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Abstract

:

For this work, the behavior of the ZhS6K alloy (Russian grade) in the process of direct laser deposition was investigated. Two samples, a “small” one (40 × 10 × 10 mm3) and “large” one (80 × 16 × 16 mm3), were fabricated with direct laser deposition. In both samples, the typical dual-phase γ/γ’ microstructure with cuboidal shape of the γ’ precipitates was observed. Both specimens revealed a similar tendency to continuous increasing in hardness from the bottom to the top associated with the refinement of γ’ precipitates. The “small” sample was essentially crack-free, while the “large” one underwent extensive cracking. The possible effects of various factors, including thermal history, size, and shape of the gamma grains, on cracking behavior were discussed.
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1. Introduction


Additive manufacturing (AM) is a common name for a wide range of manufacturing techniques that involve the layer-by-layer building of the desired parts from powders or wires (in the case of metallic AM) in accordance with a pre-designed 3D model [1] as opposed to conventional subtractive manufacturing (drilling, milling, cutting, etc.) or metal forming (forging, rolling, extrusion, etc.) techniques. AM is getting widespread applications in various industries, including the aerospace sector [2]. Aerospace manufacturing often requires complex-shaped parts in rather limited quantities, and AM technologies are ideally suited for this task. Many AM technologies have been developed, and the most notable for metallic materials are selective laser melting (SLM) [3], direct laser deposition (DLD) [4,5], electron beam melting (EBM) [6], and wire arc additive manufacturing (WAAM) [7,8]. Among these methods, DLD offers unique capacities like an excellent balance between the productivity and surface quality, the ability to build large-scale parts, and the capacity of multi-material fabrication [5,9,10,11].



Ni-based superalloys, due to excellent high-temperature mechanical performance and good oxidation and corrosion resistance, occupy a special place in the aerospace industry as materials of choice for the hottest parts of aircraft engines [12,13]. The opportunity to avoid costly traditional techniques required to obtain high mechanical properties in cast alloys caused a huge interest in the application of AM processes for these materials [14,15]. However, it has been known for decades that many Ni alloys have poor weldability [16,17]. A decrease in weldability is usually associated with a high content of Al and Ti [16,17]. Since Al and Ti are responsible for the formation of the strengthening γ’ phase [12], weldable alloys usually have relatively low-strength characteristics, and high-strength, high-temperature alloys are poorly weldable.



The similarities in the thermal cycle between the welding and AM processes suggest that many high-strength Ni-based superalloys will be prone to extensive cracking during AM processes [18,19,20,21]. Due to the complex chemical and phase composition and the associated complexity of solidification after laser/electron melting (and possible re-melting and re-solidification during the melting of the further layers) processes and also solid-state transformation, multiple mechanisms can be responsible for the crack formation. The cracks can be divided [22] into solidification cracks [23], liquation cracks [23], strain-age cracks [23], and ductility-dip cracks [24]. The first two are liquid cracks, which require the presence of a liquid phase, while the latter two are solid cracks. The exact mechanism of cracking varies significantly depending on the exact alloy and process parameters.



One of the prominent research directions to solve the problem of cracking of Ni-based alloys during AM is the development of the new Ni-based superalloys optimized specifically for AM processes [23,25,26,27]. There are some reports of the alloys containing substantial amounts of the γ’ particles after printing and further heat treatment and reasonable mechanical properties at T = 900 °C [27] or excellent oxidation resistance [28]. Another potential route to solve the problem of cracking is the optimization of the printing process. One of the most feasible strategies is to use induction heating to reduce the temperature gradient during the AM process [29,30,31]. However, the optimal printing parameters for different alloys are not evident.



In this work, a detailed examination of the microstructure of the two samples of the Russian ZhS6K grade alloy with a high (>50%) fraction of the γ’ particles with different dimensions and therefore thermal history was performed. The ZhS6K alloy is a casting alloy that contains chromium (12 wt.%), molybdenum (4 wt.%), titanium (3 wt.%), aluminum, cobalt, and tungsten (5 wt.% each) and is used in the manufacture of the nozzles and working blades of turbines and one-piece rotors [32]. The yield strength of the alloy is 784 MPa at room temperatures. The main aim of this work was to obtain a better understanding of the crack formation mechanisms in this particular alloy.




2. Materials and Methods


The ZhS6K nickel alloy was used as a program material. The powder was produced by inert gas atomization. The actual composition of the powder was (in wt.%) 66.08Ni—10.72Cr—6.02W—5.53Al—4.56Co—4.13Mo—2.95Ti—0.16C. The powder size was in the range of 40–100 μm.



