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Additive manufacturing allows fabrication of custom-shaped thermoelectric

materials while minimizing waste, reducing processing steps, and maximizing

integration compared to conventional methods. Establishing the process-

structure-property relationship of laser additive manufactured thermoelectric

materials facilitates enhanced process control and thermoelectric

performance. This research focuses on laser processing of bismuth telluride

(Bi2Te3), a well-established thermoelectric material for low temperature

applications. Single melt tracks under various parameters (laser power, scan

speed and number of scans) were processed on Bi2Te3 powder compacts. A

detailed analysis of the transition in the melting mode, grain growth, balling

formation, and elemental composition is provided. Rapid melting and

solidification of Bi2Te3 resulted in fine-grained microstructure with

preferential grain growth along the direction of the temperature gradient.

Experimental results were corroborated with simulations for melt pool

dimensions as well as grain morphology transitions resulting from the

relationship between temperature gradient and solidification rate. Samples

processed at 25 W, 350 mm/s with 5 scans resulted in minimized balling and

porosity, along with columnar grains having a high density of dislocations.
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Introduction

Thermoelectric devices offer the potential for a silent, environmentally safe, scalable,

and low maintenance approach to thermal management and energy conversion.

Thermoelectric devices are solid-state, semiconductor devices that can create an

electric potential under the presence of a temperature difference, or vice versa, which

makes them a potential option for waste heat recovery in numerous applications in

aerospace (Junior et al., 2018), automotive (Yang and Stabler, 2009), wireless sensor

networks (Wang et al., 2013), and wearable devices (Leonov and Vullers, 2009). The

performance of thermoelectric materials is characterized by the dimensionless figure of

merit, ZT, which is defined as ZT = (S2σT/k), where S, σ, T and k denote Seebeck

coefficient, electrical conductivity, absolute temperature, and thermal conductivity,

respectively. An efficient thermoelectric material has a high ZT. Increasing ZT has
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been achieved via band engineering to enhance Seebeck

coefficient and hierarchical structuring to suppress thermal

conductivity by incorporating nano-precipitates, lattice

dislocations, point defects or nanostructured interfaces that

promote phonon scattering (Kim et al., 2013; Fu et al., 2017;

Masood et al., 2018; Zhou et al., 2021).

Another approach to improving thermoelectric device

performance is to design devices with minimal parasitic

thermal and electrical resistances. However, device design is

limited by the way thermoelectric devices are manufactured.

Moreover, common manufacturing techniques for

thermoelectric devices are laborious and result in considerable

waste. Traditional manufacturing techniques only allow planar

form factors, making it difficult to adopt custom geometries that

result in enhanced power output (Thimont and LeBlanc, 2019;

Du et al., 2020; Sisik and LeBlanc, 2020; Aljaghtham and Celik,

2021). There is a need for more versatile fabrication methods

with lower cost, higher output, and the capability to create

customized shapes. Additive manufacturing has emerged as a

technique that enables intricate and/or conformal geometries for

thermoelectric materials due to its freeform, layer-by-layer

fabrication approach that has the added benefit of minimizing

waste of expensive thermoelectric material (Mueller, 2012; Du

et al., 2020). Among additive manufacturing techniques, laser

powder bed fusion (LPBF, also known by the commercial name

selective laser melting) is an innovative technique where a

powder material is melted using a laser beam (Zhang et al., 2019).

The physics involved in LPBF, such as surface tension,

Marangoni flow, capillary forces, recoil pressure and wetting

behavior, are highly complex and dictate the melt pool and scan

track formation (Panwisawas et al., 2017). The process requires

contending with melt pool instabilities and residual stress

emanating from the interaction between the laser and material

(King et al., 2015). LPBF processed components possess a

microstructure with preferential grain growth aligned with the

temperature gradient (Zhang et al., 2019). The process

parameters such as scanning speed, scanning strategy and

laser power heavily influence the formation of the resultant

microstructure. Hence, it is important to understand the

process-structure relationship in LPBF processed components.

Previously, laser processing was successfully employed to

process thermoelectric materials. In 2015, El-Desouky et al.

