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Abstract: Directionally solidified (DS) nickel-based superalloys are widely used in manufacturing
turbine blades, which may fail due to wear and/or material loss during service. Laser metal deposition
(LMD) has been considered to be a promising technology in repairing the damaged components
thanks to the high temperature gradient formed, which is conducive to the growth of directional
microstructure. Intergranular liquation cracking in the heat-affected zone (HAZ) has been one of the
major problems in LMD of the DS superalloys. In this paper, the influences of two cooling conditions
(conventional cooling and forced cooling) on the microstructure development and liquation cracks
were studied for the laser deposition of a DS superalloy IC10. The experimental results showed
that, as compared to the conventional cooling, both number and length of the liquation cracks in
HAZ were notably reduced under the forced cooling condition. The effects of cooling conditions on
temperature and stress fields were analyzed through a thermo-elastoplastic finite element analysis.
It was revealed that the maximum tensile stress and high tensile stress region in the substrate were
effectively minimized while using the forced cooling measure. The forced cooling on the substrates is
a promising method for mitigating the liquation cracking in LMD of DS superalloys.

Keywords: laser metal deposition; directionally solidified superalloys; cracking; forced cooling

1. Introduction

Directionally solidified (DS) nickel-based superalloys have been widely employed in
manufacturing the critical hot-section parts, such as blades in aeroengines and gas turbines with working
temperatures higher than 1000 ◦C. Various defects, such as wear, cracks, and burn-through, may take
place in these superalloy parts during service under the crucial working conditions (high temperature,
high centrifugal force, and corrosion), which make the parts fail. When considering the very high cost
involved in replacing the failed parts with new ones, the repairing of such defected parts have been
considered as a better solution.

Among various repairing processes for turbine blades, such as gas tungsten arc deposition, plasma
arc deposition, etc., laser metal deposition (LMD) has been considered as a promising technology thanks
to the more concentrated heat input, lower stress and distortion, high precision, and high flexibility in
production. So far, quite a lot of research has been carried out on the LMD of the directionally solidified
nickel-based superalloys. The ideal LMD microstructures of the deposits on the DS superalloys should
be defect-free columnar grains that are directionally grown in the same crystallographic orientation
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with the DS superalloys substrates. Cracks in the deposits have been one of the main defects to be
tackled in the LMD of such nickel-base superalloys due to their high sensibility to cracking [1].

There are two types of cracks in the laser deposits of nickel-based superalloys, i.e., the solidification
cracks within deposits and the liquation cracks within the heat affected zone (HAZ) of the substrates [2].
Two factors determine the formation of cracks, one is the cracking sensibility that is associated with
the chemical compositions of a superalloy and the other is the internal stresses developed during
LMD processes [3,4]. While the solidification cracks in laser deposits can be tackled by adjusting the
chemical compositions of the alloy powders used in laser deposition, this measure is not applicable to
mitigate the liquation cracks in the substrate with a given composition. Therefore, various measures
have been put forward to reduce the internal stress so as to avoid the occurrence of the liquation cracks.

It has been shown that liquation cracking sensibility could be reduced, to some extent, by controlling
the heat input in LMD of a directionally solidified nickel-based superalloy [5–8]. The power density
distribution of the laser might also affect the cracking behavior. A convex distribution (small at
first, high in the middle, small again in the end) was shown to be better in reducing cracks than a
uniform distribution because of the preheating and slow cooling effects that result from the convex
distribution [9]. Auxiliary heat sources have also been employed in LMD to realize preheating and
slow cooling, so as to reduce liquation cracks; such heat sources can be an additional laser beam [10,11]
or an induction heating element [12]. Although these measures were effective in reducing cracks
to some content, they might lead to decreased thermal gradients in the deposit layers and in turn
facilitate the columnar to equiaxed transition (CET) of grains, which should be avoided in the LMD of
DS superalloys. Additional cooling on the substrate has been studied [13] in the LMD of the Inconel
718 polycrystalline superalloy and a single crystal superalloy; the results showed that increasing the
cooling rate of substrates could reduce the cracking sensibility. Such improvement was attributed to
the decreased misorientation of grains in the deposits because of the increased fraction of columnar
grains. However, it has not been revealed how the cracking behavior was related to the internal stresses
when the additional cooling condition was used. In addition, the auxiliary cooling method has not
been used for DS superalloy, and its effectiveness in reducing cracks has not been studied so far.

