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A novel mechanism to generate 
metallic single crystals
J. Pistor1,2* & C. Körner1,2

Generally, the evolution of metallic single crystals is based on crystal growth. The single crystal is 
either produced by growing a seed single crystal or by sophisticated grain selection processes followed 
by crystal growth. Here, we describe for the first time a fully new mechanism to generate single 
crystals based on thermo-mechanically induced texture formation during additive manufacturing. The 
single crystal develops due to two different mechanisms. The first step is a standard grain selection 
process due to directional solidification, leading to a pronounced fiber texture. The second and new 
mechanism bases on successive thermo-mechanically induced plastic deformations and texture 
formation in FCC crystals under compression. During this second step, the columnar grain structure 
transforms into a single crystal by rotation of individual grains. Thus, the single crystal forms step by 
step by merging the originally columnar grain structure. This novel, stress induced mechanism opens 
up completely new perspectives to fabricate single crystalline components and to accurately adjust 
the orientation according to the load.

Single crystals from alloys or semiconductors are normally produced by crystal growth, e.g. the Czochralski 
 method1, the Bridgman  method2,3 or zone  melting4 or by means of recrystallization as a consequence of abnormal 
grain  growth5. Single crystalline components made from nickelbase superalloys are used in the hottest sections 
of stationary gas turbines or aircraft  turbines6. Typically, these components develop in a Bridgman process where 
competitive grain selection during directional solidification and a geometric selection process (spiral selector) 
are combined to select one grain which eventually forms the  component7. The primary orientation along casting 
direction of this selected grain is close to 〈001〉 direction whereas the secondary orientation is undefined. Since 
an exact orientation in 〈001〉 direction is impossible, deviations of about 15° are typically accepted by  industry8,9. 
In addition, the dendritic solidification microstructure of these single crystals leads to inhomogeneities of the 
element distribution and solidification porosity on the scale of the primary dendrite spacing which is about 
several hundred  microns10–12. For some alloys, even extremely long annealing times do not lead to homogene-
ous element  distributions11.

In 2016 we were the first to demonstrate the single crystal formation by additive manufacturing (AM), using 
a conventional nickelbase  superalloy13. Due to the inherent high solidification velocities, combined with steep 
thermal gradients, the dendrite arm spacing is about two orders of magnitude smaller compared to the classical 
Bridgman  process14,15. As a result, these single crystals are homogenized within  minutes14 and also the solidifica-
tion porosity scales with the dendrite arm  spacing16.

These additively manufactured single crystals show an unprecedented level of homogeneity which cannot 
be reached with conventional methods and which leads to superior properties such as the high temperature 
 strength17, oxidation  resistance18, creep  strength17 or fatigue  life16.

Until now, the basic mechanism leading to the formation of a single crystal during additive manufactur-
ing was not clear. The goal of this paper is to elucidate the relevant mechanisms for single crystal formation in 
additive manufacturing. Based on this new insight, the potential of additive manufacturing to fabricate single 
crystalline components manifests.

The texture of additively manufactured single crystals
Normally, texture formation, as a consequence of a solidification process, is strongly correlated with the direc-
tion of the thermal gradient. The mechanism of texture formation is based on grain selection by overgrowing 
during non-equilibrium solidification. In cubic crystal structures, grains with the smallest deviation between 
their 〈001〉 orientations and the thermal gradient will overgrow less well oriented ones by forming secondary 
dendrite trunks perpendicular to the solidification  direction19–21. This strong [001] texture formation along the 
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solidification direction is exploited during directional solidification according to the Bridgman  process6. By 
applying an additional spiral grain selector, less well oriented grains will be blocked and ideally only one grain 
survives and forms a single  crystal7. Nevertheless, the primary orientation of these single crystals still shows some 
deviations from the [001] direction and the secondary orientation cannot be controlled at  all7.

The single crystals considered in this study emerge in a powder bed and electron beam based additive manu-
facturing process without using a single crystalline substrate material as seed. The additive build process starts on 
a poly crystalline substrate material. Directional solidification and grain selection processes lead very quickly to 
an initial columnar microstructure with pronounced [001] fiber texture along build direction BD (Z-direction). 
With proceeding build height, a single crystal emerges with defined primary (along build direction) as well as 
secondary dendritic orientation (in build plane, Y-direction), see Fig. 1.

