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Chapter 5

Laser Additive Manufacturing

of Single-Crystal Superalloy Component:
From Solidification Mechanism to Grain
Structure Control

Chaoyue Chen, Jiang Wang, Hanlin Liao, Zhongming Ren, and Shuo Yin

5.1 Introduction

Nickel-based superalloys are materials of choice for manufacturing the hot-section
components in the gas turbine due to their superior mechanical properties at high
temperatures (Han et al. 2019; Luo et al. 2019). Notably, the nickel-based superal-
loys in the form of single crystal (SX) are manufactured through directional solidi-
fication techniques to obtain one single grain in the whole component. Compared
with polycrystalline alloys, the superior creep and thermal fatigue resistance can be
obtained for the SX superalloy through the absence of grain boundaries (Anderson
et al. 2010; Vitek 2005). As a result, the SX superalloys have been widely applied as
the desired material selections for the high-temperature turbine section of aero and
industrial gas turbine engines (Kong et al. 2019; Inaekyan et al. 2019; Wang and
Chou 2017). However, the SX superalloy parts will experience unavoidable damage
under the extremely severe service environment with high temperature, high pres-
sure, and severe corrosion. Due to the high manufacturing cost of such SX compo-
nents, the effective repair techniques for the damaged SX superalloy are highly
desired to extend the service life of the hot-section components, such as blades,
blisks, and vane seal segments. For this moment, the popular welding techniques
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like TIG with high energy input and high-thermal-affected area cannot avoid the
formation of stray grain as well as cracks within the repaired SX component
(Gédumann et al. 1999; Basak and Das 2016; Chauvet et al. 2018a).

Among the various methods, laser additive manufacturing (LAM) has become an
effective technique to realize the repair of damage SX components (Vilar and
Almeida 2015; Gdumann et al. 2001). The high-energy laser beam is used to melt
the feedstock metals to form the molten pool, whereas the feedstock materials can
be the powder bed, powder feeding, and the wires (Herzog et al. 2016; Korner 2016;
DebRoy et al. 2018). Due to the small spot size and high energy density, the LAM
technique can achieve the damage repair with limited heat-affected zone and low
distortion caused by thermal stress (Li et al. 2019). Coordinated with the industrial
robot, the high-resolution LAM technique is able to realize the repair and restora-
tion of the damaged components with complex geometry. However, due to the com-
plex melting and solidification process, the columnar growth in the LAM process
cannot be precisely controlled to obtain the SX structure. During this process, if
specific solidification conditions are satisfied, the epitaxial growth of columnar
cells/dendrites along the original orientation in the substrate occurs, and no equiaxed
stray grains (SGs) will form. Otherwise, columnar-to-equiaxed transition (CET)
takes place, and equiaxed SGs are produced, indicating the failure of the repairing
process. Thus, the processing parameters should be carefully chosen to obtain the
desired epitaxial growth of single-crystalline alloys based on the SX substrate so as
to realize the repair of the SX turbine blade and make a right consistency of the
mechanical properties between the repaired and substrate regions.

Existing work mainly focused on the solidification mechanism, processing
parameter optimization, and cracking development. So far, a systematic summariza-
tion and review of these topics are still lacking. Therefore, in this chapter, the exist-
ing work on the LAM of SX superalloys was summarized and reviewed for the
purpose of systematically introducing the recent progress.

5.2 Laser Additive Manufacturing Techniques

Different from the traditional subtraction manufacturing, the metallic additive man-
ufacturing (AM) is a novel technology that joins materials to generate three-
dimensional parts directly from CAD models based on the discrete-stacking
principle (Han et al. 2019; Luo et al. 2019; Anderson et al. 2010; Vitek 2005; Kong
etal. 2019; Inaekyan et al. 2019). Metallic AM techniques have various eye-catching
advantages in comparison with other manufacturing technologies, such as the free-
dom of design and manufacturing, a short manufacturing cycle, and less material
waste (Wang and Chou 2017; Gdumann et al. 1999). In addition, metallic AM tech-
nology has spread into various fields, such as the mold industry (Basak and Das
2016), the aerospace (Chauvet et al. 2018a), automotive fields (Vilar and Almeida
2015), etc.
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Recently, the powder bed fusion (PBF) method has become the most distin-
guished metallic AM technique, including selective laser melting (SLM) (Yan et al.
2018, 2019) and selective electron-beam melting (SEBM) (Herzog et al. 2016). It is
worth noting that SLM technology is more easily applied in the fabrication of metal-
lic molds that have conformal cooling channels and functional parts with compli-
cated geometries. Such unique advantages can be attributed to its flexibility in
geometric design, high spatial resolution, and smaller amounts of material waste
(Korner 2016; DebRoy et al. 2018).