A custom robotic direct laser deposition complex with an IPG fiber laser was used in the current work. The laser system had a maximum power of 3000 W. Two Fanuc robot positioners with six and two axes were included in the complex. A laser welding head with a coaxial four-string nozzle was used for the powder supply. The chamber was filled with an argon gas. An inductor was used for the heating of samples due to Joule heat. Heating occurred through the substrate (see Figure 1 for details).



Two multi-pass rectangular samples were fabricated on an Inconel 718 substrate. The dimensions of the substrate and deposited samples are presented in Figure 2. The “small” sample measured 40 × 10 × 10 mm3 and consisted of 12 layers, with each layer having 5 tracks in width. The “large” sample with dimensions 80 × 16 × 16 mm3 consisted of 20 layers and 9 tracks. The distance between the centers of the adjacent tracks was 1.67 mm. A vertical step size of 0.8 mm was used. Passages were carried out in one direction. The process parameters are summarized in Table 1.



The temperature during the fabrication of the large specimen was measured using tungsten/rhenium alloy (Tungsten 95%/Rhenium 5%—Tungsten 80%/Rhenium 20%) thermocouples, the closest analogue of which is a type C thermocouple. The thermocouple with a diameter of 0.5 mm was located on the substrate directly at the bottom of the deposited sample (red dot in Figure 2). In addition, due to the inability to measure the temperature on the sample surface, the temperature at the surface of the DLD specimen was estimated using a simulation. ANSYS Mechanical APDL software (version 19.0) was used for calculations.



The following thermal conductivity equation was used:


  ρ c   ∂ T   ∂ t   − ∇   K ∇ T   = 0  



(1)




where ρ is the density, c is the heat capacity, T is the temperature, t is the time, and K is the thermal conductivity.



The finite element method (FEM) was used to solve Equation (1). The calculations took into account the temperature dependencies of the thermophysical properties of the Inconel 718 and ZhS6K alloys (Table 2). Equation (1) was solved with the initial and boundary conditions. The boundary condition for the heat flux from the laser will constantly shift along with the height of the deposited layer. The following initial condition was used:


  T  |  t = 0   = 1000   ° C  



(2)







The following convection boundary condition for the side walls and substrate was applied:


  K   dT   dn   =  h f     T s  −  T  amb      



(3)




where    T  amb     is the ambient temperature,    h f    is the convection coefficient, and    T s    is the surface temperature of the heated body.



The constant temperature boundary condition was applied to the bottom edge of the substrate:


  T = 1000   ° C  



(4)







The boundary condition for the heat flux from the laser source used can be written as:


  K   dT   dn    |  r = layers   = q ;  where   q    x , t   =  Q  2    π R   2    exp   −       z − Vt    2  +     x − Xb    2    2  R 2       



(5)




where  R  is the radius of the laser spot,  V  is the speed of movement of the laser source,   Xb   is the coordinate of the middle of the weld bead, and  Q  is the power of the laser heat source.



The microstructure of the deposited samples was studied using a scanning electron microscope (SEM, Tescan MIRA 3 LMH TESCAN GROUP, a.s., Brno, Czech Republic) equipped with an electron backscatter diffraction (EBSD) detector and a transmission electron microscope (TEM, JEOL JEM-2100) equipped with an energy dispersive spectrometry (EDS) detector. The samples for the SEM observations were prepared by the careful mechanical polishing of a surface aligned with the laser beam direction near the center of the produced specimen. The step size during the EBSD mapping was 3 μm. Samples for the TEM investigations were cut from different layers normal to the laser beam, where level 1 is located near the substrate and level 4 corresponds to the top of the sample (Figure 2). Samples for the TEM analysis were prepared by the conventional twin-jet electro-polishing of mechanically pre-thinned 100 nm foils in a mixture of 90% C4H9OH and 10% HClO4 at 20 V potential at room temperature. The size of the γ grains and the size/fraction of the γ’ precipitates were quantified using at least five SEM or TEM images at low magnification using Digimizer software (version 6). Mechanical properties were evaluated using microhardness tests. Vickers microhardness tests were conducted at room temperature using a 300 g load. At least 20 measurements per data point were made.