A typical cuboid test specimen is displayed in Fig. 1a). Under standard building conditions with a trailing 
melt pool (i.e. the movement of the melt pool follows the movement of the beam) single crystals do not evolve. 
In a former study we have experimentally shown that one prerequisite for single crystal evolution is the pres-
ence of a persistent line shaped melt  pool22. The melt pool shape induced by the beam and its lateral velocity is 
indicated on the surface of the sample. In this case, the movement of the beam in X-direction is perpendicular 
to the movement of the melt pool in Y-direction.

To investigate the microstructure evolution, cross sections of the sample are prepared along the build direc-
tion according to the cutting plane in Fig. 1a) and EBSD measurements are performed in the center (Fig. 1b). A 
strong primary [001] orientation is observed, making the inverse pole figure (IPF) coloring along build direction 
(BD) appear red. At a building height of 15 mm, the deviation between the [001] direction and BD is about 1° 
or 2°, much less compared to cast single  crystals23. In addition, the secondary orientation shows a pronounced 
[110] texture along the melt direction, which makes the IPF Y maps appear green. It is important to notice that 
the [010] orientation of the dendrites is twisted by 45° with respect to the melt pool direction along Y-direction. 
This observation is fundamental and was first described by Ramsperger et al. in 2016, but could not be explained 
at that  time13. The already published approaches to explain single crystal development by a µ-helix selection 
process induced by the gradient of the temperature  field24 or by taking into account the shape of the melt  pool25 
are also not able to explain the experimental findings. The harsh solidification conditions lead to nearly cellular 
dendritic growth. Thus, excessive side branching during solidification cannot be observed in a sufficient amount 
for a grain selection mechanism based on overgrowing in additive manufacturing. Obviously, the underlying 
mechanism here is different from that during the Bridgman process.

The observation of the strong [110] texture along the melt direction is the key factor to reveal the working 
mechanism. This texture cannot be explained based on the classical grain selection process based on overgrowing 
under a directional thermal gradient. In contrast, from classical theory considering the thermal gradients, we 
would expect a clear [010] texture in the build plane as the gradient is aligned along the melt  direction26. Thus, 
some effect is yet missing to explain our experimental findings.

Generally, texture not only develops by grain selection but also by plastic deformation e.g. in a rolling 
 process27,28. During additive manufacturing extremely high stresses are induced by the local energy input, leading 

Figure 1.  Texture evolution of AM single crystals. (a) Schematic of a test specimen. (b) EBSD grain structure 
analysis. The AM single crystals emerge from an initial columnar grain structure with distinct [001] texture 
along build direction Z (red) and [110] texture along melt direction Y (green).
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to plastic deformation. In the following, we will show that these stresses and the inherent strains are the origin 
of the development of AM single crystals with nearly perfect orientation.

In order to elucidate the mechanism for the formation of the [110] texture we performed a fundamental yet 
simple experiment where we used a single crystalline substrate material (CMSX-4) closely oriented with [010] 
along melt direction, see Fig. 2. Starting with a single crystal, epitaxial growth with [010] secondary orientation 
was expected. However, with increasing height the secondary orientation changes gradually from [010] to [110]. 
After 10–15 mm a newly selected additively manufactured single crystal with homogeneous [110] secondary 
orientation is formed. That is, even if a defined orientation is induced through the start plate material, the grain 
structure will eventually end up as [110] according to the applied scanning strategy. In order to reveal the reason 
for this behavior we investigated in more detail the grain structure and noticed that the orientation of individual 
grains is not constant but changes with building height. For the IPF-Y orientation, we observed a gradual color 
change within the columnar grains from red [010] towards green [110] whereas the IPF-BD orientation remains 
constant and close to [001]. That is, the grains are continuously twisted around the BD-axis until they reach 
the [110] direction after 10–15 mm. Figure 2 demonstrates this effect by considering a distinct grain, identified 
according to a 10° misorientation criterion, initiating in the close to [010] oriented SX substrate and ending in 
the [110] AM single crystal. This twisting effect is obvious in the IPF-Y maps as well as in the respective pole fig-
ures at positions (a)–(c) and ends when the [110] orientation is reached. During this process, the misorientation 
between the present columnar grains reduces continuously and the high angle grain boundaries transform into 
small angle grain boundaries (misorientation < 10°–13°8,9) and eventually vanish more and more with increasing 
build height. Nevertheless, the initial columnar grain structure is often still visible as sub grain structure in the 
AM SX  material23. In contrast to casted single crystals that develop by the selection and growth of one grain, AM 
single crystals develop by a two-step process, namely through development of a fiber texture by grain selection 
coupled with some mechanism to merge these columnar grains into a single crystal.