(2015) achieved complete melting of Bi2Te3 using a Nd:YLF

pulsed laser. El-Desouky et al. (2017) then determined a process

window for Bi2Te3 where laser powers between 20 W and 25 W

melted the material almost completely with high phase purity.

Zhang et al. (2018) succeeded in the first characterization of a

bulk Bi2Te3 structure fabricated via laser processing where a peak

ZT of 0.11 at 50°C was reported. Laser processing of n-type

Bi2Te3 was subsequently investigated by Welch et al. (2020);

Welch et al. (2021) to reveal the resultant meso-, micro- and

nanostructures; high dislocation density and tellurium and

bismuth rich areas were reported. A comprehensive process

map for n-type Bi2Te2.7Se0.3 was communicated by Mao et al.

(2017) where energy densities were used to characterize the effect

of process parameters on stoichiometry. The main value

proposition of additive manufacturing of thermoelectric

materials is the ability to integrate thermoelectric materials

into systems to enable even minimal power generation or

thermal management functionality. Thus, enhancing ZT has

not always been the aim.

Although previous studies provided significant insight into laser

processed Bi2Te3, a much deeper understanding of the process-

microstructure relationship is needed to effectively utilize the process.

In this study, we determine a process window for undoped Bi2Te3
using a normalized enthalpy value instead of energy densities and

empirical methods to capture the transition in melting modes. The

changes in themicrostructure andmelt pool shape upon remelting as

well as the columnar to equiaxed transition in the grain morphology

are investigated. Finite element modeling of the temperature

gradients resulting from laser heating enabled predictions of melt

pool dimensions as well as the grain morphology transition

associated with the ratio of temperature gradient to solidification

rate. These predictions are compared quantitatively and qualitatively

to the experimental results.

Materials and methods

Laser processing and imaging of Bi2Te3
compacts

Melt tracks were processed on Bi2Te3 powder compacts using

a custom laser processing setup. The 99.99% pure undoped

Bi2Te3 powder from American Elements (CA, United States)

was compacted into 15 mm-wide disks using a Carver press

under a compression pressure of 300 MPa. The phase purity of

the Bi2Te3 powder was characterized using X-ray diffraction with

Cu Kα radiation (XRD, Bruker D8 Advance, Germany). Previous

work showed promising laser processing of this material (Zhang

et al., 2018). Scanning electron microscope (FEI Teneo LV SEM)

images of as-received Bi2Te3 powder and the cross-section of a

powder compact are shown in Figure 1. The compacted samples

exhibit a slightly porous structure with a relative density of 86%.

Single scan tracks were created on the compacted disks using a

custom LPBF setup (1,070 nm, 50 µm spot size, 100W YAG laser

with an F-theta lens from IPG Photonics, CA, United States) in a

chamber with high purity argon atmosphere at an oxygen level

of <0.01%, which was monitored using a sensor at the top of the

chamber. The laser raster was controlled using an integral

galvanometer scanner. Three unidirectional melt tracks spaced

5 mm apart and scanned 1, 3 and 5 times, respectively, were

made on each powder compact. Laser powers and scan speeds

varying between 20 and 35W and 250–400 mm/s were used

based on the optimum parameters from previous work (Zhang

et al., 2018). Laser processed compacts were subsequently imaged
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with an optical microscope (Leica DM 2700M RL) and polarizer for

top-view imaging of the scan tracks. Then, laser processed powder

compacts were sectioned in the middle, perpendicular to the laser

scanning direction, mounted in epoxymolds, and polished. The final

polishing stage was done using a 0.04 µm colloidal silica slurry (Allied

HighTech #180–25015). Polished cross sections were imaged with

scanning electron microscopy to observe porosity, melt pool

geometry, and thermal cracking. Electron backscatter diffraction

(EBSD) analysis enabled characterization of the grain orientation

in the melt pools. Energy dispersive spectroscopy (EDS) was

conducted to characterize the elemental composition of the laser

processed samples. A gallium sourced focused-ion beam and

scanning electron microscope (FEI Helios FIB SEM) was used to

lift-out lamellae from within the melt pool for transmission electron

microscopy (TEM) analysis. The TEM samples were 100–200 nm in

thickness and enabled nanostructure characterization of selected

Bi2Te3 melt tracks. In order to identify the change in

thermoelectric properties, 2 mm-thick rectangular prism shaped

bulk samples (15 × 5 mm) were fabricated under various process

parameters. The temperature-dependent Seebeck coefficient and

electrical conductivity of the bulk samples were characterized

using a commercial Linseis LSR-3 (Linseis Gmbh, Selb, Germany)

in a helium environment.