3. Results


Thermal cycles measured during DLD and calculated using a simulation for the “large” sample close to the substrate are shown in Figure 3a. The experimental (black line) temperature shows that, at the first stage, an inductor heated the substrate to a temperature above 1000 °C. After this, the deposition process began with heating turned on. Immediately before the start of the deposition, a sharp decrease in temperature was observed. This was due to the starting of the gas flow from the deposition head, providing convective heat transfer from the surface of the substrate. A further laser deposition was carried out while maintaining the temperature above 1000 °C. A comparison of the experimental and calculated (blue line) thermal cycles showed a reasonable agreement. As the evaporation processes were not considered, and the measurement points were rather close to the heat source, the peak temperatures were higher for the calculated results. Yet, the observed discrepancies between the experimental/calculated temperatures at times above 1000 s did not exceed 70 °C.



Taking into account the good correlation between the computed and experimental results for the large “specimen”, the thermal cycles for the samples were calculated using a simulation at the top of the sample (for three last layers) (Figure 3b,c). As expected, the temperature on the surface of the deposited sample turned out to be noticeably higher than that of the substrate.



At the end of the process, samples were cooled in a controlled manner. The average cooling rate of the «large» sample was 10.2 °C/min. Controlled cooling eliminated high temperature gradients and reduced cracking.



Figure 4 shows the appearance of the “large” specimen. The individual layers can be easily recognized on the surface. In addition to this, cracks can be observed on the specimen produced during DLD. The cracks seemingly propagated from the top to the bottom. Such cracks were not observed on the surface of the “small” specimen.



Cross-section EBSD images of both specimens are presented in Figure 5. In the “small” sample, the microstructure is quite uniform and equiaxed. The average grain size was 170 μm. It is interesting to note that in the upper part of the sample, compared to the lower part, the grains were slightly larger. In addition, the presence of numerous pores was noted at the top of the sample. No signs of cracking were detected on the EBSD image of the “small” specimen. The “large” specimen demonstrated a distinctively different behavior—the grains were mostly significantly elongated (width of 3 mm and aspect ratio of 0.09), with some equiaxed grains both on the top and at the bottom of the specimen (the size of the equiaxed grains was ~150 μm). Note that the epitaxial growth of grains with a height exceeding a single layer during the direct laser deposition of Ni-superalloys is well documented in the literature [33,34,35]. Moreover, propagation of the cracks was visible already (Figure 4).



Figure 6 shows SEM images of the microstructure of the “small” specimen. The typical dual-phase γ/γ’ microstructure with a cuboidal shape of the γ’ precipitates was observed. EDS revealed that the bright light particles visible in Figure 6 were carbides rich in Ti, Mo, and W (Cr, Co, Mo, and W were also detected). The size of the carbides was 1.5–2 μm. Further identification of such carbides was continued by TEM studies (see the text below). Some porosity and “lack of fusion” defects (identified with arrow in Figure 6a) were also visible; the sizes of such defects did not exceed 40 μm. Specific attention must be paid to the grain boundaries. They were decorated by different types of precipitates such as eutectic γ/γ’ agglomerates, with γ’ -phase sizes reaching 0.1–0.8 μm (identified with red arrow in Figure 6b) and bulk or film-like carbides (identified with green arrow in Figure 6b).



Figure 7 shows the microstructure of the “large” specimen. It largely resembled the structure of the smaller sample, yet with more evident cracking at the grain boundaries. It should be noted that there were much more noticeable eutectic γ/γ’ agglomerates. The size of such agglomerates was up to 2 μm (red arrow in Figure 7a). Bulk or film-like carbides were also observed (green arrow in Figure 7b).



To obtain more insight on the microstructure formation in the program alloy during the DLD process, TEM studies were performed. The microstructure of the “small” sample at the bottom (level 1) and the top (level 4) are represented in Figure 8. A typical cuboidal γ/γ’ structure was formed. The volume fraction of the γ’ phase was somewhat lower (57%) at the bottom than at the top (63%). Meanwhile, there was a significant gradient in the γ’ particles’ size that decreased from 190 nm at the bottom to 70 nm at the top.



The microstructure at the bottom (level 1) of the “large” sample was represented by an fcc matrix and two types of particles (Figure 9). The size of the large particles (Figure 9a) was about ~1 μm; fine particles had an average size of ~200 nm (Figure 9b). Particles were distributed homogeneously; the volume fraction was about 9%. The large particles were enriched by Ni, Mo, and Cr and corresponded to the Ni3Mo3C carbide phase. The fine particles were mostly oxides of the Cr2O3 types (Figure 9b). There were also particles of a complex chemical composition that could not be identified.



The “classic” dual-phase γ/γ’ structure was formed “higher” along the cross-section in the “large” specimen (Figure 10). In level 2 (Figure 10a), the γ’ particles had an irregular shape, possibly due to their coarse size (≈530 nm). The volume fraction of the particles was 43%. Closer to the top, nearly perfect cuboids of the γ’ phase were observed (Figure 10b,c). The volume fraction of the γ’ phase was 63–65%, and its particles’ sizes further refined from 250 nm at level 3 to 100 nm at the top of the sample (Figure 10b,c).