Figure 2.  AM SX cylindrical build up on cast CMSX-4 SX substrate with different secondary orientation (left). 
Initial epitaxial columnar growth with the [100] substrate secondary orientation can be observed in the AM SX 
(middle). However, after a few millimeters the [110] orientation emerges more distinctly, until a newly [110] 
single crystal is formed after around 10–15 mm. All the grains show a gradual change of color in the IPF-Y maps 
towards [110]. One grain (right) was detected that is originated in the [100] substrate and ends in the [110] 
AM SX whereas it presents a continuous twist while being completely visible in the cutting plane. All columnar 
grains will homogeneously deform towards [110] and merge into a single crystal. The pole figures represent the 
texture in the three positions: Substrate epitaxy (a)), secondary selection (b)) and AM SX (c)).
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A thermo-mechanical approach to texture formation
In order to understand the origin of the observed grain twisting, resulting in single crystal formation, it is 
instructive to consider the well-known behavior of face centered cubic (FCC) crystals under compression or 
tension load, see Fig. 3. Plastic deformation is mainly accomplished by glide processes on the 12 glide systems 
〈110〉 {111} according to Schmid’s law, once the resolved shear stress τC exceeds a specific critical value for the 
individual glide  system29.

where σX is the normal stress,  λ describes the angle between σX and the glide direction s and φ is the angle 
between σX and the glide plane normal n. During loading, the crystal rotates and aligns its 〈211〉 direction in 
tensile  loads27,28,30 and the 〈110〉 direction under compressive  loads27,28 along the load axis according to the 
schematics in Fig. 3a,b. That is, under compression deformation, FCC crystals will align their 〈110〉 direction in 
load direction. If this mechanism is responsible for the experimental observation, strong anisotropic compres-
sion stresses inducing plastic deformation have to be present during AM. In addition, these compressive stresses 
inducing plastic deformation have to be parallel or perpendicular to the beam velocity. That is, we have to analyze 
the stress and strain fields during the building process.

From experimental observation, we know that only specific process parameter combinations lead to single 
 crystals22. In contrast to classical AM process parameters where the melt pool follows the beam (trailing melt 
pool), SX parameters are characterized by persistent, line-shaped melt  pools22. The extension of these melt pools 
is parallel, the movement perpendicular (red arrow in Fig. 1a)) to the beam velocity, i.e. the scanning direction 
X. In addition, the longitudinal extension (X-direction) of the melt pool has to be much larger than the lateral 
one (Y-direction). This experimental observation is important since it already gives some hint that a symmetry 
breaking energy deposition is the key to fabricate single crystals. Anisotropic temperature fields will also lead 
to anisotropic stress states. Do these stress fields also generate the compressive stresses and plastic deformations 
necessary for the formation of the texture?

In order to investigate the thermal induced stress and strain fields during melting and solidification with a 
persistent melt pool we performed a finite element simulation with the SX parameter set and sample geometry 
from Fig. 1. The temporal evolution of the temperature, stress and plastic strain fields in lateral direction and 
scanning direction are depicted in Fig. 4. Generally, the stress and strain fields are highly anisotropic. The abso-
lute values are much higher in longitudinal X-direction compared to the lateral Y-direction, the stresses and 
strains along build direction (Z) are much lower and not depicted in Fig. 4. A compression stress field in the 
neighborhood of the melt pool is present as a consequence of the temperature field during the melting process. 
These stresses partly relieve by plastic deformation, resulting in negative and strongly anisotropic plastic strains 
near the surface, whereas tension stresses develop near the surface as result of this plastic deformation. Plastic 
deformation is mainly in the X-direction, i.e. the direction of the movement of the beam. In fact, the simulation 
predicts an anisotropic plastic deformation of the material under compression stresses as consequence of the 
induced thermal stresses. According to texture formation of FCC crystals under compressive loads, the FCC 
crystal structure is expected to develop a distinct [110] texture in the longitudinal X-direction. For grain rota-
tion in the build plane (X–Y-plane), only four out of twelve glide systems of the FCC structure are considered 
relevant, which do not have a glide direction along [001]. When the secondary grain orientation is in [100] 
direction with respect to the scanning direction (i.e. the main direction of the compressive loads) all four glide 
systems are active as they present a Schmid factor of 0.408. The plastic deformations will lead to a rotation of 
the crystal lattice towards [110]. Once this orientation is reached all four glide systems are deactivated as their 
Schmid factor approaches zero and eventually a homogeneous [110] texture is formed. Hence, plastic deforma-
tion in the build plane (i.e. secondary orientation) can now only occur, if the stress field is oriented in a different 
way (i.e. by a change in scanning strategy).  Due to symmetry considerations, the scanning direction is rotated 
by 90° in each layer, the simulation predicts exactly the texture evolution we have found during SX fabrication. 
The formation of the secondary orientation is based on a rotation around the primary [001] orientation (which 
is given by the thermal gradient) in the build layer and thus in accordance with the experimental observation 
of the grain twist in Fig. 2.