In this paper, the effects of the auxiliary cooling applied to substrates on the liquation cracks were
experimentally investigated for the LMD of a directionally solidified superalloy IC10, and the causes of
the effects were numerically addressed by analyzing the temperature and stresses that were developed
in the LMD process. The research is of significance for the process optimization and metallurgical
quality control in repairing or manufacturing the components of DS or single crystal superalloys.

2. Research Approaches

2.1. Experimental Investigation

Directionally solidified nickel based superalloy IC10, which has a high service temperature higher
than 1100 ◦C [14,15], was used in this study. The cast ingot was cut into specimens with dimensions
of 70 mm × 24 mm × 4 mm, which were than used as substrates in laser metal deposition (LMD).
The powders that were used in laser deposition were also IC10, with particle diameters of 50–150 µm,
which were fabricated using gas atomization process by AECC Beijing Institute of Aeronautical
Materials. The chemical compositions of the substrate and the powders are the same, and they were
obtained by using the ICP6300 inductively coupled plasma analyzer, as listed in Table 1. Prior to
laser deposition, the surfaces of specimens were first mechanically cleaned with sand papers and
subsequently degreased with acetone.

Table 1. Chemical composition of IC10 directionally solidified superalloy (wt. %).

Elements Co Cr Ta Al W Mo Hf C B Ni

Content, wt. % 12.0 7.0 7.0 5.9 5.0 1.5 1.5 0.1 0.015 Balance
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Figure 1 shows the laser metal deposition set-up. An IPG 2000 fiber laser was used as the laser
source, and the powder was laterally fed into the molten pool while using a DPSF-2 powder feeder
that was made by BAMTRI. Ar with a purity of 99.99% was used to deliver the powder, and also to
protect the top surface of the melt pool from oxidation. Based on previous trials that were carried out
on the LMD of IC10 alloy [16], the process parameters used for the present experimental study were
determined, as listed in Table 2.
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Figure 1. The laser metal deposition system used in experiments.

Table 2. Process parameters used in laser metal deposition experiments.

Process Parameters, unit Values

Laser power, W 600
Scanning speed, mm/s 3.5

Focal position, mm +25
laser spot diameter, mm 2.5
Powder feed rate, g/min 9.0

Increment in height for each layer, mm 0.5
Flow rate of argon gas, L/min. 7.0

A forced cooling apparatus was designed to realize the fast cooling on the substrate, as shown in
Figure 2. The apparatus had a dimension of 150 × 80 × 38 mm3, the bottom part was made of a carbon
steel, and the top part was made of pure copper for a better cooling effects. During LMD, a substrate
was clamped on the apparatus, while the cooling water flowing beneath the substrate and quickly
taking the heat away. In contrast, the substrate specimen was fixed on a clamping jig that was made of
a carbon steel in the conventional LMD process.Metals 2020, 10, x FOR PEER REVIEW 4 of 12 
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Single-pass deposits were produced with the aforementioned process parameters under two
cooling conditions: one was the forced cooling (FC) with the developed water-cooling apparatus and
the other is conventional cooling (CC) without cooling from the flowing water.

After laser deposition, the specimens were cut along the cross sections while using wire electrical
discharge machining (WEDM) to prepare the samples for microstructure examination. The cross-section
plane was perpendicular to the scanning direction (SD). The samples were then ground, polished,
and finally etched with a solution of 4 g CuSO4 + 20 mL HCl + 20 mL H2O. The microstructures of
deposits formed were observed with both optical microscopy (OM, Olympus Corporation, Tokyo,
Japan) and scanning electron microscopy (SEM, FEI Company, Hillsboro, OR, USA). Meanwhile, the
number of cracks was counted and the lengths of cracks were measured over five cross sections of the
deposit for each cooling condition.