Finally, Figure 11 shows the microhardness profile of the two specimens. Both profiles showed a similar trend: the continuous increasing in hardness from the bottom (~360–370 HV) to the top, reaching the values of ~510 HV in the “large” sample. One can note the sudden drop in the hardness on the top of the “small” specimen; that drop was most likely associated with the development of porosity (see Figure 5a).




4. Discussion


In the present work, a detailed examination of the microstructure of two samples of the non-weldable ZhS6K fabricated by a similar DLD procedure, yet with a different size, was performed. The samples showed distinctively different behaviors in terms of cracking; namely, the “small” sample was nearly crack-free, while the “large” one was distinctively cracked (Figure 4). Here, an analysis of factors that resulted in the crack formation in the “large” sample and the associated microstructure features was carried out.



The most significant change in the microstructure between the two samples, besides the crack formation, was the transition from the nearly equiaxed granular structure in the “small” sample to the columnar structure in the “large” sample (Figure 5). The formation of the columnar structure during AM processes [36,37], including DLD [38,39], is widely documented, yet the exact physical reasons for the formation of such structures are not fully clear. The complex physical nature of the AM process involves both local super- and undercooling, which affect the solidified microstructure [36]. One of the critical factors that govern the transition of the equiaxed to columnar structure transition is the temperature gradient (G) [37]. Apparently, the induction heating used in the current study reduced the G value and most likely was responsible for the formation of the equiaxed structure in the “small” sample. However, the G will apparently increase in the “large” sample; the increase in the G value will most likely be the reason for the formation of the columnar structure.



The formation of the columnar structure is often considered as one of the undesired outcomes of the AM process since grain boundaries are often considered as mechanically “weak”. The overall appearance of cracks in the “large” sample as mostly long, straight, and aligned with grain boundaries (Figure 5b) suggests solid-state cracking as the most probable mechanism [19,23]. These cracks propagate mostly along the boundaries that serve as the fast tracks. Therefore, it can be suggested that a transition from an equiaxed structure in the “small” to columnar in the “large” one is the main reason for the extensive cracking in the bigger sample. In addition, one can anticipate higher residual stresses in the “large” sample [40] that should stimulate the propagation of cracks.



In addition, in the present case, the grain boundaries were further weakened by γ/γ’ eutectic agglomerates and/or the presence of carbides formed during the DLD process (Figure 6 and Figure 7). In particular, the presence of such defects can be an indication of the so-called liquation cracking, which occurs during the local melting of precipitates with a low melting point like γ/γ’ eutectics and further formation of the liquid film at the grain boundary [19,23,41,42]. The observed morphology of the cracks at the grain boundaries (Figure 6 and Figure 7) agrees well with this suggestion, yet it has to be noted that other (than the presence of the precipitates with a low melting point) signs of liquation such as chemical inhomogeneity were not observed.



Another interesting finding of this work is associated with the significant variation in the size and fraction of the γ’ particles in the as-deposited samples (Figure 8, Figure 9 and Figure 10). The continuous decrease in the size of the γ’ particles from the bottom to the top is likely due to the extended exposure of the lower part at high-temperature conditions. The exposure at a temperature below the solvus temperature of the γ’ phase (1230 °C in the program alloy) will result in its gradual coarsening. This effect was obviously stronger in the “larger” specimen, which can probably be attributed to a longer exposure at high temperature due to a longer printing process. Meanwhile, the absence or very low fraction of the γ’ particles in the bottom of the “large” sample implies that the temperature in this part was very close to or above the solvus temperature of the γ’ phase. In addition, the increase in the fraction of the γ’ particles and corresponding decrease in their size is the most probable reason for the increasing hardness in the samples from the bottom to the top due to an increased efficiency of the operating strengthening mechanisms (Figure 11).




5. Conclusions


The results of this work can be particularly attractive for the fabrication of Ni-based superalloys, which are extensively used for the hot parts of turbine engines, by additive manufacturing processes, including direct laser deposition. The additive manufacturing of many Ni superalloys, especially with a high fraction of the strengthening gamma prime phase, is associated with severe cracking; possible reasons for the cracking formation in deposited samples were discussed. So, the structure of the two high-temperature ZhS6K alloy samples with different dimensions (10 × 10 mm2—the “small” sample and 16 × 16 mm2—the “large” sample) after direct laser deposition with induction heating were studied and the following conclusions were drawn:




	(1)

	
The “small” sample was relatively crack-free, while the “large” underwent extensive cracking. The cracking of the “large” sample was associated with the formation of the columnar structure, which provided the fast tracks for the propagation of solid-state cracks, while the “small” sample had an equiaxed structure. In addition, liquation cracks at the grain boundaries decorated by eutectic γ/γ’ agglomerates and/or carbides were observed in both samples.




