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Abstract

:

The direct laser deposition (DLD) process has seen rigorous research in the past two decades due to its ability to directly manufacture products followed by minimal machining. The process input variables play a vital role in determining the properties achieved in the products manufactured by the DLD method. Inconel 625, a nickel-based superalloy with exceptional mechanical performance and corrosion resistance, has been used in critical applications within the aerospace, process, and marine industry. However, its poor machinability and higher load requirements for plastic deformation have been challenging for manufacturers. Therefore, many studies have explored the additive manufacturing of Inconel 625 to overcome these problems. This article focuses on the DLD of Inconel 625 and its composites, presenting the state-of-the-art, drawing a relation among laser processing parameters and resulting material properties, microstructure and phase evolution, and the high-temperature performance of DLD Inconel 625. The paper highlights the areas on which further studies may focus.
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1. Introduction


Nickel-based superalloys are the preferred choice for applications involving fatigue and/or creep resistance and the ability to withstand corrosive attacks from the operating environment. These alloys have gained increasing popularity in the marine, aerospace, energy, and automobile sectors in the past few decades due to their unique properties. However, nickel superalloys have poor machinability causing excessive tool wear, shorter tool life, large power consumption, and low productivity during machining [1,2,3]. Additionally, these alloys have the propensity to accumulate residual stresses and various defects, which can promote catastrophic component failure during their service life [4]. This review focuses on the UNS N06625 alloy, also known as Inconel 625® (hereafter named IN625), a trademark of Specialty Metals Corporation®. Initially developed in the 1960s, IN625 has been widely used for diverse engineering applications after some modifications. Due to the considerable difficulty and lengthy process times required for machining IN625, additive manufacturing (AM) techniques have been explored as an alternative to conventional fabrication methods for bulk and cladding surface protection.



AM of metals, with its exceptional freedom of creating complex geometries using layer by layer fabrication approach combined with tailored material properties, has unveiled a new horizon of manufacturing. With more recent developments each year, AM has evolved from a rapid prototyping technology into a preferred fabrication method in several industries for a substantial number of products. Regarding the non-sintering methodologies presented in ISO-ASTM 52900, AM processes involve power sources such as electron or laser beams, arc, and plasma [5] (pp. 3–10). Based on the type of raw materials consumed, these AM processes can be classified into powder bed, direct powder feed (via coaxial nozzle), or wire feeding process. AM of nickel superalloys has gained particular interest from researchers in the past few years, as evident by Figure 1, showing the year-on-year increase in the number of relevant research articles in the last five years. However, parts produced by these methods generally need hot isostatic pressing or at least a suitable heat treatment as a post-processing treatment.



Laser-directed energy or direct laser deposition (DLD) can be used for single or multi-material deposition for repair, cladding, or producing large-volume parts. DLD is defined as a “process in which focused thermal energy of the laser melts the material being deposited”. DLD processes can use multi-kW lasers with spot sizes of several millimeters to deposit as much material per unit of time as possible. Being an in-situ powder feeding process, it allows fabricating parts without any enclosed chamber. DLD can also produce components with different compositions, layer by layer, through the mixing of different powders, known as functionally graded materials, which is challenging to realize in laser powder bed fusion (LPBF). As an example, DLD systems, such as those offered by RPM Innovations®, can deposit over a meter-long complex shape. Scaling to even larger sizes is possible, as robots can be attached to large gantry systems and moved over large distances [6]. DLD also offers the possibility of freedom from cost-intensive post-processing operations, e.g., hot isostatic processing (HIP), heat treatment, surface finishing, etc., which are usually complementary to AM components built by LPBF techniques. However, such additional post-processing steps tend to undermine the business case for using AM production [6].



Considerable research activity has been aimed at DLD manufacturing of nickel superalloys, which has inspired several reviews focusing on processing parameters, microstructural features, and mechanical properties [7,8,9,10,11,12]. However, considering the growing interest and rapid advancement in the development of DLD IN625 and IN625-based advanced composites, the literature asks for a quick update to cover emerging concepts and issues related to metallurgical features in AM material.



This review paper shall present the state-of-the-art in AM of IN625 and its composites using DLD, highlighting the effect of laser processing parameters, the effect of the reinforcements’ composition, size, and shape, significant technical challenges, and particular areas that may be the focus of future studies for accelerated development in this specific domain. Figure 2 presents a brief overview of key areas covered in this article.




2. Wrought vs. Additive Manufactured IN625


IN625 was initially developed as a solid solution-strengthened alloy for high-temperature applications, although the alloy can also gain some further strength by carbide and/or intermetallic compound precipitation [13]. It has good weldability and fabricability, making it suitable for diverse engineering applications, particularly involving high-temperature creep and/or fatigue conditions. The mechanical properties of wrought IN625 upon short-term elevated temperature exposure are shown in Figure 3.



An unusual drop has been observed in the elongation (%) of wrought IN625 heated at 760 °C, although the authors did not present any justification for this reduction [2]. However, this sharp decline observed in the elongation of wrought IN625 can be attributed to the strain rate applied in the tensile test. Some authors mentioned this behavior for a similar alloy tested at 600 °C [14]. Some other authors [15,16] have also evidenced such behavior in tensile properties during the tensile test at a similar temperature.



High melting solute elements (molybdenum, niobium) have a low diffusivity in nickel matrix [17]; thus, their presence in solid solution enhances the creep strength of the alloy [18], while chromium, although having a small hardening coefficient, still contributes appreciably to solid solution-strengthening due to its high weight fraction in IN625 [19]. Carbon also serves as a potent solid solution strengthening element as well as a source for primary and secondary carbide strengthening [20]. IN625 has a face-centered cubic (FCC) crystal structure similar to other nickel-based superalloys, which resist phase transformations from room temperature up to the melting point. In addition, the FCC structure has lower rates of thermally activated processes influencing the creep deformation phenomena. The resistance to external surface degradation by oxidation and hot corrosion is controlled primarily by chromium, aluminum, and titanium [19]. Since most IN625 components are complex in shape, excessive machining combined with the hard-to-machine nature of alloy poses considerable difficulties during manufacturing. In addition, the formation of IN625 needs much higher power during forming processes (~4 times that of carbon steels) [21].



