivity was measured by the laser flash method. Measurements were
performed with a NETZSCH LFA 457 MicroFlash to assess the temperature-dependent thermal
conductivity by measuring the thermal diffusivity [29]. Vit101 samples, in the form of pellets,
possess a diameter of approximately 10 mm and a thickness of 3 mm. They were coated with
graphite on both surfaces to improve their absorption/emission characteristic. The
measurements were carried out in an argon atmosphere (purge flow of 75 ml/min) within a
temperature range from room temperature to 1073 K, in temperature steps of 100 K. Additional
measurement steps were chosen at 623, 723, and 753 K to cover the phase change. Each sample
was measured twice. Stepwise heating with 0.02 K/s and holding periods of ~280 s is applied.
The specific heat capacity was determined using an equation proposed by Kubaschewski [30]
and fitting parameters by Bochtler [25], assuming a crystalline material behavior. The thermal
conductivity was calculated employing the procedure introduced by Parker et al. [31] using an
improved Cape-Lehman model [32] within the analysis software provided by the LFA
manufacturer (NETZSCH LFA Analysis version 7.1.0).

Finally, the absorptivity is required for the Rosenthal equation. The energy absorption
during the laser material interaction in PBF-LB/M has been extensively discussed in the
literature over the last decade. One uncertainty is the coexistence of bulk, powder, liquid, and
plasma within the interaction zone. This renders conventional techniques such as measurements
with an Ulbrich-sphere challenging during the process. Attempts for ray-tracing simulations
[33] and analytical calculations based on Hagen-Rubens [34] typically neglect the impact of
fume and gas flow during the PBF-LB/M process. Results from Ye et al. imply that the liquid
melt is the main absorbing medium. However, obtaining the necessary physical properties of
liquid metallic melts for analytical or numerical calculations are difficult to obtain and rarely
reported. An alternative approach to determine the energy coupling during PBF-LB/M is the
calorimetric determination as initially presented by Trapp and adapted by Schnell et al. in [35]
and [36]. This setup is used to determine the effective absorptivity of AMZ4 and Vit101. The
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absorptivity of TiggZr;5Cu;,Sg is determined by the application of eq. 4 which is derived from
the Rosenthal equation (eq. 1):

a4~ 2D%xp-Cpv+(T—Tp) *Te
8xP Eq. 4

where 2D is the weld track width of single tracks, processed in a PBF-LB/M machine on cast
material, due to the lack of atomized powder in this feasibility study.

PBF-LB/M processing

For empirical validation, single lines are processed via PBF-LB/M. For the sake of
comparison and transferability of the results, two alloys and different manufacturing systems
are applied. Argon atomized powder of the BMG-forming alloy Cuas7TizsZr11Nig (in -at.%), with
a particle size of 20-63 um (here called: Vit101), described in detail in [15], and commercially
available Zr0 from Heraeus AMLOY Technology (here called by its former name: AMZ4) are
used for this study. PBF-LB/M experiments on Vit101 are carried out using the SLM 280 HL
system from SLM Solutions, equipped with a 700 W fiber laser and a nominal spot size of 70
pum. Samples are processed with a layer thickness ds = 20 um and, if applicable, hatch # of
90 pum. AMZ4 is processed on an M100 eos with a nominal laser spot diameter of 40 um and a
maximal laser power output of 200 W. The experiments are conducted in Argon atmosphere
(Arcal Prime, 99.998 vol.%). The individual parameters are listed in Tab. A-2 in the appendix.
The line energy density E;, according to Meiners is used as equivalent for the energy input at
different parameter combinations according to eq. 5 [37]:

EL=

v Eq. 5

Results and discussion

Thermophysical properties

As an essential input variable for the Rosenthal equation (see eq 1.), the thermal
conductivity of the investigated alloys is analyzed initially. Fig. 1 illustrates the thermal
diffusivity T plotted over the temperature from 293 K to 1073 K of the initially amorphous
samples (run 1) and the partially crystallized sample (run 2). The thermal conductivity is shown
in Fig. 2 respectively. Additionally, the coefficients described by Lindwall [38] are depicted for
AMZ4 as a reference.