Simulation

In order to simulate the formation of a melt pool during the laser

melting process, the spatial and temporal temperature gradients were

modeled via COMSOL Multiphysics Software (Version 5.5). The

geometry was defined as a bulk, 3DBi2Te3 powder bedmounted on a

stainless-steel substrate. The symmetry of the problem allowed us to

limit modeling to half of the melt track domain, reducing the

computational resources required. The dimensions of the powder

bed were set to 1 × 0.4 × 0.25 mm as illustrated in Figure 2.Mesh size

was dependent on the proximity to the surface where the laser beam

is incident. The smallest mesh sizes were at the top surface with a

maximum element size of 12 µmwhereas the largest mesh sizes were

at the bottom with a maximum element size of 120 µm. In the

experiments, the powder compacts were mounted on a solid

substrate made of 304L stainless steel, so in the simulations the

same substratematerial was selected with the dimensions of 1 × 0.4 ×

0.20 mm in length, width, and height, respectively.

In the simulations, the heat in the melt pool is dissipated via

convection and radiation along the top surface and via conduction

into the powder bed. Melting and evaporation of the powder were

also incorporated in the model by averaging the evaporation

temperatures of Bi and Te due to the lack of an evaporation

temperature of Bi2Te3 in the literature. The melt pool formation

and temperature distribution were determined by energy

conservation as shown in Eq. 1 and consistent with prior laser

processing simulation work (Imani Shahabad et al., 2021; Wu et al.,

2021; Ansari and Salamci, 2022):

ρCp
zT
zt

� Aqlaser − (qcond + qrad + qconv) (1)

where T, ρ, Cp, A and k are the absolute temperature, density,

specific heat capacity at constant pressure, absorptivity, and

thermal conductivity, respectively. The heat terms on the

right-hand side correspond to the heat transferred to the

powder by the laser beam (qlaser), net conductive heat

dissipated from the melt pool into the surrounding powder

bed (qcond), convective heat loss (qconv), and radiative heat loss

(qrad). The conductive component was calculated using Fourier’s

law of heat conduction, given in Eq. 2:

qcond �  · (kT) (2)

The heat transferred by the laser, provided in Eq. 3, was

assumed to have a Gaussian distribution as previously used by

Rosenthal (Rosenthal, 1941):

qlaser �
P

2πσ2
exp ( − x2 + y2

2σ2
) (3)

FIGURE 1
Scanning electron micrographs of (A) as-received Bi2Te3 powder and (B) cross section of the compacted Bi2Te3 powder prior to laser
processing.
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FIGURE 2
Meshed Bi2Te3 geometry used in our simulations.

FIGURE 3
Schematic showing boundary conditions applied in the numerical model. The laser heat input and heat dissipation occurred at the top of the
Bi2Te3 powder bed whereas the bottom of the powder bed has an adiabatic boundary condition (q″ � 0). The initial condition assumes thermal
equilibrium with the ambient temperature (T0 = 300 K).
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where P and σ denote the laser power and laser beam radius

irradiated at the x and y coordinates, respectively. Certain effects

such as shadowing, multi-reflection and beam angle were

neglected (Leitz et al., 2017). The radiative component of heat

dissipation was simulated using the Stefan-Boltzmann law

provided in Eq. 4 where the terms ϵ, σ and T0 are the average

powder bed thermal emissivity (0.66), Stefan-Boltzmann

constant (5.67 × 10−8 W/m2K4) and the ambient temperature

(300 K), respectively:

qrad � σ(T4 − T0
4) (4)

The convective heat loss was captured using Eq. 5 where h is

the convective heat transfer coefficient. In this work, a constant h

value of 25 W/m2K was used to approximate natural convection

(Incropera et al., 1996).