2.2. Numerical Analysis

The thermal and mechanical processes were numerically investigated for the LMD of the
directionally solidified IC10 under two cooling conditions, i.e., the conventional cooling and the
forced cooling to reveal the causes of cracking and the influences of cooling conditions in laser metal
deposition. The numerical analysis was implemented by using the thermal elastic-plastic finite element
method (FEM) solver JWRIAN-hybrid developed by authors.

In the thermal elastic-plastic analysis, an indirect coupling scheme was adopted for analyzing
the temperature and stress in LMD, in which a thermal analysis was first carried out to obtain the
temperature distribution and thermal history, and then a mechanical analysis was carried out to obtain
the distribution and history of stresses. The temperatures that were obtained in the thermal analysis
were applied as a thermal load in the following mechanical analysis. In thermal analysis, the eight-node
thermal brick solid elements were used, while, in mechanical analysis, the corresponding eight-node
brick mechanical solid elements were used.

Figure 3 shows the finite element meshes constructed for the two LMD processes. The dimensions
of the substrates were 70 mm × 24 mm × 4 mm, and the profiles of deposits were incorporated
in the finite element meshes according to their real dimensions that were experimentally obtained.
Finer elements were used for the deposits and heat affected zone where high thermal gradients
exist, while, for the substrate region far away from the deposit/substrate interface, the mesh sizes
were increased.
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The laser heat source was assumed to a heat flux having a Gaussian distribution described,
as follows:

f (r) =
2P
πr2

0

exp (−
2r2

r2
0

) (1)

in which, f (r) was the heat flux, P the laser power, and r0 the radius of laser heat source, which was set
to be 1.25 mm in the modelling, and r was the distance to the laser center.
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The convective cooling boundary condition was applied to the underside of the substrate to
model the heat transfer between the bottom surface of the substrate and the jigs. Different convective
coefficients were chosen in order to model the different cooling effects by the conventional and the
forced cooling conditions. For conventional cooling condition, a convective heat transfer coefficient
of 1000 W/m2K was applied on the bottom surface of specimen, while, for force cooling conditions,
a constant temperature of 20 ◦C was assumed for the bottom surface of the substrate. A natural
convection coefficient of 100 W/m2K was applied on the other surfaces of the substrates, except for the
bottom surface, as shown in Figure 4.
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Table 3 lists the thermo-mechanical property parameters and Figure 5 presents the temperature
dependence of yield strengths used in the finite element analysis (FEA). Some of them were cited from
the literature [9], and others were obtained using JMatPro 9.0 (Sente Software, Surrey, UK), which was
software for computing the property parameters of materials. The process parameters used in the FEA
were the same as those for experiments, as given in Table 2.

Table 3. Property parameters of IC10 used in numerical analysis [17,18].

Property, unit Values

Density, kg/m3 8290
Specific heat, J/kg·◦C 360 + 0.04 × T (°C)

Thermal conductivity, W/m·◦C 8.43 + 0.0178 × T (°C)
Young’s modulus, GPa 218.7 − 0.0655 × T (°C)

Poisson’s ratio 0.32
Linear thermal expansion coefficient, 10−6/◦C 10.321 + 0.007 × T (°C)
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3. Results

3.1. Experimental Results

Figure 6 shows the morphologies of the cross sections of the laser deposits produced with two
cooling conditions. It can be found that the shapes of the deposits are notably different, and the height
of deposit that formed under forced cooling conditions is much larger than that under conventional
cooling conditions, which demonstrates the clear influence of the cooling condition on the laser
deposition process. Cracks can be seen in both samples, which are located around the interface regions,
as marked by squares in the figures. It can be found from the enlarged cracks that are shown in Figure 7
that these cracks extend across the interface bonding zones between substrates and deposits, and along
the grain boundaries between the directional solidified columnar dendrites in both substrates and
deposits (Figure 7a). In addition, liquation cracks are always associated with eutectics having low
melting points (Figure 7b).
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The cracks were quantitatively characterized in terms of total cracking lengths, average cracking
lengths, total number of cracks, and the average number of cracks per unit width of a deposit. The crack
lengths were measured and the number of cracks were counted over five cross sections of the single-pass
deposit for each LMD cooling condition, and Table 4 lists the results. It can be found that the total
crack lengths, average crack length, total number of cracks, and the number of cracks per unit width in
the five sections of the deposit formed under conventional cooling conditions are all larger than those
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under forced cooling conditions. The beneficial effects in mitigating the cracks are evident from the
experimental findings by employing the additional forced cooling in LMD.