Values of the amorphous samples increase steadily starting from k4.9 k= 5.17 W/(mK)
and kfz*gl"é,ZfK: 5.7 W/(mK) until the temperature reaches 674 K. Here, the discontinuous rise of
the coefficient can be associated with the glass transition and crystallization of the samples. The
values roughly match T, of each respective material. During the second heating procedure, a
continuous progress of the thermal conductivity indicates the absence of a phase transition, thus
implying a crystallized sample. The distinct difference in the heat conductivity between the
amorphous and crystalline phase agrees with the result of Yamasaki et al. and originates from
the highly alloyed solid solution [39].
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Figure 1: Thermophysical properties: Thermal diffusivity of first and second heating cycle and
fit function. Left: AMZ4. Right: Vit101. Acc. to: [40]

In view of the large temperature dependence of the thermal conductivity, an iterative
solution of the Rosenthal equation based on temperature-dependent values is motivated. Thus,
fit functions are determined for both values. During the measurement by laser flash application,
the heating rate caused a crystallization of the samples, This crystallization process difters from
the fast heating and cooling rates experienced during PBF-LB/M processing, where such
crystallization is not expected to occur. Thus, the progression of the values for the transition of
amorphous materials to melt is considered. Based on the measured values for the amorphous
materials, the fit function should describe this material behavior. The resulting fit-functions are
depicted in Fig. 1 and 2 are given in Tab. 2.
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Figure 2: Thermal conductivity in dependence on the temperature, resulting from Laser Flash
measurements. Left: AMZ4. Right: Vit101. Acc. to: [40]

Finally, the absorption coefficient is required for the Rosenthal equation. The time-
temperature proceeding is obtained by thermocouples during the processing of a 10 mm disc in
three consecutive layers. Applying the procedure described above, the effective absorptivity
can be averaged to 0.32 for AMZ4 and Vitl01. However, it is important to note that the
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absorptivity may change based on the processing conditions and applied process parameters
[36].

Table 2: Fit functions and absorptivity for AMZ4 and Vit101 used in the following sections.

AMZ4 Vit101

Th. Diffusivity T 10.86446 — 8.43287 * 5.86571 — 4.10205 *
0.99915(T273.15) 2/ 0.99867(T—273.15) mm2/s

Th. Conductivity k | 50.10777 — 44.81787 * 372.23529 — 367.44763 *
0.99962(T~273.15) W/mK 0.99996(T~273.15) W/mK

Absorptivity a 0.32 0.32

Validation of iterative Rosenthal approach

Based on the previously described results for a, k and T, thermal profiles can be
calculated according to eq. 1. However, the conventional Rosenthal model assumes constant
thermophysical properties, which hypothetically decreases the prediction accuracy. Fig. 3
exemplarily depicts the x-y isothermal contour plots based on constant thermal diffusivity and
thermal conductivity taken at 293 K (LT) and 1073 K (HT). Naturally, the melt pool length and
the associated time-Temperature (t-T) curve are elongated assuming the thermophysical
properties at room temperature. Under the given conditions, the melt pool length is increased
by 19.9 % and the width of the HAZ where T, is exceeded by 22.4 %.
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Figure 3: Results of conventional Rosenthal model for AMZ4 with k and t taken at 293 K and
at 1073 K; at P=60 W and vg=1.4 m/s. Left: T-t diagram for z =0 um and z = 60 pm. Right: T-
field in the x-y plane. Acc. to [41]

The iterative Rosenthal prediction method is applied to evaluate the influence of T-
dependent variables on the prediction of thermal profiles. For this purpose, the determined fit
functions for k and t are inserted into the Rosenthal equation, which then is iterated. During the
first iteration step, a high variation of melt pool dimensions occurs. After 5 to 10 iterations, the
variation decreases, and after 15 iterations, the values can be assumed to maintain constant.

To validate the iterative Rosenthal prediction, single tracks were processed. The width
of the scan track is considered to indicate the width of the isothermal line where the first-order
phase transition from liquid to solid takes place — marked in Fig. 3 as T;. The width of the
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processed single tracks based on the applied line energy density is plotted together with the
predicted width in Fig. 4 for AMZ4.