qconv � h(T − T0) (5)

The melting and evaporative heat losses were modeled

using the apparent heat capacity method. It enabled the latent

heat of phase change during melting and evaporation to be

computed by modifying the heat capacity term instead of

adding a latent heat term in the energy balance (Multiphysics,

2012). An adiabatic boundary condition (q″ � 0) was applied

to the bottom surface, and the initial condition assumed the

domain was in thermal equilibrium with the ambient

temperature (T0 = 300 K). Thermal boundary conditions in

the simulations are summarized in Figure 3. The material

properties of Bi2Te3 powder bed used in our simulations are

given in Table 1.

The density of the Bi2Te3 powder bed was calculated using

Eq. 6:

ρ � ρbulk(1 −Φ) (6)

where ρ, ρbulk and Φ are the solid-state density of Bi2Te3, bulk

density of Bi2Te3 and powder bed porosity, respectively. The

temperature dependent thermal conductivity, density, and

specific heat data for 304L substrate were taken from (Kim,

1975; Ho and Chu, 1977).

Simulations were also used to capture the columnar to

equiaxed transition in the grains through computation of the

temperature gradients and solidification rates in the melt pool.

The temperature gradient, G, was calculated between two

isothermal lines of the melt pool as in Eq. 7 and represents

the magnitude of the temperature gradient vector:

G � ‖∇T‖ �

����������������������(zT
zx

)2

+ (zT
zy

)2

+ (zT
zz

)2

√√
(7)

The solidification rate, R, is the rate of advancement of the

solid-liquid interface, as defined in Eq. 8:

R � V cosα (8)

where V and α are the laser scan speed and the angle between the

scan direction and the solidification direction, respectively. As

such, the term cos α can be determined as in Eq. 9.

cos α � −zT
zx

‖∇T‖ (9)

Simulations were performed to model the melt pool

formation and compare the predicted melt pool geometry and

grain morphology to those observed in experimental samples as

described in the following section.

Results and discussion

Melted region morphology

This section discusses the morphology of the melted regions

and compares experimental results with simulation data for the

melt pool dimensions. Experimental and computational analyses

of the grain morphologies are provided, as well. To detect the

TABLE 1 Material properties of Bi2Te3 powder bed used in the simulations. Though not used in the article, the notations Tmelt, Tevaporation, Lmelt and
Levaporation were used in the FEM code, so they are provided here for clarity.

Material property Symbol Value References

Bulk density of Bi2Te3 ρbulk 7554 kg/ m3 Carter et al. (2019)

Powder bed porosity Φ 40% Kamath, (2016)

Thermal conductivity of Bi2Te3 k Temperature-dependent fit to References data Goldsmid, (1958); Fedorov and Kazandzhan, (1968)

Average powder bed thermal emissivity ϵ 0.66 Bowley et al. (1961)

Absorptivity of Bi2Te3 A 0.5 Sobolev et al. (1968)

Melting Point Tmelt 846 K Liu et al. (2013)

Evaporation Temperature Tevaporation 1000 K Barin et al. (2013)

Latent Heat of Melting Lmelt 1.51 x 105 J/kg Bolling, (1960)

Latent Heat of Evaporation Levaporation 6.34 x 105 J/kg Brooks, (1952); Cahill and Kirshenbaum, (1963)
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limits of balling in the single melt tracks, top-down optical

microscopy images of the melt tracks after single scanning

were taken, as shown in Figure 4. Between laser powers of

25—30 W and scan speeds of 300—350 mm/s, melt tracks

that were smooth, consistent, and continuous in appearance

with minimal balling were observed. A laser power of 35 W

resulted in balling at all scan speeds; balling was also prominent

for a slower scan speed of 250 mm/s at 25 W and 30 W. At lower

laser powers, the melt tracks had inconsistencies in width and

shrinkage-induced balling, likely due to the capillary instability

effect and reduced wetting (Li et al., 2012). In LPBF, balling is a

detrimental effect that occurs under select process parameters

such as low laser powers that result in low undercooling or high

scan speeds that trigger high capillary instabilities (Gu and Shen,

2009). Thus, selection of laser parameters that eliminate balling

in LPBF is important for fabrication of low porosity parts.