Table 4. Lengths and numbers of liquation cracks under two cooling conditions.

Cooling Conditions Total Lengths of Cracks
in Five Sections, µm

Average Lengths of
Cracks, µm

Numbers of
Cracks

Conventional cooling, CC 1650 126.9 ± 28.1 13
Forced cooling, FC 780 97.5 ± 34.2 8

3.2. Numerical Results

With the developed numerical model, the developments and distributions of temperature and
stress were numerically obtained for the LMD processes with different cooling conditions. As the
cracks are mainly found nearby the deposit/substrate interface and within the HAZ of substrates,
the temperatures and stresses of three points in this region are mainly analyzed, as indicated in Figure 8.
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3.2.1. Results of Thermal Analysis

Figure 9 shows the variations of temperatures with time for the three points in the cross section at
the middle of the specimen (X = 35mm), where the LMD process has already reached a quasi-steady
state. It can be seen from Figure 9 that, for both cooling conditions, the temperatures of these points
quickly increase when the laser approaches, reach maximum values, and then decreases after the laser
passes. The decreasing of temperature is quick at first, and it then gradually slows down. Under a
given cooling condition, the maximum temperature at the interface (Z = 0 mm) is the highest among
the three selected points, and the highest temperatures decrease with the increasing of distances to the
deposit/substrate interface. When compared to the conventional cooling conditions, the maximum
temperature is lower under the forced cooling condition at each of the three positions. In addition, the
temperatures decrease to room temperature (25 ◦C) within 20 s for forced cooling condition, while the
temperatures are still high at about 200 ◦C after 20 s of conventional cooling. Apparently, this results
from the higher cooling rate when the forced cooling is applied.
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Figure 10 shows the distributions of temperature in the cross sections of substrates after reaching
the quasi-steady state under the two cooling conditions. It can be seen that the distribution patterns of
temperature are similar for the two cooling conditions, the temperatures are the highest in the deposits,
lower at the deposit/substrate interfaces, and then further decrease in the substrate with the increase
of distance to the interface. The cooling condition mainly affects the depth of the high-temperature
region in the substrate, which is notably reduced by using the forced cooling in comparison with that
obtained under conventional cooling conditions.
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3.2.2. Results of Mechanical Analysis

Figure 11 presents the variations of the normal stress in transverse direction (σy) with time for the
three points being shown in Figure 8 during LMD with two cooling conditions. It can be seen that,
when the laser is approaching, stresses in tension are first developed and they increase to a maximum;
afterwards, the tensile stresses decrease and the compressive stresses begin to develop and increase
with time. The compressive stresses are at the highest level when the laser reaches the position of the
point. When the laser source moves away, the compressive stresses quickly decrease to zero within
a short time, and tensile stresses begin to form again. The tensile stresses increase very rapidly at
first, and then at reduced rates. The tensile stress nearby the interface (Z ≥ −0.25 mm) might slightly
decrease with time; such a decrease is absent for the point relatively far away from the interface (Z =

−0.5 mm). For all three points, the tensile stresses finally reach a stable state and no longer change
with time.
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For both cooling conditions, the tensile stresses that developed when laser approaching are lower
than those tensile stresses developed when laser leaving afterwards, and the tensile stresses at the
deposit/substrate interface are much larger than those away from the interface. The application of the
forced cooling condition significantly decreases the tensile stresses near the deposit/substrate interface
region. For instance, the maximum tensile stress is 930.7 MPa at the interface for the conventional
cooling condition, while it is only 480.7 MPa for the forced cooling case; moreover, for the point 0.5 mm
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below the interface (Z = −0.50mm), the residual tensile stress is basically zero when the forced cooling
is applied, while there still exists high residual tensile stress of about 400 MPa under conventional
cooling conditions.