It can be seen that the analytically calculated melt pool width correlates to the measured
scan track width. To determine the quality of the correlation, Fig. 5 displays the melt pool width
in dependence on the energy line density [eq. 5].

Track1-20W, 1.0 m/s

.y 2D =1133+ 11,6,

e ———— e ——  — W i =

temperature [K]

-300 -200 -100 0

X [pum]
Figure 4: Single tracks of AMZ4. Left: Experimentally determined dimensions. Right:
Analytically determined temperature fields. Top: P, =20 W, vg =1 m/s. Mid: 60 W, 0.6 m/s.
Bottom: 60 W, 1.6 m/s. [41]

% 0.5mm

For AMZA4 the analytically determined values coincide with the measurement data up to
a line energy density of 60 J/m. For higher energy input, a divergence of measured to calculated
values can be seen. The basis for the Rosenthal approach is the consideration of conduction and
diffusion as the main heat transfer mechanisms. This is assumed to be applicable for low energy
input. At higher energy levels, mechanisms of evaporation, convection and keyhole formation
can increasingly affect the heat flow and absorption. Thus, the deviation of measured to
calculated values at higher E; can be explained.

130 r T T r . : r —
120 |AMZ4 E 1801 \it101 /,’/ 7
gOpP=40W + 1 E 160} -
= P
= 100 | 0Lres=0'315 7 ‘E' /’/ é o
% 90 | ] g 140 I ’//% 1
2 80f © 1 2 120} ]
8 70} ] 8 + ¢
oy = 100} % 5 ]
5 80 1 @ K ¢ Rosenthal iterative
€ 50} - € 8ot © i
m  experimentally é = experimentally
40 ¢ Rosenthal iterative gokoY  |---- Rosenthal LT
30 1 1 1 L L 1 L L
20 40 60 80 50 100 150 200 250
line energy density E, [J/m] line energy density E, [J/m]

Figure 5: Experimentally and analytically determined scan track width. Left: AMZ4, P,=
const. Right: Vit101, varied P; and v. Acc. to [40]

To evaluate the influence of the process parameters on the thermal cycle, three different
manufacturing parameter sets for the glass-forming alloys AMZ4 and Vit101 are examined. The
conventional and the iterated approach are applied, and the results compared.
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Cooling rates and temperature profiles in single tracks

The iterative Rosenthal approach allows a prediction of temperature fields in the x-y
plane, which can be used to estimate the dimensions of the heat-affected zone (HAZ) implying
different mechanisms of affection. These are melting, heating above Tg, and heating below Tj.
Further, the heating and cooling rates within a single weld track can be calculated, which are
meaningful for the vitrification. Fig. 6 (left) shows the t-T diagram for AMZ4 during one
heating cycle. As shown in Fig. 6, the cooling time is t; amzs4 = 1.3 ms and corresponds to a
cooling rate of R = 4-10"5 K/s on the scan path at z= 0. This locates several magnitudes below
the nominal critical cooling rate of 5 — 40 K/s for AMZ4 [28]. For Vit101, similar values are
achieved.
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Figure 6: Left: t-T diagram for AMZ4 processed with 3 different parameter sets, comparing
conventional and iterated model. Right: t-T diagram for Vit101 processed at 100 W and 0.8 m/s,

atz=0 pm and z = 50pm (lower layer in AM).

To consider the effect of newly applied layers on the underlying material of the produced
part, the re-heating of material at different heights of z =0 pum and z = 50 um (50 pm below
the surface of the melt pool) is calculated and depicted in Fig. 6 (right) for Vit101. The iterated
approach presents that at z =50 pm the material is heated above Tg, but not molten. In this

region, the concept of the cooling rate R needs to be adjusted since the entailed t. describes the
cooling from the liquid state to the amorphous state. Instead, here the solid amorphous material
is heated to a certain temperature and then cooled again. To describe this, the retention time t;
is introduced as the time a certain point remains in the temperature regime between Ty and Tj:

tr=tr _glass_transit_up — tT_glass_transit_down Eq. 6

The highest retention time is expected to exceed the highest cooling time and thus t; p,«
depicts a critical value for the margin of vitrification to partial crystallization. For Vit101
processed at 100W and 0.8 m/s, t, = 0.86 ms. For a first estimation, concepts concerning critical
heating rates and their effect on vitrification issues are neglected here. If t, is inserted into eq.
3 in place of t, it corresponds to a cooling rate of R = 5.56 -10"5 K/s. This is 5 magnitudes
higher than the conservative Ry yit101 = 62 K/s. Accordingly, successful vitrification can be
expected. Crystallization theoretically should not occur within single lines, even in the critical
areas of the heat-affected zone.

To discuss the influence of powder instead of solid material surrounding the heat source,
the powder bed is approximated as solid with lower conductivity. In this case the thermal
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conductivity can be expected to be about two orders of magnitude lower for powder materials
compared to solid bulk material [42].

The resulting cooling time according to Fig. 7 at x, y, z= 0 is then t. = 25 ms, with a
resulting cooling rate: R= 520K / 0.025s = 20.8 -10"3K/s. The critical times of crystallization
determined by Yang et al. lie between 14.2 and 22.4 ms for increasing oxygen content [43].
Thus, it can be concluded that at higher layer thicknesses, unsupported areas or downskin
regions with an increasing ratio of powder to solid in the direct surroundings of the melt pool
in combination with high oxygen contamination of the powder feedstock, crystallization could
occur during PBF-LB/M manufacturing of AMZ4. Additionally, consecutive scan tracks within
the same layer could affect the cooling times drastically. Due to the complex
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Figure 7: Logarithmic t-T diagram of AMZ4 comparing the proceeding of the temperature for

powder and solid material, assuming k = 5.75 for solid material and k = 0.0575 for powder
material at 293 K (no iteration).

In theory, for single track manufacturing in PBF-LB/M no crystallization is expected
for AMZ4 and Vitl01. The calculated cooling rates exceed the critical values by several
magnitudes. In practice, partially crystallized samples were detected, which could be correlated
to an accumulation of heat by subsequent scan vectors in x-y- or in z-direction (following
layers). The pattern and sequence are part of the scan strategy, which can be customized. These

findings motivate the consideration of BMGs with lower GFA for PBF-LB/M, such as the novel
alloy TiGO Zr15 Cu1758 .

Transfer to feasibility of TigyZr;=Cu;-Sg

In this section, the Rosenthal equation is applied to estimate the processability of the
novel glass-forming alloy TigyZr;5Cuy,Sg. Therefore, by Laser Flash measurement of cast
material the thermal diffusivity and conductivity are determined in dependence on the
temperature, as depicted in Fig. 8 (left). The conductivity shows an almost linear increase with
rising temperature. The progression of the diffusivity shows a kink at a temperature of
approximately 675 K. In general, the values for the second measurement run are higher than
for the first run, which can be correlated to the effect of partial crystallization during the
measurement. In order to estimate the general feasibility of vitrification, the t-T progression is
calculated once at low temperature (295 K; 7,7=3.55 mm?/s; k; = 8.76 W/ m* K) and once at
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high temperature (1075 K; tyr= 5.27 mm?¥s; kyr= 18.77 W/ m- K). The absorptivity was
determined according to eq. 4 using cast material and is a = 0.31 for the chosen process
parameters of P= 70 W and vg= 1.0 m/s. The resulting t-T diagram is given in Fig. 8 (right).
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Figure 8: Left: Thermophysical properties T and k of TigqZ7;5Cuy,Sg. Right: t-T diagram
derived by Rosenthal equation of TigyZ1;5CU,,Sg at low (LT) and high (HT) temperature.

For TigZr;5Cuy,Sg the cooling time determined by Rosenthal is t.= 0.66 ms, resulting
in a cooling rate of R = 1.0 -10"6 K/s. For the chosen parameter set, both cooling rates are below
the critical cooling rate. The melt pool length is 2 times higher at low temperature. This
divergence leads to the assumption that for higher accuracy a fit function could be derived and
applied to iterate the Rosenthal equation, as shown above for AMZ4 and Vit101. Nevertheless,
this example shows, how the application of temperature-dependent thermal properties to the
Rosenthal equation can enable an estimation of vitrification possibilities for novel materials and
different processing parameters. Thus TigyZr;5Cu;,Sg can be considered for manufacturing of
BMGs via PBF-LB/M.