Additionally, oxidation throughout the process (Das, 2003),

such as trace oxygen trapped in the powder compacts during

compaction or residual oxygen in the build chamber, may

contribute to balling formation. Here, the processing was

performed under an oxygen concentration of less than 0.01%,

the threshold of the oxygen analyzer.

The single scanned melt tracks processed between 25—30 W

and 300—350 mm/s exhibited little balling. Since a rescanning

strategy can further reduce the balling by reducing the capillary

instabilities (Li et al., 2012), each melt track was rescanned under

the same corresponding process parameters. The optical

microscopy images of the melt tracks rescanned 5 times are

provided in Figure 5A where a substantial reduction in balling

was achieved in all samples after rescanning. While balling was

almost completely eliminated at 35 W, indentations in the melt

track were present. These indentations were likely created by

recoil pressure that caused outward flow and melt expulsion,

leading to larger melt tracks. However, this was mitigated at

moderate levels of laser power, 25 W and 30W, leading to more

stable melt tracks. Rapid, repeated melting and solidification

cycles resulted in needle-like microstructures at the surface of the

melt track as shown in Figures 5B–E. The formation of such

grains can be ascribed to the rapid cooling (Zhang et al., 2019).

Rescanning also resulted in increased residual stress cracking

seen in Figures 5C–E due to the brittle behavior of Bi2Te3 (Welch

et al., 2020).

The grain morphologies of the melt pool cross sections show

columnar grains oriented towards the melt centerline as seen in

Figure 6. The boundary of the melt pool was determined by

inspecting the interface between the melted region and the

surrounding powder compact using polarized light in an

optical microscope. In many cases, the boundary between the

melted material and surrounding powder material had trapped

pores that helped indicate the interface. As for the boundaries

FIGURE 4
Optical microscope images of the top surfaces of the single laser scan melt tracks on Bi2Te3 powder compacts for a range of incident laser
power and scan speeds.
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without significant numbers of trapped pores, the polarization

angle of the light was altered until the transitions from the

powder compact to oriented grains in the melted region were

evident; that transition was taken as the boundary of the melt

pool. Melt pool images also indicate a conduction to keyhole

mode transition with the higher laser power of 30 W and 3 scans.

In LPBF, when the energy transferred to the melt pool is

excessively high, a melt pool formation mode known as

FIGURE 5
(A) Optical microscope views of the top surfaces of the melt tracks scanned five times. Top views of the samples scanned five times at (B,C)
25 W, 350 mm/s, (D,E) 30 W, 300 mm/s.
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keyhole mode occurs where the melt pool penetrates deep into

the material, owing to the elevation of the melt pool temperatures

beyond the boiling point (Bertoli et al., 2017). On the other hand,

conduction mode processing is characterized by local melting

with insignificant vaporization and a smaller depth-to-width

ratio (Gomell et al., 2022).

Keyhole mode has detrimental effects on the melt pool due to

the intense recoil pressure (Le and Lo, 2019). Although numerous

studies focused on energy density as a metric to capture the

conduction to keyhole transition, energy density is a

thermodynamic quantity that neglects certain physics that drive

the melt pool formation such as surface tension and recoil forces.

Other metrics are able to capture the relevant physics and impact of

each process parameter. Eagar and Tsai claimed the maximum

temperature and melting mode of a material processed by a

Gaussian laser source are proportional to P/
��
V

√
and are more

strongly affected by the increase in the laser power rather than the

scan speed (Eagar and Tsai, 1983). This theory also explains the

higher prevalence of keyhole meltingmode when higher laser power

levels are used, as previously stated by Bertoli et al. (2017). In the

same work, Bertoli et al. (2017) also stated the dimensionless

normalized enthalpy follows a similar trend to that of P/
��
V

√
.