Mechanical Properties


Wrought IN625 has moderately high mechanical properties at room temperature. However, its elevated temperature mechanical properties distinguish it from steels having equivalent strengths. ASTM B443 specifies the minimum requirements for sheet/plate, and the ASTM B564 standard specifies the requirements for IN625 forging. ASTM E8 and ISO 6892 are the standard methods for room temperature uniaxial tension testing of metallic materials, while ASTM E21 and ISO 6892 provide methods for tension testing of metals at elevated temperatures (above 38 °C), applicable to both wrought and AM IN625. ASTM E292 and ASTM E740 standard test methods determine the rupture strength (elevated temperature) and residual strength in the notched specimen under tensile loading. The test methods mentioned above apply to both conventionally and additively manufactured IN625 material. However, they may be used with caution when considering the requirements of powder metallurgy materials to cover AM products whenever applicable. Furthermore, in the case of some tests (e.g., test against ASTM E740), certain limitations, such as specimen thickness or specimen geometry, may be encountered in AM material testing [22].



Several efforts have been made for AM of IN625 using DLD in the past few years. Figure 4 presents an overview of the mechanical properties reported by various studies, and the mechanical property specifications of conventionally manufactured IN625 are also given for reference. All properties shown here are without subsequent post-processing heat treatment.



DLD IN625 meets/surpasses the ultimate tensile strength (UTS), yield strength (YS), and elongation (%) specification for conventionally manufactured IN625 products. However, the AM IN625 generally presents lower ductility when compared with conventionally manufactured IN625, having typical elongation values lying between ~60 and 65%. DLD builds have higher UTS, YS, lower %elongation in the XY direction, and lower UTS, YS, and higher elongation in the Z-direction. Isotropic behavior is evident in the mechanical properties of DLD builds. Most DLD builds present a UTS and YS within 820–880 MPa and 460–600 MPa, respectively, in the XY (horizontal)-direction and 730–840 MPa and 370–510 MPa in Z (build)-direction, respectively. In recent works, the reported elongation values lie between 29 and 45% in the XY direction and 40 and 56% in the Z-(build) direction. The orientation dependence of properties is mainly attributed to the characteristic columnar structure resulting from the DLD process, which results in a variation in mechanical properties with reference to the tensile loading direction during tension tests [31]. Laves phase is formed during the terminal stage of solidification and distributed in between the dendrites [32]. The microstructure evolution of Laves phase is discussed in Section 3.1.



Two different studies have been conducted to compare the mechanical properties of builds produced by selective laser melting (SLM) and DLD [23,24]. J. Nguejio et al. [24] concluded that with adequate parameters and post-heat treatment, DLD provided better strength with more than 40% elongation compared to SLM build. Whereas F. Chen et al. [23] reported relatively lower (~30%) elongation and a lower strength with considerable variation in elongation in XY and Z directions for DLD builds as compared to SLM builds after heat treatment with minimal anisotropic behavior. Thus, the selection of the process has its own merits for a certain product and desired mechanical properties for the intended application. However, for demanding applications, it can be diminished by suitable post-heat treatment of AM products [31].





3. Microstructure and Phase Evolution in Direct Laser Deposited IN625


Several researchers have studied the microstructure evolution and phase transformation in DLD IN625. However, a lack of sufficient information about the location/orientation of the sample or adopting non-standard practices in others may render the data less beneficial to the reader. An effort has been made here to present micrographs with sample orientation information symbols on each (wherever sufficient information is available from the original work). ASTM 52921 [33] terminology guidelines have been adopted for presenting the orientation of samples. IN625 has been successfully deposited using DLD by several researchers without relevant defects, such as cracks, high porosity, or bonding errors, at the interface between the substrate and deposit. Figure 5 shows the longitudinal (X-Z) section of a multi-layer deposition of IN625 using DLD by G.P. Dinda et al. [34]. The microstructure consists of columnar dendrites growing epitaxially from the substrate, wherein the growth direction of the primary dendrites is tied to the laser scanning direction. Figure 5a shows an angle of 90° among two adjacent layers, and Figure 5b shows a uniform inclination angle of 60° to the horizontal plane resulting from a unidirectional scan. Cooling occurs not only via the substrate and previously deposited layers, but the adjacent deposited layers also play a partial role. It is clear from Figure 5 that the dendritic growth occurs in the opposite direction to the resultant heat flux.



Since the cooling direction changes with the scan direction, the resultant heat flux direction rotates to be very close to the direction of secondary dendrites of the preceding layer. These secondary dendrites act as a growth site for the primary dendrites of newly solidifying layers, which results in an angle of 90° among the primary dendrites in subsequent layers.



Figure 6 presents the X-Z section of DLD IN625 [34], which shows that each DLD layer comprised two distinct microstructures—a bottom columnar dendritic structure with no dendrites and an upper dendritic structure with secondary dendrites—due to comparatively slower cooling in the upper portion of the layer.



The X-Y section (horizontal section) of a similar sample (Figure 7) shows cellular microstructure as typically expected from a sectional view of a columnar dendritic structure.



Although it has been indicated in the literature [34,35] that the grains preferentially orient to <001> due to the vertical heat flux direction, resulting in the growth of primary dendrites at an angle of about 90° with the substrate, J. Nguejio et al. [24] reported that primary dendrites are not oriented at a right angle to the substrate, and instead appear as inverted V’s in deposited layers, as shown in Figure 8, electron backscatter diffraction (EBSD) analysis. A similar inverted V-pattern is also visible in the results of A.A. Ferreira et al. [25], who used DLD for the deposition of IN625 on a high-strength low alloy (HSLA) steel. In addition, it can also be observed in Figure 8 that the application of a comparatively lower power input resulted in the evolution of finer morphology and a higher ratio of smaller grains in the intersecting region between adjacent deposit lines.



Sanjay K. Rai et al. conducted a microstructural characterization study using X-ray diffraction (XRD). They demonstrated that although the XRD peaks from coherent precipitates cannot be seen separately, their presence could be easily detected by analysis of the XRD patterns of the matrix. The three parameters, namely lattice parameter, micro-strain, and crystallite size, can be used to indicate the occurrence of precipitates in the matrix, the coherency of precipitates, and the detection of early precipitation of the incoherent phase, respectively [36].