This method can either flexibly add alloying elements (laser surface alloying) to
the molten pool during the rapid melting or directly melt the alloy powder (laser
cladding) that is simultaneously conveyed on the surface of the part to solidify
quickly (Herzog et al. 2016; Gu et al. 2013; King et al. 2015). It is able to obtain the
coating material with the characteristics of fine and uniform rapid solidification and
nonequilibrium structure, which is different from the composition of the substrate
material. It can also directly integrate material design, material preparation, and
rapid near-net forming to produce complex structural parts. Laser additive manufac-
turing can adjust the solidification structure by adjusting the process parameters, not
only the small equiaxed crystal structure but also the long columnar crystal structure
epitaxially grown from the substrate (Basak and Das 2016). Thus, the integration
from material composition and structural design to part manufacturing and forming
is genuinely realized. Therefore, additive manufacturing is hailed as a representative
technology that is expected to become the “third industrial revolution” and is a lead-
ing technology for the development of mass-production models to personalized
manufacturing models.

At present, the most representative of laser additive manufacturing technology is
selective laser melting (SLM), with powder bed as the technical feature, and laser
direct metal deposition (LDMD), with synchronous powder feed as the technical
feature. As shown in Fig. 5.1a, SLM technology is based on selective laser sintering
(SLS) technology (Herzog et al. 2016; Dadbakhsh et al. 2014). Due to the develop-
ment and application of high-power lasers, SLM technology can completely melt
powder particles. In addition, the powder size of the SLM technology is smaller, and
the laser beam with a smaller spot size is used, so the surface accuracy of the formed
part is higher. However, due to the limitation of the printing chamber, SLM can only
process precision parts with small size and complicated structure and cannot manu-
facture some large integral metal components. As shown in Fig. 5.1b,c, the LDMD
technology is based on laser cladding technology (Yan et al. 2014; Ren et al. 2017).
It is not limited by the fabrication chamber and can manufacture some large-sized
metal components. Besides, it can control the process parameters to achieve the
directional growth of the metal structure to prepare columnar crystal structure and
single-crystal structure to achieve the effect of rapid repair of damaged parts. In
addition, functionally graded composite materials and metal-based composite mate-
rials can be prepared by mixing different materials.



140

Fig. 5.1 Schematic
diagram of laser additive
manufacturing process: (a)
SLM; (b) side powder feed
LDMD; (c¢) coaxial powder
feed LDMD
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5.3 Solidification Mechanism of SX via AM

In order to obtain the single-crystal solidification during the laser additive manufac-
turing process, the key is to find the relation between the processing parameters and
the solidification structure. Characterized by the high cooling rate and thermal gra-
dient, the laser additive manufacturing presents distinct solidification features from
the traditional solidification processes. For both the LAM of polycrystalline and the
epitaxial growth of single-crystalline alloys, enormous efforts have been attributed
to reveal the solidification structure diagram according to the temperature gradient
and growth rate as well as the processing parameters.