Conclusion

In this work, the thermophysical properties of AMZ4, Vit101 and Ti60S were measured
in dependence on the temperature. For AMZ4 and Vit101, fit functions were determined to
describe the thermal conductivity and the thermal diffusivity. The absorption was determined
for both materials by in-situ measurement. The resulting values were used to develop an
iterative Rosenthal approach, considering the T-dependence of thermal conductivity and
diffusivity. The approach was validated for line energy densities below 60 J/m (AMZ4) and
200 J/m (Vit101) and thus can be considered for future analytical applications. Divergence from
experimental results is found for higher energy input, which can be explained by an increasing
effect of keyhole mode and convection on the heat flow. The approach was then used to estimate
cooling rates during the manufacturing by PBF-LB/M of the glass-forming materials AMZ4
and Vit101. The t-T diagrams along the z-height suggest, that the interface between melt pool
and heat affected zone is most likely to experience a crystallization, since here the thermal cycle
is prolonged. Although the iteratively determined cooling rates exceeded the values according
to conventional Rosenthal approach, the nominal Ryt is met for all three alloys.

For the novel glass-forming alloy TiggZr;5Cuy7Sg, cooling rates and melt pool
dimensions were calculated via Rosenthal, considering temperature-dependent thermal
conductivity and diffusivity. The resulting cooling times match the allowance. Thus, this
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material class is expected to be a promising candidate for BMG processing via PBF-LB/M. The
influence of heat accumulation due to subsequent scan tracks and layers needs to be considered
in future experiments and simulations to ensure the vitrification on larger scales.

It is reported that single lines of all 3 investigated materials can be processed with cooling rates

high enough to enable vitrification. For AMZ4 the limits of processability are highlighted:
When heat accumulation (e.g., due to surrounding powder material) occurs combined with
higher oxygen contamination of the powder feedstock, the critical cooling times can be
exceeded, indicating a risk of partial crystallization.

The results can be summarized as:

1) Within single tracks, successful vitrification is theoretically expected.
2) High cooling rates should enable processing of BMGs with lower GFA.

3) Possible limitations for vitrification: Scan strategy, oxygen contamination in
powder feedstock, lack of heat transfer via solid / support.

Outlook

Further optimization steps for increased accuracy of the Rosenthal equation could be
performed. It can be suggested to investigate the influence of heat convection on the heat flow,
enabling the verified use of an analytical approach to estimate cooling rates and melt pool
dimensions at higher energy inputs. Further, material parameters such as Ty, Ty and Ry;; not
only depend on the temperature but also the cooling/heating rates, and therefore a time-
dependence could be considered. The quality of raw material also highly affects R,;; and could
be considered an important factor for quality control as well as for comparison on the side of
the limitations of processability.

Additionally, other analytical approaches could be of interest to evaluate and optimize
the predictions. Goldak developed an approach based on assuming an elliptical heat source in
welding, eliminating the issues concerning point heat sources in the Rosenthal equation [44].
This could be used for likewise simulation, verification, and improvement of existing models.
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Appendix

Table A-1: Machine and material data

Data for PBF-LB/M Vit101 AMZ4

Machine SLM 280 Eos M100

Spot size 80 um 40 um

P, <700 W <200 W

layer thickness 20 um 20 um

hatch 90 um

powder Argon atomized Produced by Heraeus
20-63 um particle size

Table A-2: Overview on depicted processing parameters chosen for calculations and

manufacturing of single tracks

Set Processing AMZ4 Vit101 TigoZry;5Cuq7Sg
Parameters
1 Vs 1.0 m/s 0.8 m/s 1.0 m/s
P, 20 W 100 W 70W
Layer thickness 20 um 20 um
2 Vs 0.6 m/s
P, 60 W
Layer thickness 20 um
3 Vg 1.6 m/s
P 60 W
Layer thickness 20 pm
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