Researchers have related the formation and dissolution of precipitates in a matrix with the lattice parameter for DLD-IN625, which has been summarized in Table 1, with relevant reference sources. Lattice constants calculated from (200) diffraction peaks in wrought samples [24] are also given for reference.



The laser source power results in a variety of microstructures, although typically DLD process results in a columnar dendritic structure. However, stress relieving at 1066 °C for 1.5 h, followed by hot isostatic pressing at 1163 °C for 3 to 4 h in inert gas at 100 MPa pressure, followed by solution annealing treatment at 1177 °C for 1 h of DLD-IN625 can promote recrystallization and grain growth, producing a near equiaxed grain structure [37]. An increase in laser power results in a decrease in the ultimate tensile and tensile yield strengths, as shown in Figure 9. An increase in the grain size driven by an increase in laser power input causes a decrease in the microhardness of the resulting DLD-IN625 build, with a lower relative density, at 2620 W power input, as shown in Figure 9.



3.1. Laves Phase and Carbides


Figure 10a,b present the vertical cross-section (parallel to the building direction) of the DLD-IN625 in the as-built condition. Very fine precipitates with a brighter contrast can be observed as a continuous chain-like distribution and small block-like precipitates within the inter-dendritic region. These precipitates are identified as Laves phases and MC carbides [38] using localized chemical analysis. However, the formation of these phases can be confirmed by applying transmission electron microscope (TEM) analysis, as shown in Figure 11 and Figure 12 [39]. According to the Ni–Nb–C equilibrium phase diagram, with sufficiently high concentrations of Nb and C in the molten pool, MC carbides are precipitated by eutectic reactions (L --> γ + MC), which are characterized by spherical/blocky morphology and cubic crystal structure, as observed by TEM and the corresponding selected area electron diffraction (SAED) pattern in these images. When the as-built DLD-IN625 is heat treated at 1000 and 1100 °C (Figure 10c,d, respectively), the recrystallization tends to proceed with increasing temperature and some of the Laves phase particles dissolve into the solution to precipitate as MC carbides. The rest of the Laves phase particles tend to transform into rod-like shapes [39]. A similar phenomenon has been observed and confirmed using TEM and SAED analysis where the Laves phase transforms from irregular shapes to a short bar-like/particle shape when annealed at 1200 °C for 1 h [39]. The evolution of Laves phase morphology with an increase in temperature is evident in Figure 12 [39].





4. Creep Strength of DLD IN625


The ability of a solid material to undergo irreversible deformation because of persistent mechanical stresses is known as creep. Long-term exposure to such stresses, which are still below the material’s yield strength, leads to creep deformation. In materials exposed to higher temperatures, creep is more severe and typically worsens as the temperature rises closer to the melting point (Tm).



Materials deform plastically at low temperatures and high stresses rather than creep. Diffusional creep typically prevails at high temperatures and moderate stress, whereas dislocation creep typically predominates at high temperatures and high stress. Since wrought IN625 has been the engineers’ choice for mid–high temperatures (usually between 0.6 and 0.8 Tm for nickel superalloys) and moderate stress applications [40], it becomes equally important to study the creep strength and creep deformation mechanism in DLD IN625 to assess its suitability for such demanding applications.



In the range of high-temperature creep (0.6 Tm), strengthening is diffusion-controlled and slow-diffusing, large atoms (elements), such as molybdenum, Niobium, and tungsten, tend to be the most effective solid-solution hardeners. Primary carbides can enhance strength by intragranular dispersion hardening. On the other hand, secondary carbides can significantly influence the creep strength, subject to the morphology of carbides, wherein discrete (discontinuous) grain boundary carbides are desired for creep resistance [20]. The presence of Nb in the IN625 alloy leads to a precipitation-hardening with the formation of Ni3Nb (γ″ or δ) phases above 537 °C [41]. The stable δ phase (orthorhombic) typically appears at grain boundaries above 760 °C [41,42]. Aside from the Ni3Nb type phases, MC, M6C, and M23C6 carbides (M for metallic element and C for carbon) typically form over the temperature range from 600 °C to 1200 °C [42,43]. Materials produced through AM have been reported to include the δ phase much earlier than their wrought or cast counterparts due to micro-segregation during solidification [44,45]. High-temperature creep tests for PBFIN625 with post-hot isostatic pressing (HIPed) and wrought IN625 were conducted at 650 °C and 800 °C within a stress range of 65 MPa to 658 MPa by Kwang-Tae Son et al. after long cycle heat treatment (holding at test temperature for ~18 h and cooling in air, the same cycle repeated for a total of 4000 and 8000 h before creep test). The study concluded that creep was controlled by the diffusion climb phenomena at the test temperatures (650 and 800 °C). LPBF IN625 alloy samples showed equal or higher creep strength but poorer creep ductility than wrought IN625 under all testing conditions [46].



Upon atomic probe tomographic analysis, the oxygen concentration at the grain boundary of creep-deformed AM IN625 was found to be too low to result in embrittlement. Nano-secondary ion mass spectrometric analysis revealed substantial sulfur segregation of Al2O3 in both as-HIPed and long-cycle heat-treated AM alloys. Al2O3 inclusions at secondary cracks in the creep-tested AM IN625 alloys led to the finding that sulfur embrittlement is the most likely cause of embrittlement in LPBF IN625 [46]. To the author’s best knowledge, no high-temperature creep testing studies have been reported for DLD IN625.




5. Fatigue Strength and Fracture Toughness of DLD IN625


According to ASTM’s standard terminology, “Fatigue is the progressive localized permanent structural change occurring in a material subjected to conditions that produce fluctuating stresses and strains at some point or points, and that may culminate in cracks or complete fracture after a sufficient number of fluctuations”.