For example, in AM Ti6Al4V samples by laser or electron beam, the columnar
prior B grain is found to dominate the solidified microstructure, leading to the strong
microstructural textures and anisotropy of the mechanical properties (Ren et al.
2017; Liu and Shin 2019). Similarly, the columnar grain morphology composed of
v phases is dominating the AM Ni-based superalloys along the building direction,
leading to a typical attributed <001> texture (DebRoy et al. 2018; Hosseini and
Popovich 2019). Such epitaxially growing columnar crystal from the substrate
material or previously deposited layer is mainly due to the extremely high thermal
gradient along the building direction during laser additive manufacturing. However,
under certain thermal conditions, the epitaxially growing columnar structure can be
interrupted and replaced by the formation of equiaxed grains. Such columnar-to-
equiaxed transition (CET) occurs when nucleation of sufficiently numerous
equiaxed dendrites takes place in the constitutionally undercooled liquid adjacent to
the columnar dendritic front. The stability of the solidification front is controlled by
the extent of the constitutional undercooling ahead of the advancing interface. Such
stability is influenced by the presence of alloying or impurity elements, local grain
growth rate, R, and the thermal gradient in the molten pool, G. As shown in Fig. 5.2,
the higher ratio between G and R, namely, the G/R, results in a planar solidification
front. At lower G/RL ratios, the morphology changes to cellular, cellular-dendritic,
or dendritic, depending on the constitutional undercooling at the advancing solidifi-
cation front (see Fig. 5.2). Thus, for the given material system with specific element
composition, the grain morphology, as well as the CET, is mainly determined by the
ratio between thermal gradient of G and solidification velocity of R. A fully colum-
nar structure can be obtained at a sufficiently G/R value, while the equiaxed grains
are emerging as the value G/R is higher than a critical value.

Figure 5.3 shows a typical cross-sectional microstructure of the laser-deposited
CMSX-4 sample on a single-crystal substrate (Acharya et al. 2014). It can be seen
that the epitaxial growth dendrite along the [001] direction. However, it is also evi-
dent that the CET was formed at the top of the deposited layer, where the stray grain
formation appears as misoriented and equiaxed grains in the deposited microstruc-
ture. The control of CET and suppression of stray grain formation become the major
challenges for the manufacturing of SX superalloy via the LAM technique. As
shown in Fig. 5.4, the variation of solidification speed V and thermal gradient G is
illustrated within the molten pool along the building direction of the z-axis
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Fig. 5.2 Effect of
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Fig. 5.3 Representative CMSX-4 sample (a) with the CET initiation indicated by the black line
and (b) showing termination of [001] growth to [100] growth or OMT (Acharya et al. 2014)

(Géumann et al. 1999). It can be seen that the solidification speed of V rapidly
increases from zero at the bottom to the maximum value at the surface of the molten
pool. On the contrary, the temperature gradient G is highest at the bottom of the
molten pool, which gradually decreases as the surface is approached. As a result, the
epitaxial growth of columnar dendrites is most likely to form from the molten pool,
whereas the stray grains can be formed with the ratio of G/V that gradually decreases
with the deposition process. The key is to control the vulnerable to columnar-to-
equiaxed transition (CET) process of Ni-based SX superalloy by revealing the
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Fig. 5.4 Schematic longitudinal section along the clad centerline presenting the laser metal-
forming process and the evolution of the solidification velocity V and temperature gradient G along
with the solid/liquid interface (Gdumann et al. 1999)

relation between thermal history (thermal gradient and solidification speed) and
epitaxial solidification model in the rapid solidification process of LAM.

In order to better control the epitaxial growth of the single crystal from an SX
substrate, enormous efforts have been made to predict the CET with a quantitative
equation to describe the relation between G and R (Gdumann et al. 2001; Liang et al.
2016, 2017a, b). It is then able to obtain the solidification structure from columnar to
equiaxed grains in the LAM materials by controlling the processing parameters like
laser powder and scanning speed. To quantitatively investigate this crucial phenom-
enon prevalent in solidification, Hunt (1984) developed the first analytical CET
model for the casting process based on the growing competition between columnar
dendrites and new equiaxed grains at the solidification front. At the sufficient consti-
tutional supercooling, the mechanism of stray grain formation in the casting process
is the nucleation and growth of equiaxed grains ahead of the solidification interface,
which is determined by the ratio between thermal gradient and solidification veloc-
ity. Hunt proposed that the fully equiaxed growth occurs if the volume fraction of
equiaxed grains @ is higher than 49%, whereas the structure is becoming entirely
columnar if @ is lower than 0.66%. In order to quantitatively describe the CET
model of the laser melting process, Gdumann et al. (1999, 2001) subsequently
adapted the Hunt’s model to the rapid solidification conditions by using the Kurz-
Giovanola-Trivedi (KGT) model (Kurz et al. 1986). Gdumann found that the consti-
tutional undercooling at the solidification front is the dominant factor for the CET at
a lower thermal gradient and lower solidification velocity, which means that the
formation of equiaxed grains is more easily to be triggered at a lower nucleation
undercooling degree. However, the quantity of nucleation sites plays a more vital
role in the case of rapid solidification cases with higher thermal gradients. Thus, to
easily relate CET to the solidification conditions, a simplified CET criterion for
complex multicomponent alloys was further derived (Gdumann et al. 2001):