τC = ±σX cos � cosφ

Figure 3.  Schematic drawing of the texture formation in FCC crystals under tension (a) and compression (b) 
that leads to distinct rotation towards 〈211〉 under tension and to 〈110〉 under  compression27,28,30.
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It is important to notice that the pronounced formation of the [110] texture along the scanning direction does 
not require a scan rotation at all. Experiments show that SXs appear at 180° change in each layer or 90° change 
in each layer. Nevertheless, the primary [001] texture in build direction depends on the scanning strategy. Only 
symmetric strategies result in a perfect [001] orientation in build direction, even sharper as expected solely 
due to effects of the thermal gradient and the correlated grain selection process. If the symmetry is broken, e.g. 
by only hatching in one direction, the related stresses lead to a deviation from this direction and the primary 
orientation [001] cannot be maintained. Furthermore, if the scan direction for subsequent layers changes by an 
angle between 0° and 90°, no SX develops as the secondary orientation [110] cannot be adjusted homogene-
ously throughout the build. Again, this demonstrates the role of the stress induced plastic deformation and the 
importance of symmetry to end up with perfectly oriented single crystals.

The mechanisms of single crystal formation
The presented results reveal a completely new mechanism for the fabrication of single crystals with unrivalled 
homogeneity and precision of orientation during additive manufacturing. The single crystal develops by a com-
bination of grain selection and a thermo-mechanical induced merging of individual grains, see Fig. 5. The 
initial equiaxed and columnar grain structure undergoes a fast grain selection process based on competitive 
grain growth according to the steepest thermal gradient within the first layers, leading to a pronounced [001] 
fiber texture after about 500 µm along build direction. The resulting columnar grain structure presents a well-
defined primary as well as an arbitrary secondary orientation with high angle grain boundaries (GB) between 
the individual columnar grains. Strong anisotropic stress fields induced by line shaped persistent melt pools 
progressively deform individual grains through twisting within the build plane towards the [110] secondary 
orientation along the Y direction. This progressive plastic deformation is visualized by the continuous orienta-
tion change of individual grains as a function of the build height.

Since the symmetry of the stress fields in single layers does not perfectly match the crystal symmetry, a scan 
rotation is necessary to achieve and maintain the single crystal. The layer wise scan rotation and the correspond-
ing temperature and stress fields have to match the crystal symmetry (i.e. multiples of 90° for cubic). The forma-
tion of a single crystal is disrupted if the secondary selection is hindered by a scan rotation that is not compatible 
with the crystal symmetry (e.g. 67.5° for cubic) or once the primary selection is negatively influenced when the 
stress field is not compensated through a sufficient scan rotation (e.g. 0° rotation).

As the thermal stress field is active throughout the complete build in every single layer, the quality of AM 
single crystals with respect to misorientations between dendrites (mosaicity) is improving with build height. 
This is in contrast to the casting process where the grain selection is only done in the very beginning and the 
mosaicity is getting worse with progressing  solidification31.

Moreover, with inducing a defined change in the thermal stress field after the successful formation of the 
single crystal, the single crystal can be deformed without forming high angle grain boundaries. The possibility 
to adjust both primary as well as secondary orientation according to the part geometry and also the controlled 
deformation of a single crystal may lead the way to a new generation of single crystal superalloys processed by 
additive manufacturing.