Therefore, fatigue strength should be duly considered during the design phase when creating components that will be subjected to continuous cyclic stress. The components made of Inconel alloys are typically subjected to cyclic loading, which may eventually lead to fatigue failure. In general, fatigue tests are carried out in accordance with ASTM E606 (strain-controlled), ASTM E466 (force-controlled), or other comparable standards depending upon the intended application. The degree of porosity and the final microstructure of the manufactured parts, which in turn depend on the deposition cooling rate, have a considerable impact on the outcomes of the fatigue test. In a study on LPBF of IN625, J.R. Poulin et al. reported that a porosity of 0.1–2.7% in as-fabricated conditions does not have a significant effect on room temperature properties [47]. However, in LPBF IN625, the fatigue limit shows a substantial drop (from 280 MPa to 160 MPa) at room temperature, depending not only on the initial porosity but also on the size and geometry of (critical-sized) initial defects [48]. Similarly, it has been observed that LPBF IN625, with more manufacturing defects (such as lack of fusion, porosity, etc.) and higher surface roughness, has a lower room temperature fatigue life.



A. Theriault studied the fatigue behavior of DLD IN625 at room temperature and 650 °C and presented a comparison of properties with cast IN625 and wrought IN625 in similar test conditions. The DLD IN625 showed a fatigue resistance superior to the cast material but inferior to that of wrought material (Figure 13). Principally wrought alloys had lower porosity than cast types, leading to superior fatigue resistance [49].



In a more recent study, F. K. Fiorentin and co-workers assessed the fatigue behavior of DLD IN625 using the standard ASTM fatigue test method and presented a methodology of testing small-sized specimens rather than standard dog-bone-shaped fatigue testing samples, supported by a numerical model developed and validated by experimental data for stress calculation. The results obtained by the small size- specimens were found in reasonably good agreement with the results obtained using standard test samples, thus validating the opted method. A comparison of S-N property data at load ratio (R) = −1 with previous works on AM IN625 showed (Figure 14) that the DLD IN625 sample (only machined, not polished) had better fatigue properties than three out of five additively manufactured builds, two out of which were manufactured using SLM and samples were in polished condition. Since the literature data were obtained for different stress R-ratios, the results were compared using the Smith–Watson–Topper mean stress correction method. The DLD IN625 presented good fatigue performance, being able to bear a hundred-thousand cycles in a stress range beyond its yield stress (for an R = 0.1) [50].



Thermal–Mechanical Fatigue Resistance of DLD IN625


Thermal–mechanical fatigue (TMF) is a specific type of fatigue that occurs when materials are subjected to simultaneous cyclic loads combined with high cyclic temperatures. In demanding engineering applications, e.g., jet engine turbine blades working at high-temperature ranges and varying mechanical loads, the role of TMF becomes increasingly important. During TMF, three main damage mechanisms—fatigue, oxidation, and creep—are frequently encountered. These mechanisms may act alone or in combination with test circumstances, such as maximum and minimum temperatures, temperature amplitude, total strain amplitude, test frequency, the phase angle between temperature, and strain, dwell duration, or environmental factors.



No such study has been reported for AM IN625, which typically lies within the defined scope of ASTM E2368 (standard for thermomechanical fatigue testing) materials. However, Kyu-Sik Kim et al. studied the high-temperature tensile and high cycle fatigue behavior of LPBF IN625 at high temperatures (650 °C) and compared the results with wrought IN625 in similar test conditions [51]. The LPBF IN625 was stress-relieved (800 °C, 1 h) and hot isostatic pressed (HIP, 1175 °C, 150 MPa, argon environment, 3 h) afterward. Wrought IN625 in solution was annealed at 1100 °C for 1 h. LPBF (HIPed) IN625 had similar microstructures to those of wrought 625 manufactured with conventional methods with almost identical grain size. Wrought IN625 presented fine carbide distribution, and Al2O3 and TiN precipitates were found in LPBF (HiPed) IN625 [51]. Although LPBF (HiPed) IN625 showed higher mechanical properties than wrought IN625 during a room-temperature tensile test, during high-temperature tensile testing, the elongation of LPBF (HiPed) was substantially compromised despite having the same yield strength. The high-temperature fatigue limits (maximum stress that does not result in fracture up to 1 × 107 cycles) for LPBF (HIPed) IN625 and wrought IN625 were 550 MPa and 500 MPa, respectively [51]. At stress lower than 560 MPa (or fatigue life of fewer than 105 cycles), wrought IN625 had relatively better fatigue properties, while LPBF (HIPed) IN625 had better fatigue properties in higher stress range (Figure 15) [51].



At 650 °C, carbides in wrought IN625 undergo premature fracture under high stresses, promoting fatigue crack initiation, which results in reduced fatigue life. In LPBF (HIPed) IN625, high sulfur content is suggested as the most likely cause of high-temperature embrittlement [51]. Thus, feedstock powders with an even lower concentration of impurities (such as sulfur) may result in a more fatigue-resistant build using LPBF combined with the HIP process. No studies have been reported on thermomechanical fatigue testing of DLD-IN625 composites.





6. Effect of Laser/Powder Interaction


The laser energy interacts with the powder jet before it reaches the substrate, with some energy being absorbed by the powder particles and the other being reflected [52]. In the DED process, a fraction of the total heat energy is consumed in heating the powder particles after emerging from the nozzle and traveling through the beam. The energy absorbed by in-flight powder particles depends on the gas flow rate, the powders’ material properties, laser power density, and laser/powder interaction time or residence time [52]. A small molten pool is produced due to the residual beam energy impinging on the deposit surface. The amount of energy absorbed by the substrate is further influenced by the shielding gas, deposit geometry, and beam properties. The volumetric heat source with a modified Gaussian distribution (shown below) can be used to represent the heat source in the DED process [52]:


   P d  =   f P   π  r b 2   t l       n P  +   1 −  η P     η l    exp   −  f    r ¯  b 2     r 2       



(1)




where  f  indicates the power density, P is the laser power, r is the radial distance from laser beam axis,    t l    is the layer thickness,    η P    is the percentage of energy the powder absorbed during flight, and    η l    is the deposit’s absorption coefficient. When the powder is solid, the absorption value is high, but after a short duration (a few milliseconds), the liquid surface begins to absorb energy by Fresnel absorption [52]. Because of this, the value of    η l    initially increases as the liquid layer forms but decreases after the surface melts. Depending on whether the deposit is in a liquid or solid form, the absorption coefficients for a laser beam of 1064 µm wavelength during a laser-assisted DED process using Argon as a shielding gas lie between 0.3 and 0.7 [6].