The normalized enthalpy is the ratio between the laser deposited

energy density and the melt enthalpy of the alloy; it is expressed as:

ΔH
hs

� AP

πhs
�����
Dνσ3

√ (10)

where A, P, D, ], σ, ΔH and hs are the absorptivity, laser power,

thermal diffusivity, laser scan speed, laser beam diameter,

deposited energy density, and the enthalpy at melting,

respectively. King et al. (2014) used the criterion in Eq. 11 to

capture the threshold for conduction-to-keyhole mode transition

for 316L stainless steel:

ΔH
hs

≥
πTb

Tm
(11)

where Tb and Tm are the boiling and melting points of the material,

respectively. We evaluated the normalized enthalpy for bismuth

telluride using property values taken from (Rammos, 2020). We

compare the variation of normalized enthalpy with another

dimensionless quantity of melt pool depth (d) normalized by laser

spot size (σ) as shown in Figure 7. An approximate transition in the

melting mode is evident around a normalized enthalpy of 5.3.

The simulation results for single melt tracks under various

laser power and scan speed were compared with the experimental

data. An example of the simulation results for the formation of a

melt pool is provided in Figure 8. The model neglected recoil

forces and Marangoni flow in the melted zone, which are the

main driving forces behind the instability of the melt flow. Thus,

the model was unable to capture the formation of porosity in and

around the melt pool.

The comparison of the simulation data with the experimental

results is provided in Figure 9. The simulation and experimental

results aligned closely, especially for higher scan speeds. At 25Wand

300 mm/s, the simulation predicted a deeper and narrower melt

pool than the experiments. This can be attributed to the lack of

Marangoni flow in the model, which prevented modeling of the

indentation due to the outward and downward liquid flow direction.

For the increased scan speed of 350 mm/s, the simulation yielded

even more accurate results due to the higher surface tension which

resulted in a reduction in the net force exerted on the melt pool. The

model was unable to capture the transition to the keyhole processing

FIGURE 6
Polarized light microscopy images of the melt pool cross sections showing columnar dendritic grains.
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regime at 30W and 300 mm/s. There are two probable reasons for

this. First, the recoil pressures that were neglected in the simulations

becamemore dominant over the surface tension, creating a high net

downward force. Second, multiple reflections of the laser beam

occurring within the powder dramatically enhanced the laser

absorptivity, which was constant in the simulations, resulting in

more efficient energy transfer into the melt pool (Zhao et al., 2020).

This discrepancy was reduced for 350 mm/s due to the transition

back to conduction mode in the experiments.

In LPBF built components, the microstructural feature

such as grain size, morphology, and orientation are governed

by temperature gradients and solidification rates. Per

solidification theory, the ratio of temperature gradient (G)

and solidification rate (R) is the cooling rate; cooling rate is the

primary parameter governing grain morphology (Olakanmi

et al., 2015; Yan et al., 2017). Higher cooling rates result in

columnar grains whereas lower cooling rates lead to equiaxed

grains (He et al., 2021). Thus, the columnar to equiaxed

transition in the microstructure of the sample scanned once

under 25 W and 350 mm/s was inferred from the simulation

and compared with the experimentally observed columnar to

equiaxed transition. From the simulation data, the

temperature gradient and solidification rate data were

collected from points that were 25 µm apart as shown in

Figure 10A. The points colored in purple exhibited

comparatively lower cooling rates (i.e., low G/R ratios) and

were observed at the center of the melt pool as shown in

Figure 10A. The simulations were used to predict the

columnar to equiaxed transition around this region. The

variation of G with R in each point was plotted in

Figure 10B. To mathematically determine the columnar to

equiaxed transition limit, the criterion from Kurz et al. (2001)

was used, which is given in Eq. 12:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Gn
/R<Cst, Equiaxed grains

Gn/R � Cst, Transition

Gn/R>Cst, ColumnarGrains

(12)

FIGURE 7
Melting regime transition between conduction and keyhole mode for LPBF processed Bi2Te3.

FIGURE 8
Typical visualization of the temperature gradients (and thus
indirectly the melt pool) in the simulations. In the instance shown,
process parameters were 25 W and 350 mm/s.