Figure 4.  Finite element simulation of the temperature field and emerging thermal stresses by melting with a 
persistent melt pool leading to the SX structures in Fig. 1. A distinct and highly anisotropic compressive stress 
field is generated underneath the melt pool during melting. A spatial tensile stress field is generated near the 
surface with progressing melting. Anisotropic plastic deformation occurs mainly in scanning direction (X) 
according to the induced thermal compressive stresses.
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Methods
Additive manufacturing process. The spherical metal powder for the electron beam based powder bed 
fusion (PBF-EB) process was EIGA (Electrode Induction-melting Gas Atomization) atomized (Eckart TLS 
GmbH, Bitterfeld-Wolfen, Germany) using CMSX-4 master melt rods (Cannon Muskegon corporation, Musk-
egon, MI, USA). The powder fraction 45–105 µm was used for the experiments. The samples were fabricated on 
an Arcam A2 PBF-EB system (Arcam AB, Mölndal, Sweden) operating under Arcam EBM Control 5.2 Software 
at a build temperature of 1030 °C. 15 × 15  mm2 cuboids as well as 12 mm cylindrical samples were fabricated. 
A beam power of 360 W/300 W with a line offset of 150 µm/100 µm for block/cylinder geometry was used. 
The layer thickness was 50 µm. A standard Arcam cross snake hatching was applied and the scan pattern was 
rotated by 90° after each layer. For more information about the PBF-EB SX processing the reader is referred to 
the already published studies in this  field13,22.

Microstructural characterization. The samples were prepared for the microstructural investigations by 
means of a standard metallographic procedure consisting of cutting along the build direction (Brillant 220—
ATM Qness GmbH, Mammelzen, Germany) and grinding with SiC paper down to 2500 as well as subsequent 
polishing (LaboPol-21—Struers GmbH, Willich, Germany) with 40 nm colloid  SiO2 suspension. The texture of 
the samples was investigated by means of EBSD (Electron backscatter diffraction) technique using a Nordlys-
Nano detector (Oxford Instruments PLC, Abingdon, UK) operating in a Helios Nanolab DualBeam 600i FIB/
REM (FEI Company, Hillsboro, OR, USA). An acceleration voltage of 25 kV as well as a beam current of 2.7 nA 
and a EBSD spot size of 5 µm under a specimen tilt angle of 70° was used. The IPF maps were generated using 
the software HKL Chanel 5. The open source Matlab toolbox MTEX 5.1.1 was used for the generation of the 
pole figures.

Figure 5.  Schematic drawing of the two mechanisms leading to a single crystal in additive manufacturing. 
The thermal gradient based grain selection mechanism leads to competitive grain growth and a strong [001] 
texture along the build direction (BD). The thermal stress induced plastic deformation leads to the secondary 
orientation [110], the grains get twisted and high angle grain boundaries disappear as the grains merge together.
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Finite element simulation. A sequentially coupled thermo-mechanical finite element simulation was 
performed in Abaqus CAE 2018 (Dassault Systèmes Simulia Corp., Vélizy-Villacoublay, France) to investigate 
the emerging thermal stresses as a results of the induced temperature field. The beam path according to a stand-
ard snake like hatching for the calculation of the temperature field was implemented using a user subroutine of 
the Type DFLUX formulated in Fortran programming language. Here, the electron beam energy is incorporated 
as a standard Gaussian beam profile I(xyz,t) with a beam diameter σ of 400 µm as a function of time t and beam 
location  xB,  yB and mesh size in Z-direction  ZMesh. The beam power P multiplied with the beam efficiency η is 
adapted according to the respective process parameters.

A temperature independent specific heat capacity  cp of 705.1 J/gK as well as a latent heat ΔHfus of 259.3 J/g was 
 used32. The surrounding powder bed was implemented with a temperature independent density of 4900 kg/m3 
according to the measurements of the powder tap density of 56% and the density of the bulk CMSX-4 Material 
of 8700 kg/m3. The build temperature was 1050 °C. The parameters for the subsequent calculation of the thermal 
stresses were chosen temperature dependent according to Table 1. The model assumes an isotropic, homogene-
ous material. The plastic deformation is calculated according to a yield criterion based on the von Mises stress.

Received: 21 October 2021; Accepted: 8 December 2021

References
 1. Czochralski, J. Ein neues Verfahren zur Messung der Kristallisationsgeschwindigkeit der Metalle. Z. Phys. Chem. 92U, 219–221. 

https:// doi. org/ 10. 1515/ zpch- 1918- 9212 (1918).
 2. Bridgman, P. W. Certain physical properties of single crystals of tungsten, antimony, bismuth, tellurium, cadmium, zinc, and tin. 

Proc. Am. Acad. Arts Sci. 60, 305. https:// doi. org/ 10. 2307/ 25130 058 (1925).
 3. Stockbarger, D. C. The production of large single crystals of lithium fluoride. Rev. Sci. Instrum. 7, 133–136. https:// doi. org/ 10. 