G—:K —4nN, “ 1
v

o =4 3m(1-¢) n+l e-b
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where G is the thermal gradient, v is the solidification velocity, N, is nuclei density,
@ is the fraction of equiaxed grains, and a and n are the material-dependent con-
stants. While the G"/v is higher than the critical value of K¢y, the CET will be trig-
gered during the laser additive manufacturing process. As shown in Fig. 5.5, the
microstructure selection map for superalloy CMSX-4 under the experimental condi-
tions is illustrated to predict the solidification morphology as a function of tempera-
ture gradient, G, and solidification velocity, V. For example, a microstructure
selection map of superalloy CMSX-4 for a nuclei density 2 x 10'%/m? was built to
predict the formation of columnar and equiaxed structure (Gdumann et al. 2001). It
should be noted that CET is critical to the quality of the single-crystal deposit
because it limits the height of columnar dendrite growth. The rectangular insert
shows the range of conditions which is typical for the LMF process.

Besides, it should be noticed that the different LAM techniques present distinct
microstructure selection patterns due to their thermal history. As can be seen in
Fig. 5.6, the selective laser melting (SLM) presents a notably higher G/V ratio than
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the methods like laser cladding deposition due to its higher energy density with a
smaller laser spot size (around 100 pm). Thus, the SLM can be another potential
technique to realize the fabrication of the SX superalloy component. However, the
control of the columnar misorientation angle becomes the key challenge under the
complex laser scanning strategy.

5.4 Influence of Laser Processing Parameters

M. Gédumann et al. (1999, 2001) reported the first attempt to fabricate the single-
crystal deposits using the epitaxial laser metal forming. Figure 5.7 shows the cross-
sectional morphology of a CMSX-4 deposit on the single-crystal substrate, where
the left column is the OM (optical microscopy) images and the right one is the
EBSD patterns. From both the OM and EBSD images, it is evident that the deposit
shows a columnar dendritic structure at the bottom of the deposit. Meanwhile, the
equiaxed grains can be observed at the top of the layer indicating the CET occur-
rence, which is induced due to the insufficient thermal gradient as the LAM process
(Fig. 5.8).

Various researchers have made vast efforts on the epitaxial growth of the SX
superalloy under different processing parameters. Santos et al. (2011) used the laser
metal deposition to fabricate the SX CMSX-4 deposit on the Rene N4 substrate. By
optimizing the processing parameter and deposition orientation, the SX deposit
layer was obtained on the substrate, whereas the height of the SX region can occupy
30-40% of each deposited layer. As shown in Fig. 5.9, the deposit layer growth
epitaxially from the substrate along the [001] direction, which is the same as the
maximum thermal gradient. It is obvious that the CET occurred at the top layer of
deposit (see Fig. 5.9), where the equiaxed grain was formed along the [100] direc-
tion. However, during the continuous deposition process, the equiaxed grain region
can be remelted, and the epitaxial growth can be continued from the columnar
region to form the subsequent SX deposit layer. Thus, the crystallographic orienta-
tion of the SX structure can be preserved across the successive layers. As shown in
Fig. 5.9, the CMSX-4 sample composed of ten layers of epitaxial growth can be
obtained with the misorientation different from the less than 2°. Meanwhile, it is
also evident that the interior columnar structure was surrounded by the equiaxed
grains at the exterior of the sample.