Frontiers in Electronic Materials frontiersin.org09

Oztan et al. 10.3389/femat.2022.1046694

https://www.frontiersin.org/journals/electronic-materials
https://www.frontiersin.org
https://doi.org/10.3389/femat.2022.1046694


where Cst is the limit where columnar to equiaxed transition

occurs, and n is the power index of the temperature gradient

function. By fitting the curve in Figure 10B, n and Cst have been

calculated as 6.97 and 4.48 × 103. In other words, the columnar to

equiaxed transition will occur when G/R0.143 exceeds 3.34.

The simulated columnar to equiaxed transition in Figure 10A

was compared with the experimental columnar to equiaxed

transition that was obtained using the EBSD map of the

sample processed at the same parameters (25 W and 350 mm/

s), as illustrated in Figure 10C. The experimental columnar to

FIGURE 9
Comparison of formation ofmelt pools shapes determined experimentally and computationally under various laser parameters with single scan
strategy. The dashed white lines show the edge of the melt pool as determined from cross-section images of the experimental samples shown in
Figure 6.

FIGURE 10
(A) The points where temperature gradientG and solidification rate R data were calculated. Computational columnar to equiaxed transition limit
occurs around the points colored in purple, (B) Computational G-R data, (C) EBSD image showing the computational columnar to equiaxed
transition limit for the sample used in simulations (25 W, 350 mm/s, single scan), (D) EBSD image of the same sample with 5 scans showing a larger
columnar to equiaxed transition region.
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equiaxed transition was identified around the center of the melt

pool, which is in good agreement with the simulations. The

grains outside of the experimental columnar to equiaxed

transition limit had predominantly columnar microstructure

with oriented along the temperature gradient. On the other

hand, Figure 10D displays the EBSD image with a

substantially larger equiaxed grain region for the same sample

scanned five times. From Figure 10D, it appears the rescanning

strategy reduces the grain size, resulting in an expansion of the

columnar to equiaxed transition region (Griffiths et al., 2018). In

bulk samples made via laser additive manufacturing, preferential

orientation could occur within grains because Bi2Te3 is a layered

compound (Qiu et al., 2019; Qiu et al., 2021). The main driving

forces for preferential orientation of grains in Bi2Te3 are high

stacking density, electric field, and thermal gradients (Tang et al.,

2022). Thus, any manufacturing method that induces thermal

gradients, such as LPBF, encourage preferential orientation in

Bi2Te3.

Nano-and micro-structure analysis

Since the optical microscopy analysis revealed that the

samples processed at the laser powers 25, 30 W and scan

speeds 300, 350 mm/s exhibited the most stable melt tracks

with minimal balling, SEM analysis was performed on these

samples. SEM images shown in Figure 11 suggest that both melt

pools obtained after a single scan had a depression formation,

which can be attributed to recoil pressures dominating over

surface tension. The recoil pressure exerted upon the molten

Bi2Te3 caused outward flow, followed by depression formation,

as previously explained by Khairallah et al. (2016). For the higher

laser power of 30 W, keyhole regime with enhanced laser

absorptivity was reached, and recoil pressures had a much

more pronounced effect on the melt pool (Zhao et al., 2020).

This caused the depression to be deeper than that seen for 25 W.

Keyhole-induced porosity previously occurred due to the

formation of local cold zones in the melt pool (Bayat et al.,

2019), and a re-melting strategy reduces the absorptivity of the

powder bed material and causes shallower melt pools (Griffiths

et al., 2018). Hence, rescanning in the keyhole regime may

worsen the porosity issue. Moreover, the low thermal

conductivity of Bi2Te3 exacerbates porosity formation when

rescanning is done in keyhole mode due to wider cold

zones. Thus, the melt pool scanned five times with 30 W and

300 mm/s exhibited the worst porosity. By contrast, SEM

images of the melt pools processed under 25 W and 350 mm/s

indicate that rescanning under conduction mode resulted in

less porosity and shallower melt pools. This can be attributed

to the gradual reduction of the recoil pressure, which is already

low compared to keyhole mode processing.

The energy dispersive spectroscopy (EDS) measurements in

atomic percentages taken from each point displayed in Figure 11

along with their ratios are summarized in Table 2. EDS

data suggest oxygen was present around the pores. The

oxygen could be present from formation of the powder

compacts (compacted in air due to the size of the compaction

press) or residual oxygen in the build chamber during processing.