	(2)

	
Both the “small” and “large” samples exhibited a strong gradient in the γ’ phase particles’ sizes and fraction from the bottom to the top. In particular, the size of the γ’ particles decreased from 530 nm to 100 nm in the “large” specimen. The fraction of the γ’ phase increased from the bottom to the top; in the “large” specimen this variation was as large as from 0 to 65%. Such changes were associated with the complex thermal history of the samples, revealed both computationally and experimentally, and are likely the reason for the increase in the hardness of the samples.
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Figure 1. A schematic diagram of direct laser deposition with induction heating. 
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Figure 2. Dimensions of the deposited samples. The red dot shows the location of the thermocouple. Levels 1–4 identify the planes used for TEM investigations. 
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Figure 3. Thermal cycles during direct laser deposition with induction heating: comparison between experimental and calculated results for the «large» sample near the substrate (a) and calculated results for the «large» (b) and «small» (c) samples at first and three last layers. 
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Figure 4. Appearance of the “large” specimen. 
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Figure 5. EBSD IPF images of the cross-section of the “small” (a) and the “large” (b) samples. 
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Figure 6. SEM-BSE images of the “small” specimen, middle of the thickness. “Lack of fusion” defect is identified with black arrows in (a). Red and green arrows in (b) identify eutectic γ/γ’ agglomerates and bulk or film-like carbides, respectively. 
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Figure 7. SEM-BSE images of the “large” specimen, upper half of the specimen. “Lack of fusion” defect is identified with black arrows. (a,b) Red and green arrows identify eutectic γ/γ’ agglomerates and bulk or film-like carbides, respectively. 
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Figure 8. The microstructure of the “small” sample: at the bottom (a) and at the top (b). 
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Figure 9. The microstructure of the “large” sample at level 1: particles of Ni3Mo3C phase (a), particles of Cr2O3 phase (b). 
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Figure 10. The microstructure at level 2 (a); level 3 (b); and level 4 (c) of the “large” sample. 
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Figure 11. The microhardness profile in the “small” and “large” samples. 
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Table 1. Deposition mode parameters.
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	Parameters
	Value





	Laser power (W)
	1400



	Deposition speed (mm/s)
	25



	Powder flow rate (g/min)
	16.5



	Laser spot size (mm)
	2.5



	Width offset (mm)
	1.67



	Height offset (mm)
	0.8



	Pause time (s)
	0










 





Table 2. Thermal properties of the Inconel 718 and ZhS6K alloys.
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Temperature, °C

	
Density, kg/m3

	
Heat Capacity, J/(kg·K)

	
Thermal Conductivity, W/m·K




	
INC718

	
ZhS6K

	
INC718

	
ZhS6K

	
INC718

	
ZhS6K






	
25

	
8190

	
8200

	
0.435

	
0.38

	
8.9

	
8




	
100

	
8160

	
8200

	
0.455

	
0.4

	
10.8

	
9




	
200

	
8118

	
8200

	
0.479

	
0.42

	
12.9

	
11




	
300

	
8079

	
8200

	
0.497

	
0.445

	
15.2

	
12




	
400

	
8040

	
8200

	
0.515

	
0.47

	
17.4

	
14




	
500

	
8001

	
8200

	
0.527

	
0.485

	
18.7

	
15




	
600

	
7962

	
8200

	
0.558

	
0.515

	
20.8

	
17




	
700

	
7925

	
8200

	
0.568

	
0.56

	
21.9

	
19




	
800

	
7884

	
8200

	
0.68

	
0.61

	
26.9

	
22




	
900

	
7845

	
8200

	
0.64

	
0.66

	
25.8

	
24




	
1000

	
7806

	

	
0.62

	

	
26.7

	




	
1100

	
7767

	

	
0.64

	

	
28.3

	




	
1170

	
7727

	

	
0.65

	

	
29.3

	




	
1336

	
7400

	

	
0.72

	

	
29.6

	




	
1400

	
7340

	

	
0.72

	

	
29.6

	




	
1500

	
7250

	

	
0.72

	

	
29.6

	




	
1600

	
7160

	

	
0.72

	

	
29.6
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