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ARTICLE INFO ABSTRACT

Keywords: In the present study, the tensile strength, fracture surface, hardness, and amount of residual stress
Mechanical properties in Inconel 625 super alloy cladded with direct metal deposition (DLD) process in the states before
Microstructure

and after stress relief was studied. Residual stresses on the cladding layer surface were determined
via XRD method. According to results, the yield strength of Am sample increased by 10%
compared to thecast sample (reference sample). Although the yield strength experiebced an in-
crease, the ductility followed an opposite trend falling from 42.5% to 26%. According to residual
stress test outcomes, tensile residual stress of 361 MPa in the additive-manufactured sample. After
stress relaxation heat treatment and almost complete removal of residual stress, the ductility
reached 52.5%, the ultimate strength was also improved by 17% from cast sample. Also, after
stress relaxation, the hardness of the sample and its fluctuations are reduced.

Residual stress
Laser cladding
Inconel 625 superalloy

1. Introduction

In direct laser deposition, residual stress can be observed when deposited materials experience quick changes in temprature.
Residual stress may cause a sharp decrease in the fracture resistance. Appropriate heat treatment can release stresses. However, the
deformation created during the cladding process may lead to incompatibility with the desired geometry and even deteriorate the
uniformity of the product or generally, the quality of the cladding [1-3].

Inconel 625 is its unique weldability and the stability of its crystal structure at high temperatures, which maintains the grain
structure after remelting [4,5]. Direct laser deposition is considered a developing methods of manufacturing and renovating parts. In
this method, metal powder is fed simultaneously with a high-energy laser beam, which causes rapid melting of the feeding powder and,
consequently, additive manufacturing of the powder, as mentioned above, on a substrate. The solidified structure contributes greatly
in determining mechanical properties of the produced part. Generally, laser cladding processes have high heating and cooling speeds,
especially at the solid-melt interface, with values around 108 K/s. The lack of required time for the formation and growth of grains,
leads to the creation of a fine-grained structure [2,3].

In the laser cladding process, due to the input heat, a high-temperature gradient is created. During the cooling, these gradients,
coupled with different material properties, lead to different thermal contractions, and consequently, high residual stresses can be
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found in the cladding layers [1-3]. When the tensile residual stresses in the deposited layers are high, the formation of cracks are
almost guaranteed. Often, these cracks extend perpendicular to cladding direction, which indicates that the stresses are the highest
along the cladding direction. Controling the cladding process directly impacts these aforementioned residual stresses [6].

The results of Rombus et al. [7] research showed a fine and dendritic structure formed by rapid solidification on additively
manufactured IN625 superalloy. The dendrites in this microstructure included in the direction of construction. In addition, the me-
chanical properties have been investigated in the vertical and parallel directions. Results showed that the final strength in perpen-
dicular to the structure is equal to 1000 MPa, While this strength in the direction parallel to the structure is equal to 882 MPa. Unlike
strength, ductility is 36% in parallel mode and 24% in vertical way. The first factor mentioned for higher strength is the orientation of
the dendrites. The next factor is the difference in heat flow in the direction of construction and perpendicular to it. In another study
conducted by Dinda et al. [8], similar results were obtained. Furthermore, the properties of direct-laser-deposited materials are
dependent on the direction, and according to the directional solidification, the properties change; therefore, it can be seen that the
metal texture, which represents the orientation of the grains in the structure, can impact the final properties of the
direct-laser-deposited sample.

Kermani et al. [9] investigated on the IN718 a.m. process; Considering that of the changes in the movement pattern in this article
were effective on the microstructure, and ultimately, the amount of residual stress, the movement pattern affects the cooling speed and
dendritic structure.

During laser cladding, the molten pool is formed. The powder is fed into the molten pool via a nozzle using an inert carrier. During
plating, a surface is cladded by overlapping multiple plating paths (called plating layers). High cooling rates, nonlinear material
properties at high temperatures, and differential shrinkage are characteristics of the laser cladding process [10-12].