In order to predict the epitaxial growth of the dendritic grains based on the SX
substrate, Liu and Qi (2014, 2015a) established a three-dimensional finite element
model to simulate the temperature field of the direct laser deposition. The effects of
laser power, scanning speed, and powder feeding rate were accounted for in the
finite element simulation and the experimental investigations. It is found that the
processing parameters can directly determine the shape of the molten pool and, in
turn, affected the epitaxial growth features of the deposited layer. As can be seen in
Fig. 5.10a—c, at the laser power of 300 W, the height ratio between the epitaxial
columnar dendritic region and that of the total deposit along the [001] orientation
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Fig. 5.7 (a—c) Optical micrographs of a transverse section of a laser formed plate-like deposit
after one, two, and ten layers, respectively. (d—f) Corresponding electron backscattered diffraction
(EBSD) grain structure maps

can increase from 42.0% to 48.3% as the laser scanning speed is increased from
5 mm/s to 10 mm/s. As shown in Fig. 5.10d, the height ratio of epitaxial columnar
dendritic has a similar trend with the change of laser speed, whereas the height ratio
can reach as high as 52% at a laser power of 200 W and speed of 10 mm/s. To fur-
ther investigate the effect of laser power, the height ratio of columnar dendrite
decreases from 44.8% to 43.0% as laser power increases from 200 W to 300 W (see
Fig. 5.10b, d, which is also illustrated in Fig. 5.10f). It is also obvious that the simu-
lation results agree reasonably well with the experimental results of the epitaxial
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Fig. 5.8 Transverse-section microstructure of a laser cladding, i.e., a single-layer laser deposit,
schematically showing several geometric dimensions crucial to SXLAM process (Liang
et al. 2017a)

height ratio. According to the heat transfer simulation, the competitive growth of the
grains along different crystallographic orientations can be obtained by comparing
each critical CET value of G*#V. Thus, the value of G*%V increases less rapidly
along with the building direction at the higher laser scanning speed, which indicates
the promoted epitaxial growth of columnar dendrite and the larger region of epi-
taxial growth. At the same time, the higher laser power can significantly decrease
the thermal gradient at a higher energy input, which causes the lower value of G*%/V
and lower epitaxial grain height. As a result, the CET occurrence during the epi-
taxial growth can be directly determined by optimizing the processing parameter,
and the finite element modeling of the heat transfer process provides more insights
into the mechanism behind the parametric optimization.

Similar relationships between the processing parameters and the solidification
conditions were also reported by Liang through the LMD of the René N5 deposit
(Liang et al. 2017a). As shown in Fig. 5.11, a higher thermal gradient (G) is obtained
at a lower heat input, which means the lower laser power is favorable to promote the
epitaxial growth of the dendrite columnar. The solidification velocity (V) increases
with early increasing laser speed (V,) and then becomes almost unchanged with
further increasing V,. Moreover, a higher laser power (P) can further increase the
solidification velocity. Wang et al. (2018) also studied the laser scanning speed on
the remelted microstructure of the SX Ni-based superalloy. It is found that the
equiaxed grains of [010] region are about twice as big as the area of [ 010 ] along
the laser scanning direction on (001). Meanwhile, the primary dendritic spacing
decreases with the increase of laser scanning speed, indicating a significant influ-
ence on the cooling rate during the laser remelting process.

In addition to the laser direct deposition technique, selective laser melting was
also used to attempt the epitaxial growth of the SX SR999 superalloy. As another
typical metal additive manufacturing technology, SLM based on the powder bed
fusion possesses a higher thermal gradient, solidification velocity, and also the value
of G"/V, which makes it more likely to avoid CET during epitaxial growth of
SX. From work by Yang et al. (2019), the columnar SX structure with a height of
2 mm can be obtained by using the SLM technique. Meanwhile, it should be noted
that the extremely fine dendrite structure is present in the SLM SX layer with the
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Fig. 5.9 (a) Cross section of a single clad; (b) SEM interface between the substrate and the clad;
(c) optical micrograph of the [001]/[100] transition region (P =500 W, v =4 mm/s, f= 1 g/min and
d =1 mm, clad height = 495 pm); (d) cross section of a 10-layer deposit. The deposition direction
is parallel to [100] (P = 500 W, v = 4 mm/s, f = | g/min and d = 1 mm, clad height = 2.5 mm)
(Santos et al. 2011)

primary dendrite spacing around 1 pm and 2 pm, which is almost two orders of
magnitude lower than that of the cast one (~320 pm) (see Fig. 5.12).