Local energy density (Ed) specifies the energy available for melting and material deposition during DED. It can be calculated by the following relation [53]:


   E d  =   β P   V  d  s p o t      



(2)




where the total energy absorbed during melting and deposition is represented by the bulk absorption coefficient  β ; P is the heat source’s power output (in watts);  V  stands for scanning speed (in mm/s), and    d  s p o t     is the diameter of the spot size. It has been demonstrated through experimental measurements that the wavelength and the material being processed affect the bulk absorption coefficient for laser-based DED. According to the results of these tests, the  β  for laser-based DED employing a 1 kW ytterbium laser and powder feedstock was 0.37 for Inconel 625 [54].



According to the theory of dendrite growth, the preferential direction of dendritic growth is the inverse of the direction of heat flow. The highest temperature gradient is parallel to the molten pool’s boundary during the solidification process because the substrate receives the most heat from the molten pool, as shown by a schematic diagram in Figure 16a. As a result, the single track, columnar dendritic development, is tilted in the direction of scanning. However, in the case of bi-directional scanning, adjacent layers have their scanning orientation reversed, resulting in the rotated V-shaped grain morphology, as illustrated in Figure 16b [32].




7. Fabrication of Inconel 625-Based Advanced Materials Using Laser-Directed Energy Deposition


The past few years have seen an accelerated effort in the development of advanced materials based on IN625, utilizing various AM techniques, including DED. These materials can be broadly classified into metal matrix composites (MMC) and functionally graded materials (FGM). Significant investment has been made in researching various materials for AM to address the requirements of industrial sectors, such as automotive, aerospace, military, and biomedical. This section examines the IN625-based advanced materials that have recently been treated using DED technology. The impact of processing factors on the microstructure and mechanical characteristics of the processed materials is explored, highlighting the present gaps in the knowledge required to develop engineering components that can be relied on by the industry.



DLD technology has been used to process a variety of reinforcements with IN625 to produce composites and FGMs thus far, with variable degrees of effectiveness. As this would go beyond the scope of presenting major findings and correlating them with results, only DLD IN625 and IN625-based composites’ studies are discussed further to give a fair idea to the reader regarding the role of process parameters, feedstock, and its characteristics, and resultant microstructure and properties in the AM material.



7.1. IN625-Based Composites


MMCs consist of strong second-phase particles/fibers, etc., dispersed within a metallic matrix, with the primary intention being to enhance stiffness, creep, or wear resistance, etc., while maintaining toughness which presents a challenge. Several ceramic and carbon-based (graphene, carbon nanotubes) reinforcements have gained the attention of researchers and have been used for IN625 MMCs. Here, the authors are interested in discussing the ceramic reinforcements (oxides, carbides, borides, etc.) utilized and the factors influencing the modifying properties of IN625. A sound DLD composite should demonstrate a dense, mechanically and thermally stable structure with good wear resistance and electrochemical suitability to operate in its intended environments, which broadly depends on the feedstock and processing conditions.



Effect of Reinforcement on Mechanical Properties


The reinforcement type, particle size, and weight fraction added to the composite significantly affect the mechanical properties of IN625 composites. A maximum of 1077 MPa tensile strength (UTS) has been reported for TiC-reinforced IN625 composites [55] using a five weight% micro-sized (5–7 µm) of TiC in the IN625 powder. However, the elongation stood at 23%. In contrast, G. Bi. [56] was able to achieve a UTS of 996 MPa with nano-scaled ultra-fine (0.08–0.15 µm) powder, which implies the effect of an increased surface area of the reinforcement particles and refinement of the microstructure leading to an increase in the strength of the material. Dondong used a similar weight% (3.5%) of micro- and nano-sized TiC reinforcements in IN625 to compare the effect of reinforcement size. The mechanical testing results showed a more pronounced increase in UTS with nano-sized particles as compared to micro-sized particles using an equal weight% of reinforcements (see Figure 17). The TiC/IN625 composite showed a lesser ductility loss with nano-TiC particles, achieving 23% elongation compared to 15% with the same weight% of micro-sized particles [57] (see Figure 18).



Intuitively, as observed in the case of UTS (Figure 17), the microhardness of TiC/IN625 composites also increased with the increasing weight fraction of reinforcement particles (either micro or nanosized), Figure 18. The wear resistance of the TiC/IN625 DLD composite has also been reported to increase with an increasing weight fraction of reinforcement particles (Figure 19). However, the addition of nano-scaled reinforcement particles imparted a distinctly higher microhardness and wear resistance than micro-scaled reinforcement particles by the addition of an equivalent or even lesser weight fraction of reinforcement due to superior grain refinement strengthening [56].



Ming-YueShen et al. used relatively larger sized (35–135 μm) TiC reinforcement in IN625 (75–250 μm) for DLD with much less rigorous mechanical mixing (30 min. In a reagent bottle). The microstructure was columnar dendritic with well-developed secondary dendrites and showed agglomeration to some extent.



The IN625/TiC presented a 50% increase in Brinell hardness over DLD IN625. Although having the same tensile strength as IN625, the DLD-IN625/TiC showed lower toughness and ductility. The partial melting and incorporation of TiC promote the formation of Ti, Mo, and Nb carbides [60]. Table 2 provides a summary of works by researchers using various reinforcements with IN625 for DLD, their powder mixing conditions, and associated outcomes.



In another study on the DLD of WC (100–200 µm, 60 wt.%)/IN625, Damian Janicki et al. assessed the effect of the shape of WC reinforcement particles on the erosion properties of a WC/IN625 composite by using angular and spherical-shaped WC particles. The irregularly shaped WC reinforcement particles demonstrated mechanical interlocking in the matrix, providing higher erosion resistance to both normal and oblique impacts [64]. A more recent study on WC/IN625 concluded that irregularly shaped (non-spherical) particles offered as high as an ~8-times higher wear resistance compared to a spherical WC particles/IN625 composite by DLD, as shown in Figure 20 [65].