According to Turnbull’s theory, the energy barrier AG for the nucleation of crystal on the substrate is from the relation AG =

3 T2
3(1?—0:%“)2 (2 — 3 cos O + cos® 8). In this regard, the y;c parameters represent the surface energy of the melt interface, Tm demonstrates

the equilibrium melting temperature, AHy, represents the melting latent heat, AT shows the amount under solidification below the
temperature Tp,, and 0 represents the contact angle. In the event that it makes the surface more perfect, the contact angle 6 becomes
zero; Therefore, AG will also be zero. In this case, the crystal will germinate on the field without overcoming the energy barrier. If there
is no background or if the melt cannot make the surface of the experience ultimately, the energy barrier will be very high [13]. Ac-
cording to investigations, the increment in the cooling rate which translates to reduction in the solidification time, leads to a finer
(cellular or dendritic) structure. This relationship isd = atj} =b(e) ", Where d is the distance between the arms of secondary dendrites,

te is the local solidification time, ¢ is the cooling rate, a, n and b are proportional constants. The cooling rate increases when the
solid-melt interface reaches the surface. The reduction in the rate of cooling while the solidification is undergoing, lets the dendrite
have more time, and thus the distance between dendritic arms increases [14].

Fang et al. [15] investigated the mechanical properties of a direct-laser-deposited IN625 sample. Test results indicated that the final
strength of the AM was 812 MPa, and its ductility was 13%. The structure of the alloy after deposition had irregular shape. It had a lava
phase (containing refractory elements such as Nb and Mo) and carbide deposits in the inter-dendritic region. As a way of improving the
properties and increasing the ductility, the sample underwent heat treatment at three temperatures of 1000, 1100, and 1200 °C for 1 h.
When the temperature went up from 1000 °C to 1200 °C, the lave phase deposits dissolved, which will lead to a complete morphology
change. The overall morphology changes from a relatively irregular shape to a food bar and block shape, which is a positive change
regarding the improvement of the plastic toughness of the alloy. After the heat treatment, the y-Ni solid solution dramatically reduces
the orientation of the crystalline grains. The elastic modulus of all samples is 270 GPa. By annealing at temperatures of 1000, 1100, and
1200 °C, the final strength increases by 12, 5, and 5% and ductility by 116, 138, and 99%, respectively.

Pruk et al. [16] reduced the residual stress of the thin-walled 304 stainless steel sample by 30%, utilizing local preheating.
Following a similar method for a chromium-molybdenum steel sample made by laser deposition, Shimol et al. [17] used stress
relaxation, laser heat treatment (rescanning), and preheating of the substrate to effectively bring the residual stress down by 70, 55 and
40%, respectively. One of the other ways to minimize residual stress is by changing the scanning pattern. Denlinger et al. [18] reduced
the residual stress of Ti6Al4V titanium alloy and Inconel 625 samples by 55% by changing the laser stopping time between layers. In
their research, they reached the minimum residual stress by reducing the inter-pass pauses. It is worth noting that the Ti6Al4V samples
have significantly different residual stresses compared to the Inconel 625 samples. It is mainly due to the higher heat transfer rates in
Ti6Al4V alloy, and less heat accumulates in it.

Other articles commonly suggest that the reduction in the temperature gradient through substrate preheating or stress relaxation
after complete fabrication makes the residual stress follow the same decreasing trend. However, these techniques are faced with
limitions. Decreasing the temperature gradient through the reduction of the heat input, which is an important design parameter, will
directly decrease the efficiency of manufacturing and therefore, it is a limiting factor. Today, the X-ray diffraction is a widely utilized
method for calculating residual stress. This measurement method, which is a non-destructive and established technique, allows ac-
curate and spatially resolved stress measurement in areas of several square millimeters without direct contact between the sample and
the measuring probe. These features are suitable for stress evaluation in additive manufacturing processes such as direct laser
deposition (DLD). The maximum residual stress happens a few millimeters before the melt, in which an extensometer aperture cannot
be effectively placed [19-21]. The stress measurement by X-ray diffraction is not done directly, but strain must always be measured.
The X-ray is counted at different angles, and then the residual stress is calculated by the sin?y method and by using elasticity equations
and relationships. The gradient of the line is obtained from several specific points in the 6 = sin?y diagram using the least square
method.