5.5 Influence of Substrate Conditions on Microstructure

Apart from the laser processing parameters, the condition of the SX substrate plays
a crucial role in the epitaxial laser forming process. For example, the initial sub-
strate temperature can directly influence the thermal gradient as well as the
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Fig. 5.10 The comparison of microstructure between the simulation and experimental deposited
beads with powder feeding rate of 3.0 g/min, different laser power, and scanning speed: (a) 300 W,
5 mm/s; (b) 300 W, 7.5 mm/s; (¢) 300 W, 10 mm/s; and (d) 200 W, 7.5 mm/s (Liu and Qi 2015a)

solidification velocity at the liquid/solid front and determine the grain structure dur-
ing rapid solidification. Thus, the adjustment of the substrate temperature makes it
possible to control the epitaxial growth of the columnar dendrite during LAM. Apart
from grain structure, the misorientation of the columnar grain is another crucial
factor evaluating the quality of the epitaxial deposit layer. The influence of the crys-
tallographic orientation of the primary SX stem should be included in the study of
the laser epitaxial forming process. As a result, focusing on the substrate conditions,
various researches have been conducted to reveal the influence mechanism of sub-
strate temperature and crystallographic orientation during the laser epitaxial growth
process (Liu and Qi 2015b; Wang et al. 2015; Wang and Wang 2016; Liu and
Wang 2018).

Liu and Wang (2018) studied the effect of initial substrate temperature on epi-
taxial crystal growth and microstructure formation in laser powder deposition of
Ni-based SX superalloy. As shown in Fig. 5.13, it can be found that the molten pool
morphology changes little as the substrate temperature increases from —30 °C to
+210 °C. However, the enhanced stray grain formation and restrained epitaxial
growth of columnar dendrites can be observed with the increase of substrate
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temperature. It indicates that the lower substrate temperature can benefit the epi-
taxial growth of columnar dendrites and suppress the stray grain formation. At the
same time, the significantly refine columnar dendrites can be found in the epitaxial
deposit at a lower substrate present temperature. Such phenomena can be consid-
ered due to the enhanced |Gy, **/IVy,l ratio and weakened disturbance by molten
pool fluctuation, which can in turn affect the primary dendrite arm distance. As a
result, the control of the substrate provides more possibility to enhance the epitaxial
growth of columnar dendrites. However, it should be noted that the high thermal
gradient and cooling rate may cause more prominent cracking during the solidifica-
tion of Ni-based superalloy (Qiu et al. 2019; Zhou et al. 2018). Thus, the control of
thermal conditions during the laser epitaxial growth of the SX superalloy is crucial
to improve the metallurgical quality.

Besides the substrate temperature, various researchers have reported the effect of
crystallographic orientation on the epitaxial growth of columnar dendrites. Wang
et al. (Wang et al. 2015; Wang and Wang 2016) studied the competitive growth of
the dendrites with different preferential orientations during the laser remelting pro-
cess of SX substrates with different crystallographic orientations. As shown in
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Fig. 5.12 Microstructure of the substrate and SLM sample: (a and c¢) horizontal and vertical
microstructure of the substrate; (b and d) horizontal and vertical microstructure of SLM sample

Fig. 5.14, the crystallographic orientation of the SX stems was controlled through
the rotation of the SX substrate around the axes of X and Z.

As the crystallographic orientation of the SX substrate was rotated around the
x-axis by 15°, the dendritic grains formed along [0 1 0] were found to move upward
at the left side of the molten pool. By further rotating the crystallographic orienta-
tion by 45° around x-axis, the [0 1 0] dendritic grains disappeared from the molten
pool. The [010] dendrites have a similar tendency as the crystallographic is rotated
around z-axis. The solidification structure of the molten pool was replaced by the
epitaxial [001] grains at the bottom and [010] and [100] dendrites at the top.
However, the area fraction of the epitaxial growth region of the SX dendrite has
been hardly changed through the rotation around x- and z-axes.