When considering the high tensile stresses in the specimens are mainly generated during the
cooling period, as shown in Figure 11, the distributions of the transversal stresses (σy) in the cross
sections of substrates at different cooling stages are presented in Figure 12 for the LMD with two
different cooling conditions.

When the laser heat source arrives at the position (t = 0 s), the central part of the specimen is
heated and then expands. Because such an expansion is restrained by surrounding metals, compressive
stresses are developed around the deposit/substrate interface. The region with high compressive stress
(greater than 300 MPa) is smaller for the forced cooling condition than that for conventional cooling.
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After a cooling process of 0.65 s, the compressive stresses around the interface region have
changed to tensile stresses because of the decrease in temperature and accompanying metal shrinking.
The maximum tensile stresses exist in the narrow regions near the deposit/substrate interface. When
the forced cooling condition is used, the maximum tensile stress is smaller and the high-stress region
in the substrate is shallower than those that were obtained under the conventional cooling condition.

With the increasing of cooling time (t = 0.65–1.4 s), the regions with high tensile stress enlarge
in both thickness and width directions within the cross sections, as a result of the gradual increase
of tensile stress with time. Obviously, the highest tensile stress and the dimensions of the region
with high-stress region are both smaller when the forced cooling conditions is used for all of these
time points.

4. Discussion

The IC10 superalloy that was used in this study was a solid solution strengthened directionally
solidified nickel based superalloy. Its microstructure is mainly composed of nickel-based solid solution
phase γ, intermetallic compound phase γ’ (Ni3Al), low melting point eutectic γ-γ’, and carbides
(TaC and HfC) [15]. The eutectic γ-γ’ products mainly exist along the boundaries between the
directional columnar dendrites of γ. When heated during laser deposition, the eutectics in HAZ may
melt due to its lower melting point than the γ dendrites, resulting in liquefied and very weak grain
boundaries. It is revealed by the present numerical analysis that high tensile stresses are developed
around the deposit/substrate interface during the cooling of LMD process, where the temperatures are
still high, as shown in Figure 13. Consequently, the weak eutectic will be broken and cracks will form
along the columnar grains boundaries. The cracks may further propagate from HAZ into the deposit
layer under high tensile stress around the deposit/substrate interface during the subsequent cooling
process, resulting in the cracks that are shown in Figures 6 and 7. Such cracking behavior has also been
found in LMD of other types of directionally solidified superalloys [5,8].

The introduction of the forced cooling in the present study on the bottom surface of a substrate
by flowing water will decrease the temperature and reduce the high-temperature zone in the HAZ
of the substrate, which means that a reduced volume of melted eutectics formed between columnar
grain boundaries during LMD. Meanwhile, the forced cooling also reduces the tensile stress and the
thickness of the region with high tensile stress. Such alleviation effects in both thermal and mechanical
aspects, which are also shown in Figure 13, contribute to the mitigation of cracks in HAZ by the forced
cooling in the LMD of the directionally solidified superalloys, as experimentally revealed.

Beside the cracking behavior, the application of forced cooling may also influence the resultant
microstructures and therefore the mechanical properties of the laser deposits. Amorphous phases may
even be formed under extreme conditions [19]. The characterization of the local microstructures and
the mechanical properties of laser deposits will be carried out in the future to evaluate the integrity of
the structures repaired by LMD [20].
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5. Conclusions

The liquation cracks could be effectively mitigated by applying forced cooling on the bottom of
substrates during LMD of the directionally solidified superalloy IC10.

The forced cooling reduces the highest temperature and tensile stress in the substrate, and it also
minimizes the regions with high temperature and tensile stress, which contributes to the reduction of
liquation cracks in LMD of the directionally solidified superalloy.
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