The genesis of this study’s rationale is an extension of the principal challenge associated with residual stress formation and its
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Fig. 1. Microscopic image of a)Inconel 625 powder, and b) substrate used in this research.

Table 1
Chemical composition of Inconel 625, including substrate and powder (wt%).
Element Ni Fe Cr Nb Mo Ti Al Si Mn Other
Substrate Content (Wt%) Bal. 2 22.4 3.5 8.8 0.2 0.8 0.5 0.2 <0.2
Powder Bal. 4 22.2 2.9 7.5 0.2 0.3 0.5 0.2 <0.2

subsequent relief in components formed through the (DLD) process, specifically for Inconel 625. This challenge takes precedence since
unregulated residual stress within the substrate, accrued during processing, could potentially compromise the final characteristics of
the component. This issue is of particular pertinence to components fabricated through additive manufacturing techniques. Conse-
quently, this research is focused on the DLD process of Inconel 625, intending to offer insights that can optimize this process and
improve the integrity of the produced parts.

To further this aim, our primary objective is to scrutinize and quantify the cooling rate of Inconel 625 during the DLD process. This
was done using the secondary dendritic arm spacing (SDAS) as a benchmark, thus the correlation between the cooling rate and the
genesis of residual stress was investigated. Subsequently, investigations were carried out on the accurately measure and evaluate the
residual stress in samples processed via DLD process both prior to and following stress relief. This paves the way for a clearer un-
derstanding of the effectiveness of stress mitigation methods on reducing interior residual stress.

Next, another goal of this research is assess the impact of stress relief on the dendritic microstructure of the sample. This particular
objective focuses on understanding the microstructural alterations that occur during the stress relief process. Thereafter, the assess-
ment of hardness and tensile characteristics of samples before and after the stress relief gives an insight into how these mechanical
properties fluctuate with the variation in process parameters.

Finally, the current study is aimed to compare the mechanical properties of the as-deposited Inconel 625 sample and a reference
sample to elucidate whether the DLD-processed sample is comparable, superior or inferior to the reference sample concerning these
basic properties. The successful accomplishment of these objectives not only has the potential to bridge the existing knowledge gap
about the DLD process of Inconel 625 but also stands as a pivotal contributor to enhancing future additive manufacturing.

To achieve these objectives, a comprehensive experimental procedure was carried out including the following steps: Inconel 625
powder was deposited on a homogeneous substrate through DLD process. X-ray diffraction analysis validated that the substrate and the
deposited cladding primarily consist of an FCC nickel-based austenitic phase (gamma phase). Then tensile tests were performed, the
hardness was evaluated and finally the residual stress was calculated.

To examine the cooling rate during the DLD process, SDAS value was calculated at different locations on the sample. Stress relief
heat treatment was conducted, followed by a re-evaluation of hardness and residual stress, enabling an understanding of the changes
caused by stress relief.

2. Experimental

In this research, gas atomization IN625 powder with a particle size of 60-90 pm (Fig. 1(a)) was deposited by DLD process on a
homogeneous substrate with austenitic microstructure (Fig. 1(b)). A DLD system was used to make the samples. The results of energy
dispersive spectroscopy of powder and substrate are also shown in Table 1.

In preparing the substrate in the form of a tablet with a thickness of 5 mm, a grinding of up to 800 grit SiC paper was used to remove
surface oxides (see Table 2). For sample printing, a laser power of 225 W,a scanning rate of 10 mm/s, and a powder feed rate of 150
mg/s with 45% transverse overlap and a unidirectional movement pattern were used [22,23].