The yield strength of the deposited alloy can be represented as a combination of strength(s) derived from different mechanisms, as presented below:


   σ y  =  σ 0  +  Δ  s s  σ  + Δ  σ D  + Δ  σ b   



(3)




where    σ 0    is the yield strength for Nickel,    Δ  s s  σ    is the solid solution strengthening contribution due to solid-solution elements in the γ-matrix up in the sample,   Δ  σ D    is the strength imparted by the grain-boundary strengthening mechanism, and   Δ  σ b    is the strength contribution due to a dislocation pile-up. Mathematical relations for these strength contributions are well established in scientific literature, which are presented below [66,67]:


   Δ  s s  σ  =      Σ i   α i 2   C i       1 2     



(4)






   Δ D  =  K y   d m  −  1 2     



(5)






   Δ b  = B b  ρ   1 2    G  



(6)




where αi is the strengthening coefficient of ith element, Ci is the concentration of that element; Ky is the constant coefficient for the nickel-based superalloy (710 MPa·μm1/2), dm is the average grain size; B is the coefficient of proportionality, b is the Burgers vector,  ρ  is the dislocation density, and G is the shear modulus.



Al2O3 and SiC have also been used as reinforcements in IN625. However, the DLD results were not promising. As illustrated in Figure 21, a SiC reinforced build showed numerous cracks, and an Al2O3 reinforced IN625 build was found to deposit unevenly, to such an extent that the coaxial nozzle track was obstructed with the crust of the deposited bead [68]. Figure 21 presents the X-section of these DLD builds, wherein such defects did not form in the TiC-IN625 composite using similar processing conditions.





7.2. Effect of Mixing


The mixing technique adopted prior to the processing of MMCs substantially affects the quality of the deposit and the overall build’s properties. K. Bazaleeva et al. compared the IN625/TiC built by simultaneously feeding IN625-TiC powders through different nozzles, IN625-TiC powders mixed by a gravitational mixer, and the IN625-TiC powder mixed by ball milling. IN625-TiC powders mixed by a gravitational mixer presented two distinct zones upon DLD, labelled I (small carbide distributed uniformly) and II (dendritic carbides distributed in matrix) in Figure 22b. It was only possible to deposit a crack-free IN625/TiC composite after ball-milling the IN625-TiC powder together, as shown in Figure 22c [69].




7.3. Effect of Reinforcement on Microstructure


Different reinforcements, such as carbides, borides, and oxides, have been attempted as a reinforcement to IN625 in DLD processing. TiC has most frequently been utilized with IN625 for the DLD of IN625/TiC composites, which tends to provide the necessary undercooling for secondary dendrite growth. The degree of undercooling (difference between the equilibrium liquidus temperature and the dendrite tip temperature) is the driving force for dendritic growth [6]. The formation of well-developed secondary dendrite arms of the columnar dendrite is facilitated by a greater degree of undercooling, which can be further explained by [58]:


d = β(Vc)−1/3



(7)




where d is the dendrite arm spacing (DAS), Vc is the cooling rate, and β is the coefficient. Equation (7) shows that a higher cooling rate results in a small DAS. Dongdong Gu reported a decrease in secondary dendrite arm spacing (SDAS) by DLD of un-reinforced IN625, micro-TiC, and nano-TiC reinforced IN625 composites with an SDAS of 3.6, 2.8, and 2.3 µm, respectively [57], as shown in Figure 23. The presence of TiC particles serves as a nucleation site for the heterogeneous nucleation of the γ-phase. The two competing processes, i.e., nucleation and grain growth, determine the final grain size [70]. The TiC particles tend to impede grain growth, playing an effective role in grain refinement of the resulting microstructure. Therefore, the dendrites of the Ni–Cr matrix were quite refined in DLD nano-TiC-IN625 [57].





8. Oxidation Resistance of DLD IN625 Composites


Chen Hong et al. studied the effect of different weight percentages (2.5 and 5 wt.%) of TiC reinforcement in IN625 on the oxidation resistance of the resulting composites produced by DLD. They conducted oxidation resistance tests at 600, 800, and 1000 °C for 100 h in air. The composite of 5 wt.% of TiC showed the best oxidation resistance with the least mass gain (0.3233 mg·cm−2). The IN625–5 wt.% TiC showed excellent oxidation resistance up to 800 °C (see Figure 24) [71]. The oxidized layer mainly consisted of Cr2O3 and TiO2, whereas the composite was severely oxidized on exposure to 1000 °C.




9. Corrosion Resistance of DLD IN625 Composites


The outstanding corrosion resistance of IN625 has attracted the attention of researchers because it imparts corrosion resistance to relatively less expensive structural materials using the DLD technique. IN625-WC composite coatings were deposited on a 2Cr13 steel substrate using DLD by Zhi-Hua Tian et al. using 10–20 wt.% of WC reinforcement to impart wear and corrosion resistance, respectively, simultaneously. The best corrosion resistance and substantial increase in hardness (compared to the substrate) were observed using a 10 wt.% WC/IN625 powder mixture for DLD on 2Cr13 steel. The microstructure was mainly composed of γ-(Ni, Fe), M23C6, and NbC. Figure 25 presents the dynamic potential polarization curves for 2Cr13 and IN625-WC-composite coatings in 0.5 mol.L−1 HCl solution [72]. Figure 26 presents the hardness of composites vs. substrate, which shows a considerable decline in hardness around the heat-affected zone, necessitating a thick multi-layer pore-free coating for practical application. However, in an earlier study on the DLD of IN625-WC, J. Huebner et al. concluded that the addition of fine (0.54 µm) WC up to 20 wt.% does not significantly change the hardness of the composite, increasing it to approximately 400 HV [73]. The difference between the two studies may have resulted due to reinforcement of different particle sizes (4–7 µm vs. 0.54 µm) and power input (2400 W vs. 320 W).



A recent study using DLD processing by Wanlu Li et al. reported that composite cladding with spherical IN625-WC gave better corrosion resistance than irregularly shaped WC particles in IN625, having a 1.18-times higher polarization resistance after immersion in 3.5% NaCl solution for 60 min [65].




10. Conclusions and Recommendations


	
Rapid solidification in direct laser deposition of Inconel 625 essentially produces columnar dendritic structures, which results in anisotropic mechanical properties. A suitable additive reinforcement that may promote equiaxed grain growth could help eliminate or reduce the anisotropy in the resulting structure.



	
The mechanical testing results showed a more pronounced increase in UTS with nano-sized particles as compared to micro-sized particles using equal weight % of reinforcements. An even dispersion of finer (nano-sized) particles will likely enhance the strength by dislocation pinning. However, nano-sized particles can agglomerate in resulting builds. A higher energy input has resulted in better dispersion of fine reinforcement particles throughout the matrix.