1063/1. 17520 94 (1936).
 4. Pfann, W. G. Temperature gradient zone melting. JOM 7, 961–964. https:// doi. org/ 10. 1007/ BF033 77594 (1955).
 5. Kusama, T. et al. Ultra-large single crystals by abnormal grain growth. Nat. Commun. 8, 354. https:// doi. org/ 10. 1038/ s41467- 017- 

00383-0 (2017).
 6. Reed, R. C. The Superalloys (Cambridge University Press, 2006).
 7. Dai, H. J., D’Souza, N. & Dong, H. B. Grain selection in spiral selectors during investment casting of single-crystal turbine blades. 

Part I. Experimental investigation. Metall. Mater. Trans. A 42, 3430–3438. https:// doi. org/ 10. 1007/ s11661- 011- 0760-6 (2011).
 8. Chauvet, E. et al. Hot cracking mechanism affecting a non-weldable Ni-based superalloy produced by selective electron beam 

melting. Acta Mater. 142, 82–94. https:// doi. org/ 10. 1016/j. actam at. 2017. 09. 047 (2018).
 9. Li, Y., Chen, K. & Tamura, N. Mechanism of heat affected zone cracking in Ni-based superalloy DZ125L fabricated by laser 3D 

printing technique. Mater. Des. 150, 171–181. https:// doi. org/ 10. 1016/j. matdes. 2018. 04. 032 (2018).
 10. Lamm, M. & Singer, R. F. The effect of casting conditions on the high-cycle fatigue properties of the single-crystal nickel-base 

superalloy PWA 1483. Metall. Mater. Trans. A 38, 1177–1183. https:// doi. org/ 10. 1007/ s11661- 007- 9188-4 (2007).
 11. Parsa, A. B. et al. Advanced scale bridging microstructure analysis of single crystal Ni-base superalloys. Adv. Eng. Mater. 17, 

216–230. https:// doi. org/ 10. 1002/ adem. 20140 0136 (2015).
 12. Pollock, T. M. & Tin, S. Nickel-based superalloys for advanced turbine engines: Chemistry, microstructure and properties. J. 

Propuls. Power 22, 361–374. https:// doi. org/ 10. 2514/1. 18239 (2006).
 13. Ramsperger, M. & Körner, C. Selective electron beam melting of the single crystalline nickel-base superalloy CMSX-4®: From 

columnar grains to a single crystal. In Superalloys 2016 Vol. 214 (eds Hardy, M. et al.) 341–349 (Wiley, Hoboken, 2016).
 14. Ramsperger, M. et al. Solution heat treatment of the single crystal nickel-base superalloy CMSX-4 fabricated by selective electron 

beam melting. Adv. Eng. Mater. 17, 1486–1493. https:// doi. org/ 10. 1002/ adem. 20150 0037 (2015).
 15. Pistor, J. & Körner, C. Formation of topologically closed packed phases within CMSX-4 single crystals produced by additive 

manufacturing. Mater. Lett. X 1, 100003. https:// doi. org/ 10. 1016/j. mlblux. 2019. 100003 (2019).
 16. Meid, C. et al. Effect of heat treatment on the high temperature fatigue life of single crystalline nickel base superalloy additively 

manufactured by means of selective electron beam melting. Scr. Mater. 168, 124–128. https:// doi. org/ 10. 1016/j. scrip tamat. 2019. 
05. 002 (2019).

 17. Körner, C. et al. Microstructure and mechanical properties of CMSX-4 single crystals prepared by additive manufacturing. Metall. 
Mater. Trans. A 9, 297. https:// doi. org/ 10. 1007/ s11661- 018- 4762-5 (2018).

I
(

xyz, t
)

=
Pη

2πσ2
exp

(

−
(x − xB(t))

2
+ (y − yB(t))

2

2σ2

)

∗
1

ZMesh

Table 1.  Temperature dependent properties used for the finite element calculation of the thermal stress field.