Fig. 2(a) and 2(b) show the X-ray diffraction analysis of the substrate and the manufactured sample, respectively, in the
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Fig. 3. a) Additive manufacturing sample, b)schematic of the tensile sample,

b)

Fig. 2.
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Additive Manufacturing

Additive Manufacturing (de-stress)

Fig. 4. Microstructure of secondary dendrite arm spacing in AM sample(a-e) and de-stressed sample (d-f): a,d) the zone of the interface between the
clad and the substrate, b,e) middle zone of clad, and c,f) near the surface of clad.

perpendicular direction of the laser scanning. According to this Figure, both the substrate and the deposited cladding mainly contain
FCC nickel-based austenitic phase (gamma phase). In both of them, peaks 111, 200, 220, 311, and 222 were identified in the diffraction
pattern.

Fig. 3(a) and (b), and 3(c) show a schematic of the DLD process, the dimensions of the tensile sample used in this research and the
top surface of the sample while being cladded. Tensile tests were performed according to ISO6892 standard and tensile rate 0.01 mm/s
[24] by the Zwick Z250 machine (Repeat at least 2 times). Stress relief heat treatment for the sample was done at a temperature of
450 °C for 2 h [25-27].

To analyze the size of the structure manufactured via the direct laser deposition and to check the rate of cooling, the distance of the
secondary dendrite arms was checked in three locations, i.e., interface, middle, and near the surface. The distance of the secondary
arms of dendrites and the rate of cooling can be correlacted as Eq. (1) [28]:

M=A(GxR)™" @

where 1 is the distance of the secondary dendrite arms, G x R (Thermal gradient and dendrite growth rate) is the cooling speed, while
A and n are constants representing the materials. It can be observed that the distance of the dendritic arm has an inverse relationship
with the rate of cooling and the temperature gradient. The laser deposition process is usually characterized with a very high tem-
perature gradient (~10% K/mm), therefore the obtained microstructure is expected to be fine-grained, and thus, A will be reduced
[29-33]. Also, A and n for laser-deposited Inconel 625 are equal to 34 and -0.33, respectively [28-33]. Electrochemical process of 1 gr
chromic acid (CrO3) and 10 ml distilled water (with a voltage of 10 V for 8 s) using a solution at 25 °C temperature. The process of
calculating the rate of cooling in three regions, namely the interface, the middle region, and near the deposition surface, included the
measurement of the distance between the secondary arms of the dendrite in each zone (with 20 repetitions), which was averaged for
the calculation.

To evaluate the hardness of additive manufacturing parts before and after stress relaxation, the Vickers microhardness test with a
load of 300 g was used [34]. Residual stress was done according to standards ASTM E915-2019 and ASTM E1426-2019 by the lateral
slope method using the Proto LXRD system (Repeat at least 3 times). In this evaluation, the samples were separated from the substrate
before measuring the residual stress. Mechanical polishing, followed by electrochemical polishing was performed to reveal the residual
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Table 2
The average values of the distance between the secondary arms and the rate of cooling calculated in 3 zones (average of 15 measurements).
Structure Cooling rate (G*R) (k/s) Secondary Dendritic Zone in cladding
Arm Spacing (ym)
Columnar dendrite 7.07 * 10* 3.90 + 0.04 (um) near the interface
Columnar dendrite 4.01 * 10° 2.21 £0.06 (um) middle zone (0.5 mm upper than the interface)
equiaxed dendrites 1.07 * 10° 1.59 + 0.04 (um) near the surface of the cladding (1.5 mm upper than the interface)
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Fig. 5. a) Stress-strain diagram of additive manufacturing, stress relieved, and the substrate samples, b) Strength comparison of samples, and c)
Elongation comparison of samples.

stress of the inner part [35-38]. In this research, for the residual stress of the samples, a peak with an angle of 26 = 92.5° and in the
range of 20 = 88-93° was used. For all samples, the (d-dy)/dy graph was drawn regarding sinzw. The residual stress test was performed
for angles Psi = —10°, —20°, —30°, 0°, 15°, 30°, and 45°, and Eq. 2 was used to perform the calculations [39];
m.E
- 2
1+9 @

where m is the slope of the strain diagram regarding sin?y, E is Young’s modulus, and § is Poisson’s ratio. An ultrasonic device
equipped with a TR probe was used to measured Young’s modulus and Poisson’s ratio [40,41]. Then, using Eq. (3), Young’s modulus
equal to 175 + 17 (average of 5 measurements) was obtained:

E=p* V? 3)
3. Results and discussion

Fig. 4 depicts the solidification microstructure and SDAS in AM sample (Fig. 4(a—c)) and de-stressed sample (Fig. 4(d—f)) in the zone
of the interface between the clad and the substrate, middle zone of clad, and near the surface of clad, respectively. The SDAS and
Cooling rate are given in Table 2. According to this Table, the SDAS is reduced while traversing away from the interface. This stems
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Fig. 6. Macro picture of the sample after failure a) cast sample, b) additive manufactured sample and c) additive manufactured sample (de-stress).
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from the different rates of cooling at different points of the clad, so the cooling rate has increased from the interface (7.07 * 10* K /s) to
the surface of the clad(1.07 x 10° K /s). The structure of near the cladding surface is finer and the average distance between the
dendritic arms from the interface to the surface is reduced. It is noteworthy that the distance between the arms of the secondary
dendrite before and after de-stressing did not change significantly.

The stress-strain diagram for the substrate (casting sample) as a reference sample, the AM sample, and the sample after stress
relaxation are represented in Fig. 5(a). As can be seen more clearly in Fig. 5(b) and 5(c), the yield strength of the AM sample is 506
MPa, representing a 10% increase in comparison with the reference sample. However, the final strength is reduced by 13%. In addition,
the ductility significantly reduced from 42.5% to 26%. It is mainly due to the low heat transfer coefficient of Inconel 625 super alloy,
9.8 W/m.K, which is approximately one-sixteenth of aluminum and one-fortieth of copper [42,43]. Low heat transfer causes heat
accumulation in the clad, and during the deposition of sequential layers in additive manufacturing process, it will lead to residual
stress.

Fig. 6 shows the macro images of the sample’s fracture surface. Fig. 6(a) demonstrates the cast sample where the shear-type ductile
failure can be observed. This mechanism can be related to the crystallographic cross-slip of FCC crystal plates during fracture [44].
Fig. 6(b) shows the additive manufacturing sample, the brittle fracture that occurred in this case is a type of grain boundary fracture. It
can be observed that the cross-sectional view of the fracture free of plastic deformation, considering that the metal in question has an
FCC crystallographic structure and this type of fracture is not common in it. There was borderline brittleness. The temperature of the
test is 25 °C and this case cannot be related to low temperature [45]. Fig. 6(c) shows the additive manufacturing sample (de-stressed).
In this case, the ductile fracture occurs like the cast sample, and it seems that the grain boundary brittleness has been destroyed by the
de-stressing process [45].

The SEM image represeting the surface of the fracture can be observed in Fig. 7. Fig. 7(a and b) and 7(e,f) are related to the casting
sample and the additive manufacturing sample (de-stressed), respectively. Both structures show ductile fracture, and dimples are
observed in two cases. Fig. 7(e-f) has more prominent dimple circles, which indicates more ductility in this case. Also, Fig. 7(c and d)
shows the brittle fracture cross-section. The reason for the absence of a sharp and clear cleavage surface, in this case, is the type of
failure, which was the grain boundary.

Residual stresses can cause defects such as cracks, reduction of strength or mechanical life, and dimensional inaccuracy due
distortion in part. Regarding magnitude, the local residual stresses can contribute to a high percentage of the yield stress of the material
(up to75%). Generally, additivly manufacturing parts are entangled with the significant residual stresses [1,2], which is influenced by
process parameters including laser power, scanning velocity, overlap percentage and characteristics of the substrate and powder. By
optimizing these parameters and features, the residual stress can be reduced to a great extent, but still, some amounts of residual stress
remain in the workpiece [16-18,46,47]. Fig. 8 shows the strain diagram regarding siny for the additive manufacturing sample. The
fitted line of this graph follows the equation of y = 0.0031x - 0.0001. Using Eq. (2) and placing m = 0.0031, § = 0.5, and Young’s
modulus equal to 175 GPa, the tensile residual stress equal to 361 MPa was obtained.