During laser processing, this oxygen could get trapped

within pores. In the future, oxidation could be prevented by

keeping the powder in an inert gas environment at all times

and ensuring oxygen is completely evacuated from the

processing chamber. The varying ratios of Teat%/Biat% indicate

phase segregation in the processed samples, which agrees with

FIGURE 11
Scanning electron microscopy images of the melt pools scanned at each corresponding laser parameter set. Points marked on each figure
represent where energy dispersive spectroscopy analyses were performed and correspond to the rows of numerical EDS data in Table 2.
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earlier work (Wu et al., 2017; Welch et al., 2020). The sample

fabricated with 25 W, 350 mm/s and 5 rescans had Teat%/Biat%
ratios that were closest to 1.5, suggesting that this sample had the

most similar elemental composition to the original (before laser

processing) Bi2Te3 powder material.

Figure 12 displays TEM images of a lamella extracted from

a sample fabricated at 25 W, 350 mm/s and 5 rescans.

Figure 12A shows high grain density (5.08 × 1011 grains/m2)

due to rapid localized heating and cooling cycles during

laser processing, which is in good agreement with results

from other work on n-type Bi2Te3 (Welch et al., 2020). Such

interfaces are known to promote phonon scattering, thereby

reducing the thermal conductivity (Wan et al., 2012), so

LPBF may be a promising way to engineer low thermal

conductivity in thermoelectric materials. Figure 12B shows an

oxygen-rich region, suggesting the presence of bismuth

oxides due to the trace levels of oxygen retained in the build

chamber, within the powder compact, or on the powder.

Figure 12C displays a distortion in the crystal structures

by 59.46°, leading to a localized strain field which may

further contribute to phonon scattering (Yu et al., 2017).

Figure 12D validates the presence of the aforementioned

distortions, as well.

Conclusion

This work provides insight into the process-microstructure

relationship of laser processed undoped Bi2Te3 powder.

The morphologies of single melt tracks processed at various

TABLE 2 Variation of atomic percentage of oxygen, bismuth, and tellurium in the corresponding EDS data for points shown in Figure 11.

EDS point O Bi Te Teat%/Biat% Deviation from
stoichiometry (%)

1 39.31 17.03 43.66 2.56 71

2 1.27 34.38 64.35 1.87 25

3 30.09 22.72 47.19 2.08 38

4 33.79 19.05 47.16 2.48 65

5 13.37 34.13 52.50 1.54 2.5

6 23.31 29.13 47.56 1.63 8.8

7 7.55 9.94 82.51 8.30 450

8 6.56 16.14 77.30 4.79 220

9 3.75 15.96 80.29 5.03 240

10 39.34 28.28 32.38 1.15 −24

FIGURE 12
Transmission electron microscopy images of laser processed Bi2Te3: (A) High grain and dislocation density in the microstructure,
(B) Te-deficient region with bismuth oxide inclusion, (C–D) Difference in crystal orientations that can result in localized strain field.
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scan speed, laser power and number of scans were characterized

experimentally and computationally. The process window

with stable melt pools was between 25 and 30 W and

300–400 mm/s. Repeated scanning made the melt pool

shallower as surface tension became more dominant than

recoil forces. Since energy density is a thermodynamic

quantity that can merely capture the melting mode in melt

pools, an alternative analysis was used with normalized

enthalpy and melt pool depth, which showed that transition

occurs at a normalized enthalpy of 5.3. The SEM and TEM

analyses show the presence of oxides throughout the melt

pools, which inevitably occurred despite the minimized

oxygen level in the processing chamber. Simulations were

also used to capture the columnar to equiaxed grain

transition region by computing the temperature gradients and

solidification rates in the melt pool. The computational columnar

to equiaxed transition was close to the transition observed in

experimental samples using EBSD maps. The findings in this

research provide deeper understanding of the process-

microstructure relationship of laser processed thermoelectric

materials. Future efforts can be devoted to investigating the

process-structure-property relationship of these materials

through fabrication and thermoelectric characterization of

bulk samples, and this work can inform the burgeoning

interest in laser additive manufacturing of thermoelectric

materials.
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