It is interesting to find that the [100] dendrite gradually moves upward in the
molten pool with the crystallographic orientation that is clockwise rotated around
y-axis, and the region of the epitaxial [001] grains increases accordingly. As the
crystallographic orientation is rotated around y-axis by 45°, the [001] dendrite is
dominating the central area as a result of epitaxial growth, whereas the [100] den-
drite has been eliminated. On the contrary, the boundary of [100]/[001] gradually
moves downward as the crystallographic orientation was rotated around y-axis
counterclockwise.

Similarly, Liu and Qi (2015b) also reported the variation of the solidification
structure through the crystallographic orientation change of the SX substrate. It is
found that the height ratio of the epitaxial crystal exhibits a notable increase from
9% to 94% as the inclination angle of the substrate crystallographic orientation
changes from —30° to +30°. Based on the theoretical analysis (Wang et al. 2015,
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Fig. 5.13 Comparison of geometrical size and microstructure formation in the transverse section
of simulation and experimental deposited bead with the Tsub = (a) —30 °C; (b) +30 °C; (¢) +90 °C;
(d) +150 °C; (e) +210 °C
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Fig. 5.14 Transverse-section micrographs for different orientations via x- and z-axis rotations
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Fig.5.15 Transverse-section micrographs for different orientations via y-axis rotation (Hunt 1984)

2016; Wang and Wang 2016), it can be found that the laser scanning direction
toward the crystallographic orientation of the SX substrate after clockwise rotation
around y-axis can produce the highest thermal gradient and promote the epitaxial
growth of [001] columnar dendrite. Such phenomena indicate that epitaxial growth
can be significantly influenced and promoted by controlling the crystallographic
orientation of the SX substrate (Figs. 5.14 and 5.15).

5.6 Crack Formation Mechanism

With the increased demand for high-temperature mechanical properties, the
Ni-based superalloy is designed and produced with increasing alloying elements to
achieve the better y” strengthening and solid solution strengthening. However, the
varying melting temperature of the alloying elements to obtain such high y” volume
fractions is usually non-weldable. It also increases the difficulty of the laser-based
additive manufacturing process. Especially, the majority of heavily alloyed Ni-based
superalloy often suffers from cracking during the LAM process, which has become
one of the main restrictions from its further application. Apart from the control of
dendrite growth, the controlling of crack development has become another major
issue for the LAM fabrication of single-crystal superalloy. Currently, various efforts
have been made to investigate the cracking development and understand the crack-
ing mechanisms during LAM of Ni-based superalloys.
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Currently, the liquation cracking and solidification cracking are widely accepted
as two primary mechanisms for crack development of Ni-based superalloys (Qiu
et al. 2019; Zhou et al. 2018). Solidification cracking that is also known as the hot
cracking usually occurs under the high contraction stress at the terminal stage of
solidification above the solidus as a result of its low ductility. Meanwhile, the liqua-
tion cracking happens typically in the heat-affected zone of the already deposited
layers, where the cyclic thermal history can cause the remelting of eutectic phases.
Both types of cracking require the presence of liquid films.

In the direct laser-deposited Inconel 718 alloy, the liquation cracking is found
along with low-melting-point Laves phase at grain boundaries (Chen et al. 2016;
Nie et al. 2014). Similarly, the low-temperature (y + y’) eutectics along GBs are
found to be responsible for the liquation cracking of laser-deposited Inconel 738
alloy (Zhong et al. 2005). In a low-carbon version of Inconel 738 (i.e., Inconel
738LC), solidification cracking was observed instead and was attributed to the for-
mation of low-melting-point liquid films enriched in Zr and B along GBs after SLM
(Cloots et al. 2016). For laser-deposited Inconel 625, solidification cracking due to
low-melting-point (y + Laves) eutectics along GBs was reported (Hu et al. 2017). It
was also suggested that high-angle GBs are particularly prone to the development
of solidification cracking (Chauvet et al. 2018b; Wang et al. 2004). It was argued
that the high-angle GBs with higher grain boundary energy values are more likely
to create a significant critical coalescence undercooling, which may lead to conse-
quent cracking under stress.