At low temperatures, when the tensile residual stress exceeds the tensile strength of the material, the possibility of cold cracking in
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200 um

Fig. 7. SEM micrograph of fracture surface in (a,b) casting sample, (c,d) AM sample and (e,f) additive manufactured (de-stressed) sample.

the sample increases. Also, if the residual stress is high in the piece, a macroscopic crack is created. The formation of these cracks
reduces the dimensional accuracy, ductility, and strength of the additively manufactured parts; Also, there are other mechanical
properties which are impacted by residual stresses namely, corrosion resistance, fracture toughness, crack growth behavior, and fa-
tigue performance [47]. Therefore, implementing preventative measures regarding crack nucleation in part by modifying the process
and optimizing the parameters using methods such as stress relief operation, is of utmost importance [1,36,39].

Fig. 9 shows the strain diagram regarding sin?y for the de-stress sample. The equation of the fitted line is y = 0.00024x + 0.00005.
By setting m = 0.0002, 8 = 0.5, and Young’s modulus equal to175 GPa in Eq. (2), tensile residual stress equal to 23 MPa was obtained,
which indicates almost complete relaxation of the residual stress.

According to Fig. 5, the yield strength increased from 506 MPa to 605 MPa by applying stress relieving heat treatment. Also,
ductility increased from 26% to 52.5%. This amount of ductility is even higher than the reference(casting) sample. The remarkable
point is the reduction of the residual stress from 361 to 23 MPa after the stress relaxation, equivalent to a change of 338 MPa, while the
yield strength variation was equal to 99 MPa. It stems from the non-uniformity of residual stress distribution along each layer and the
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unbalanced distribution of residual stress in different layers, which has been mentioned in various studies [48-53].

The ultimate strength is reached from 679MPa in AM sample to 930 MPa in the de-stressed sample, which shows a 17% and 36%
increase compared to the cast and AM samples, respectively.

Fig. 10 shows the hardness of the sample based on the distance from the interface. In this evaluation, the average hardness of five
samples deposited layer is shown in two states before and after stress relaxation. Generally, in both cases, the hardness of the samples
were reduced when moving from the interface zone to near the cladding surface. Generally, the solidified structure of parts resulting
from laser additive manufacturing processes includes two competitive and cellular zones. During the deposition process, heat is
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exchanged from the substrate, and therefore, the temperature flows perpendicular to the surface of the substrate. These zones are
characterized with competitive growth where the oriented columnar dendrites are formed. In other zones, the growth is cellular. Still,
at farther distances, the governing mechanism of solidification is determined according to the temperature gradient and the appro-
priate direction of crystallography in the metal [1,54,55]. In the stress-relieved sample, hardness has reduced slightly, but the sig-
nificant point is the reduced fluctuations of the hardness at different issues due to the removal of residual stress throughout the
workpiece, which leads to the improvement of the mechanical behavior of the workpiece.

4. Conclusion

This research was aimed to investigate the effect of residual stress in the additive manufacturing of Inconel 625 on the same
substrate by the direct laser deposition process. The results showed.

1) Increasing cooling rate 7.07*10% k/s to 1.07*107 k/s and structure changes from columnar dendritic to coaxial dendritic,

2) 10% increase in the yield strength of the additively manufactured sample in the raw state compared to the cast sample and reducing
its ductility from 42.5% to 26%, the presence of 361 MPa residual stress in the sample after additive manufacturing and reducing
the tensile properties of the sample in this state,

3) almost complete elimination of residual stress which was the result of a 2 h heat treatment at 450 °C and significant improvement of
ductility and strength compared to both casting (control) and additive manufacturing, Increase in ductility from 26% in additive
manufacturing to 52.5% after stress relief and 17% and 36% increase in ultimate strength, respectively, compared to the cast
sample and additive manufacturing sample, and decrease in fluctuations and hardness due to stress relief operation.
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