	
The difference in strength along the horizontal direction (XY) and build (Z) direction of DLD IN625 can be attributed to the difference in grain boundary strength arising due to columnar microstructure. The difference in the microplastic strain along the horizontal (XY) direction and build (Z) direction arising due to the distribution of Laves phase particles results in a lower ductility in the horizontal direction as compared to the vertical direction in typical columnar dendritic builds of IN625.



	
The ductility of Direct laser deposited IN625 is still lower than that of its wrought counterpart. A strategy to eliminate the Laves phases or modify the distribution and morphology of Laves phase is likely to enhance the ductility in DLD IN625 builds and may also result in better creep resistance. Microstructural modification by laser deposition parameters, scanning strategies, and subsequent heat treatments may be explored further to improve ductility and toughness. In-situ alloying may also prove helpful in this regard.







11. Future Research Directions and Prospects


	
Process optimization: Future research could focus on optimizing the process parameters, such as laser power, layer thickness, powder flow rate, and scanning speed, to achieve lower porosity and higher deposition efficiency in DLD of IN625.



	
Aerospace and defense: To utilize the DLD-IN625 for aerospace applications, high-temperature creep testing and thermomechanical testing data of DLD-IN625 are required, which necessitates further studies in this domain. IN625 and its composites could find significant applications, such as the manufacturing of gas turbine components, rocket engine parts, and heat exchangers.



	
Material development and multi-material deposition: The potential of IN625-based composites can be further explored by studying oxides, carbides, and borides which have not been utilized/studied in detail as reinforcements with IN625 yet. More uniform mixing before deposition and optimization of laser processing parameters to achieve a homogenous distribution across the DLD build can pave the way for the industrial utility of IN625-based composites. The ability of DLD to deposit multiple materials in a single build could lead to the development of IN625-based functionally graded materials, which could exhibit tailored thermal, mechanical, and chemical properties for specific applications.
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Table A1. TiC reinforced IN625-based composites by DLD (Reference sources for Figure 3).
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	Particle Size (µm)
	Matrix wt.%
	Rein. Wt.%
	UTS
	el.%
	G.L/Width or G.L/Dia Ratio
	HV
	Source





	20–45/0.08–0.15
	99.75
	0.25
	930
	19
	4/1
	318
	[56]



	20–45/0.08–0.15
	99.5
	0.5
	981
	28
	4/1
	319
	[56]



	20–45/0.08–0.15
	99
	1
	996
	20
	4/1
	322
	[56]



	45–95/5–7
	95
	5
	1077
	21
	4/1
	xx
	[55]



	15–45/2–5
	97.5
	2.5
	1023
	14.7
	3/1
	314
	[57]



	15–45/0.04
	97.5
	2.5
	1074
	23.2
	3/1
	345
	[57]
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Figure 1. Year-wise Publications—Additive manufacturing of Inconel 625 (Web of Science). 
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Figure 2. Key areas addressed in the article. 
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Figure 3. Effect of temperature on short-term mechanical properties (tensile) of the cast (data from Ref. [1])and wrought (data from Ref. [2]) IN625. 






Figure 3. Effect of temperature on short-term mechanical properties (tensile) of the cast (data from Ref. [1])and wrought (data from Ref. [2]) IN625.



[image: Metals 13 00787 g003]







[image: Metals 13 00787 g004 550] 





Figure 4. Mechanical properties of DLD Inconel 625 in different orientations. (data from Refs. [23,24,25,26,27,28,29,30]). 
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Figure 5. Longitudinal (X-Z) section of DLD IN625. (a) Bidirectional scan, (b) unidirectional scan, B-Build direction, and S-Laser scan direction (adapted with permission from Ref. [34] 2009, Elsevier). 
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Figure 6. Transverse (X-Z) section of DLD AM IN625 (adapted with permission from [34] 2009, Elsevier). 
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Figure 7. X-Y section (horizontal section) of DLD AM IN625 (adapted with permission from Ref. [23] 2022, Elsevier). 
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Figure 8. EBSD analyses of the DLD Inconel 625. Inverse pole figure (IPF) of the Y-Z (transverse) section of samples printed with different laser power. (a) 270 W; (b) 300 W; (c) 330 W (adapted with permission from Ref. [24] 2019, Elsevier). 
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Figure 9. Effect of laser power on grain size and tensile mechanical properties (data from Ref. [37]). 
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Figure 10. As-deposited and annealed samples at different temperatures; the vertical cross-section (Plane B, X-Z): (a,b) without heat treatment; (c,d) 1000 °C; (e,f) 1100 °C; (g,h) 1200 °C (adapted with permission from [38] 2017, Emerald Publishing). 
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Figure 11. Bright-field image and its SAED pattern of ellipsoid MC carbide particles. (a–c) Blocky MC carbide particles (adapted with permission from Ref. [39] 2021, Springer). 
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Figure 12. TEM bright field photographs, SAED patterns, and EDS element analysis results of specimens at different annealing temperatures. (a) 1000; (b) 1100; (c) 1200 °C (adapted with permission from Ref. [39] 2021, Springer). 
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Figure 13. Fatigue life data of IN-625 in air at 650 °C under a stress-controlled sinusoidal waveform (R = 0.1, f = 60 Hz) LC(SR) = Direct laser deposited + Stress relieved (adapted with permission from Ref. [49] 2009, Elsevier). 
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Figure 14. Literature comparison, S-N, R = −1(adapted from Ref. [50] 2022, MDPI). 
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Figure 15. Maximum stress vs. fatigue life of HIPed LPBF 625 and wrought 625 at 650 °C (adapted with permission from Ref. [51] 2020, Elsevier). 
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Figure 16. (a) Schematic diagram of dendritic growth in the molten pool; (b) Schematic diagram of columnar grains in the as-deposited sample (adapted with permission from Ref. [32] 2021, Elsevier). 
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Figure 17. Effect of the TiC reinforcement concentration and particle size on the mechanical strength of the IN625 Composite (see Appendix A for data sources). 
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Figure 18. Effect of TiC reinforcement concentration and particle size (a) on the ductility of the IN625 composite, (b) microhardness vs. reinforcement (See Appendix A for data sources). 
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Figure 19. Effect of TiC reinforcement on wear resistance of DLD IN625 (data from [57,58,59]). 
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Figure 20. Effect of WC reinforcement shape on (a) friction coefficient; (b) mass loss (adapted with permission from Ref. [65] 2022, Elsevier). 
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Figure 21. X-Section of DLD IN625(top left); IN625 + TiC (top right); IN625 + SiC (bottom left); IN625 + Al2O3 (bottom right) (adapted with permission from Ref. [68] 2013, Elsevier). 
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Figure 22. Microstructures of the composite materials Inconel 625/TiC obtained with a different feed of powders: (a) separate feed of powders; (b) mixing in a gravitational mixer (I—spherical crystal zone; II—dendritic crystal zone); (c) mixing in a planetary ball mill (adapted with permission from Ref. [69] 2018, IOP Publishing). 
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Figure 23. FE-SEM images showing the cellular microstructures in DLD-processed Inconel 625 and TiC/Inconel 625 composites. (a) Unreinforced Inconel 625; (b) Inconel 625 + nano-TiC; and (c) Inconel 625 + micro-TiC (adapted with permission from Ref. [57] 2017, ASME. 
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Figure 24. Isothermal-oxidation kinetics of LMD-processed Inconel 625, Inconel 625/2.5 wt.% TiC (NMMCs1), and Inconel 625/5.0 wt.% TiC (NMMCs2) parts (adapted with permission from Ref. [71] 2014, AIP Publishing). 
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Figure 25. Dynamic potential polarization curves of composite coatings and 2Cr13 steel in a 0.5 mol·L−1 HCl solution (adapted with permission from Ref. [72] 2021, Springer). 
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Figure 26. Microhardness distribution of laser cladding layers with different WC content (adapted with permission from Ref. [72] 2021, Springer). 
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Table 1. Variation in the lattice parameter of the DLD and wrought Inconel 625 under different heat treatments.
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	Manufacturing Process
	Exposure Temperature & Duration
	Interpretation w.r.t. Phases/Precipitates
	Lattice Parameter (pm)
	Source