Zhou et al. (2018) investigated the crack formation of Ni-based single-crystal
superalloy using laser powder deposition of single walls and block samples.
Experimental results show that the thin-wall samples exhibited crack-free single-
crystal structures with the orientation of [001] as a result of epitaxial growth from
the SX substrate. On the contrary, some cracks can be found in the as-deposited
block samples due to the continuous layer-by-layer heating process. The EBSD
shows that the large misorientation angle at the grain boundary in the cracking
regions played significant roles in the crack initiation and its further propagation.
Furthermore, the solidification cracking can be formed due to the columnar inter-
dendritic shrinkage cavities. Meanwhile, the carbides with a high melting point that
is formed in the interdendritic region at the early stage of the solidification can
hinder the liquid flow to fill the shrinkage. Due to the pinning of carb at the liquid-
filled channel, the liquid film was easy to be torn apart during the filling process. At
the same time, the interdendritic low-melting-point structure may melt in heat-
affected zone to form the liquid films, and the liquid films act as the initiation of the
liquation cracking. Similarly, the susceptibility of the liquation cracking will also
increase with the misorientation angle increasing (Fig. 5.16).
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Fig. 5.16 Diagram of the cracking expanding modes. (a) Solidification cracking mechanism;
crack formed in the region with large misorientation but not in the region with small misorienta-
tion, and it expanded during the laser remelting process. (b) Liquation cracking mechanism; crack
origin appeared in the heat-affected zone and further cracked in the region with large misorienta-
tion, while it did not expand in the region with small misorientation (Zhou et al. 2018)

5.7 Conclusion and Perspectives

LAM technique has attracted increasing attention due to its high freedom of fabrica-
tion and design, reduction of material waste, and increase of sample complexity.
Due to the small spot size and high energy density, the LAM technique can achieve
the damage repair with limited heat-affected zone and low distortion caused by
thermal stress. Another outstanding feature of the LAM is the ability to control the
microstructure evolution by adjusting the heat transfer through the laser-related
parameters. Based on the extremely high thermal gradient, the typical columnar
dendrite can provide the possibility of epitaxial growth of single crystal from the SX
substrate. In order to provide the potential guidance, vast efforts have been made to
understand the underlying theory of epitaxial growth in LAM process and the rela-
tionship between the microstructure change and laser processing parameters. For
example, the microstructure prediction has been investigated based on the model of
thermal gradient and solidification, which are further understood as the laser power
and scanning speed. The influence of powder feeding rate on the change of molten
pool shape and the heterogeneous nuclei number are also included. Besides, the
effects of the substrate conditions like columnar orientation and initial temperature
have been also widely studied to ameliorate the epitaxial growth of single crystal.
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However, the manufacturing of SX still remains as a major challenge for the
LAM technique due to the following unsolved problems. Firstly, the precise control
of the temperature field is still a major challenge during the layer-by-layer manufac-
turing in LAM process. The cyclic laser movement on the previously deposited
layer may lead to the heat accumulation and decrease of thermal gradient and
increase of solidification speed. Thus, the formation of stray grain at the top of the
deposited layer is increasingly difficult to avoid with the successive buildup pro-
cess, even though the partial remelting can provide the possibility of epitaxial
growth. It further increases the difficulty in the manufacturing of single-crystal
superalloy component with complex geometry. The control of dendrite orientation
at the curved surface with specific geometry should also be accounted by manipulat-
ing the laser-related parameters. Thus, it should further enhance the understanding
of rapid solidification theory in LAM process. Secondly, the development of crack-
ing is another fact hindering the fabrication of high-quality SX superalloy by LAM
technique. Besides, the segregation of alloying elements with various melting points
should be accounted during the rapid solidification process of LAM. Such segrega-
tion may affect the precipitation of carbides and intermetallic compounds within the
matrix material. Furthermore, the heat treatment study of the LAM SX superalloys
should be made to achieve the homogenization and precipitation hardening. At last,
the mechanical properties in room-temperature and high-temperature period should
be investigated to reveal the distinct features of LAM SX superalloys.
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