Temperature Density
Young’s 
modulus Poisson’s ratio

Thermal 
expansion

Yield stress e pl 
0.2%

Yield stress e pl 
1.5%

Thermal 
conductivity

Refs. 32 33–35 35 36,39 17,37,38 17,37,38 32

°C kg/m3 GPa – K−1 MPa MPa W/mK

1000 8251 82.7 0.42 2.01E−05 448 550 22.3

1100 8206 75.1 0.43 2.10E−05 170 210 23.9

1200 8161 67.6 0.44 2.18E−05 44 44 25.8

1300 8116 60.1 0.45 2.27E−05 44 44 27.2

1320 8107 58.6 0.452 1.95E−05 44 44 27.2

1380 7754 54.0 0.458 1.86E−05 5 5 35

2000 7754 54.0 0.458 1.29E−05 5 5 35

https://doi.org/10.1515/zpch-1918-9212
https://doi.org/10.2307/25130058
https://doi.org/10.1063/1.1752094
https://doi.org/10.1063/1.1752094
https://doi.org/10.1007/BF03377594
https://doi.org/10.1038/s41467-017-00383-0
https://doi.org/10.1038/s41467-017-00383-0
https://doi.org/10.1007/s11661-011-0760-6
https://doi.org/10.1016/j.actamat.2017.09.047
https://doi.org/10.1016/j.matdes.2018.04.032
https://doi.org/10.1007/s11661-007-9188-4
https://doi.org/10.1002/adem.201400136
https://doi.org/10.2514/1.18239
https://doi.org/10.1002/adem.201500037
https://doi.org/10.1016/j.mlblux.2019.100003
https://doi.org/10.1016/j.scriptamat.2019.05.002
https://doi.org/10.1016/j.scriptamat.2019.05.002
https://doi.org/10.1007/s11661-018-4762-5


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:24482  | https://doi.org/10.1038/s41598-021-04235-2

www.nature.com/scientificreports/

 18. Pistor, J., Hagen, S. P., Virtanen, S. & Körner, C. Influence of the microstructural homogeneity on the high-temperature oxidation 
behavior of a single crystalline Ni-base superalloy. Scr. Mater. 207, 114301. https:// doi. org/ 10. 1016/j. scrip tamat. 2021. 114301 (2022).

 19. Kurz, W. & Fisher, D. J. Fundamentals of Solidification 4th edn. (Trans Tech Publications, 1998).
 20. Chalmers, B. Principles of Solidification (Wiley, 1967).
 21. Gandin, C.-A., Rappaz, M. & Tintillier, R. 3-Dimensional simulation of the grain formation in investment castings. Metall. Mater. 

Trans. A 25, 629–635. https:// doi. org/ 10. 1007/ BF026 51604 (1994).
 22. Pistor, J., Breuning, C. & Körner, C. A single crystal process window for electron beam powder bed fusion additive manufacturing 

of a CMSX-4 type Ni-based superalloy. Materials 14, 3785. https:// doi. org/ 10. 3390/ ma141 43785 (2021).
 23. Thome, P., Medghalchi, S., Frenzel, J., Schreuer, J. & Eggeler, G. Ni-base superalloy single crystal (SX) mosaicity characterized by 

the rotation vector base line electron back scatter diffraction (RVB-EBSD) method. Ultramicroscopy 206, 112817. https:// doi. org/ 
10. 1016/j. ultra mic. 2019. 112817 (2019).

 24. Gotterbarm, M. R., Rausch, A. M. & Körner, C. Fabrication of single crystals through a µ-helix grain selection process during 
electron beam metal additive manufacturing. Metals 10, 313. https:// doi. org/ 10. 3390/ met10 030313 (2020).

 25. Fernandez-Zelaia, P., Kirka, M. M., Rossy, A. M., Lee, Y. & Dryepondt, S. N. Nickel-based superalloy single crystals fabricated via 
electron beam melting. Acta Mater. 216, 117133. https:// doi. org/ 10. 1016/j. actam at. 2021. 117133 (2021).

 26. Helmer, H., Bauereiß, A., Singer, R. F. & Körner, C. Grain structure evolution in Inconel 718 during selective electron beam melt-
ing. Mater. Sci. Eng. A 668, 180–187. https:// doi. org/ 10. 1016/j. msea. 2016. 05. 046 (2016).

 27. Khan, A. S. & Huang, S. Continuum Theory of Plasticity (Wiley, 1995).
 28. Hosford, W. F. Mechanical Behavior of Materials (Cambridge University Press, 2009).
 29. Schmid, E. & Boas, W. Plasticity of crystals. J. R. Aeronaut. Soc. 54, 718–719. https:// doi. org/ 10. 1017/ S0368 39310 01162 19 (1950).
 30. Taylor, G. I. & Elam, C. F. The plastic extension and fracture of aluminium crystals. Proc. R. Soc. Lond. A 108, 28–51. https:// doi. 

org/ 10. 1098/ rspa. 1925. 0057 (1925).
 31. Hallensleben, P. et al. On the evolution of cast microstructures during processing of single crystal Ni-base superalloys using a 

Bridgman seed technique. Mater. Des. 128, 98–111. https:// doi. org/ 10. 1016/j. matdes. 2017. 05. 001 (2017).
 32. Mills, K. C. Recommended Values of Thermophysical Properties for Selected Commercial Alloys (Woodhead, 2002).
 33. Demtröder, K., Eggeler, G. & Schreuer, J. Influence of microstructure on macroscopic elastic properties and thermal expansion of 

nickel-base superalloys ERBO/1 and LEK94. Mat.-wiss. u. Werkstofftech. 46, 563–576. https:// doi. org/ 10. 1002/ mawe. 20150 0406 
(2015).