	DLD, as deposited
	---
	γ′/γ″/δ precipitated
	360.01
	[34]



	DLD
	800 °C/1 h
	Probable partial dissolution of γ″ increases lattice constant
	360.22
	[34]



	DLD
	1000 °C/1 h
	Nb comes out of the matrix, consumed by δ precipitates
	360.09
	[34]



	DLD
	1100 °C/1 h
	δ precipitates dissolve in the matrix
	360.34
	[34]



	Wrought
	As received
	Mo, Nb within the matrix; large lattice distortion
	360.146
	[24]



	Wrought
	600 °C/1 h
	γ″ precipitated; lattice constant decreased
	359.546
	[24]



	Wrought
	900 °C/1 h
	strengthening elements from precipitates are progressively dissolved back into the matrix; the lattice constant increased
	360.145
	[24]



	Wrought
	1100 °C/1 h
	Although expected to increase, the lattice constant decreases, possibly due to the presence of carbides
	360.000
	[24]
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Table 2. Mixing conditions of IN625-based DLD composites.
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Matrix/Reinforcement

(Particle Size in µm)

Reinforcement wt.%

	
Powder Milling Conditions

	
Mech. Properties

	
Outcome

	
Reference




	
UTS (MPa)

	
Y.S.

(MPa)

	
Elongation

(%)

	
Hardness






	
IN625/TiC

(20–45/0.08–0.15 µm)

0.25 wt.%

0.5 wt.%

1.0 wt.%

	
-

	
930

981

996

	
645

644

648

	
19

28

20

	
318 HV

319 HV

322 HV

	
Nano-TiC particles contribute to grain refinement and strengthening.

	
[56]




	
IN625/TiC

(45–90/5–7 µm)

5 wt.%

	
Mixture ball milled for 8 h

	
-

	
-

	
-

	
-

	
Dislocation tangling at nano-TiC increases the strength

	
[61]




	
IN625/TiC

(45–95/5–7 µm)

5 wt.%

	
Ball-to-powder weight ratio −5:1, a 200 rpm, 8 h

	
1077

	
659

	
21

	
-

	
An optimum specific energy input promotes denser and finer structure

	
[55]




	
IN625/TiC

(15–45/0.04 µm)

2.5 wt.%

	
Ball-to-powder weight ratio −5:1, a 200 rpm, 4 h

	
-

	
-

	
-

	
330 HV

	
Higher energy input/unit length results in homogenous distribution of reinforcement particles

	
[55]




	
IN625/TiC

(20–45/0.058

µm)

2.5 wt.%

	
Ball-to-powder weight ratio −5:1, a 250 rpm, 12 h

	
1020

	
740

	
19

	
347~369 HV

	
Addition of Nano-TiB2 particles leads to an increase in hardness and surface wear resistance

	
[62]




	
IN625/TiC

(15–45/2–5 µm)

2.5 wt.%

	
Ball-to-powder weight ratio −5:1, a 200 rpm, 4 h

Ball-to-powder weight ratio −5:1, a 200 rpm, 4 h

	
1023

	
-

	
14.7

	
314 HV

	
Addition of nanoparticles significantly improved mech. Properties without sacrificing ductility

	
[57]




	
IN625/TiC

(15–45/0.04 µm)

2.5 wt.%

	
Same as above

	
1074

	
-

	
23.2

	
345 HV

	
do

	
[57]




	
IN 625/NiTi + TiB2

(15–45/0.04 µm)

5 wt.%

	
NiB-Ti powder synthesized by self-propagating high-temperature synthesis

Ball milling at 14 rpm, 30 min

	
920

	
-

	
33

	
-

	
New technique for composite reinforcement synthesis. A 1.5-times increase in hardness and a 15% decrease in ductility

	
[63]




	
IN625/TiC

(75–250/35–135 µm)

15 wt.%

	
Mixed mechanically in a reagent bottle for 30 min.

	
-

	
-

	
-

	
250 HB

	
Stiffness of composite is improved as compared to IN625. Cracks tend to appear preferentially in TiC particles.

	
[60]
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