 34. Zhonglin, L., Dandan, Z., Xianglin, S., Qingyan, X. & Baicheng, L. Role of as-cast dendritic microstructure in recrystallization of 
a Ni-based single crystal superalloy. J. Alloys Compd. 660, 115–124. https:// doi. org/ 10. 1016/j. jallc om. 2015. 11. 072 (2016).

 35. Siebörger, D., Knake, H. & Glatzel, U. Temperature dependence of the elastic moduli of the nickel-base superalloy CMSX-4 and 
its isolated phases. Mater. Sci. Eng. A 298, 26–33. https:// doi. org/ 10. 1016/ S0921- 5093(00) 01318-6 (2001).

 36. Grose, D. A. & Ansell, G. S. The influence of coherency strain on the elevated temperature tensile behavior of Ni-15Cr-AI-Ti-Mo 
alloys. MTA 12, 1631–1645. https:// doi. org/ 10. 1007/ BF026 43569 (1981).

 37. Cox, D. C., Roebuck, B., Rae, C. M. F. & Reed, R. C. Recrystallisation of single crystal superalloy CMSX–4. Mater. Sci. Technol. 19, 
440–446. https:// doi. org/ 10. 1179/ 02670 83032 25010 731 (2013).

 38. Panwisawas, C. et al. Prediction of recrystallization in investment cast single-crystal superalloys. Acta Mater. 61, 51–66. https:// 
doi. org/ 10. 1016/j. actam at. 2012. 09. 013 (2013).

 39. Dye, D., Conlon, K. T., Lee, P. D., Rogge, R. B. & Reed, R. C. Welding of Single Crystal Superalloy CMSX-4: Experiments and 
Modeling. In Superalloys 2004, 485–491 (TMS, Warrendale, PA, 2004).

Acknowledgements
The German Research Foundation (DFG) and the Collaborative Research Center 103 project B2 are gratefully 
acknowledged for financial support.

Author contributions
Conceptualization, J.P. and C.K.; methodology, J.P.; software, J.P.; validation, J.P. and C.K.; formal analysis, J.P.; 
investigation, J.P.; resources, C.K.; data curation, J.P.; writing—original draft preparation, J.P. and C.K.; writ-
ing—review and editing, J.P.; visualization, J.P. and C.K.; supervision, C.K.; project administration, C.K.; funding 
acquisition, J.P. and C.K. All authors have read and agreed to the published version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This research was funded by the Deutsche 
Forschungsgemeinschaft (DFG) through the Collaborative Research Center SFB/TR 103 project B2.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1016/j.scriptamat.2021.114301
https://doi.org/10.1007/BF02651604
https://doi.org/10.3390/ma14143785
https://doi.org/10.1016/j.ultramic.2019.112817
https://doi.org/10.1016/j.ultramic.2019.112817
https://doi.org/10.3390/met10030313
https://doi.org/10.1016/j.actamat.2021.117133
https://doi.org/10.1016/j.msea.2016.05.046
https://doi.org/10.1017/S0368393100116219
https://doi.org/10.1098/rspa.1925.0057
https://doi.org/10.1098/rspa.1925.0057
https://doi.org/10.1016/j.matdes.2017.05.001
https://doi.org/10.1002/mawe.201500406
https://doi.org/10.1016/j.jallcom.2015.11.072
https://doi.org/10.1016/S0921-5093(00)01318-6
https://doi.org/10.1007/BF02643569
https://doi.org/10.1179/026708303225010731
https://doi.org/10.1016/j.actamat.2012.09.013
https://doi.org/10.1016/j.actamat.2012.09.013
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A novel mechanism to generate metallic single crystals
	The texture of additively manufactured single crystals
	A thermo-mechanical approach to texture formation
	The mechanisms of single crystal formation
	Methods
	Additive manufacturing process. 
	Microstructural characterization. 
	Finite element simulation. 

	References
	Acknowledgements


