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Microstructural characteristics of Hastelloy X produced by Selective Laser 

Melting have been investigated by various microscopic techniques in the as built 

(AB) condition and after hot isostatic pressing (HIP). At sub-grain level the AB 

material consists of columnar high density dislocation cells while the HIP sample 

consists of columnar sub-grains with lower dislocation density that originate 

from the original dislocation cells, contradicting existing models. The sub-grains 

contain nanoscale precipitates enriched in Al, Ti, Cr and O, located at sub-grain 

boundaries in the AB condition and within the grains after HIP. At some grain 

boundaries, micrometer sized chromium carbides are detected after HIP. Micro 

hardness within the grains was found to decrease after HIP, which was attributed 

to the decrease in dislocation density due to recovery annealing. 
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1 Introduction 

Selective Laser Melting (SLM) is a fast and effective Additive Manufacturing (AM) method 

to produce functional metallic components with complex geometries. The high cooling rate 

obtained during the process results in very fine microstructures, yielding microstructural 

features different from those observed in materials produced with conventional processing 

techniques. As mechanical properties are strongly affected by the material’s microstructure, 

it is essential to first understand the relationship between microstructure and processing in 

order to predict its impact on the resulting mechanical properties [1–5]. 

Several authors have reported on the microstructure of SLM produced nickel-based 

superalloys such as IN718 [6,7], IN738LC [8], In939 [1] etc. Most of the nickel alloys present 

elongated columnar grains along the SLM building direction that grow epitaxially across 

several build layers [1,7,9]. At a sub-grain scale, cell-shaped structures [9–11] with low-angle 

boundaries have been observed [1]. At the cell boundaries, Divya et al. found high dislocation 

densities in SLM processed CM247LC [9] while Wang et al. [12] reported a higher 

dislocation density in regions where precipitates were present in SLM processed CM247LC. 

These dislocations defined the boundaries between cells which were approximately 700 nm 

wide and of virtually identical orientation. Using X-ray mapping they found Hf, W, Ti and/or 

Ta-rich precipitates containing C and/or O along parts of the cell boundaries. In 316L 

stainless steel, similar features were observed by Liu et al. [13]. They reported on the 

presence of dislocation networks inside individual grains with dislocations concentrated at 

the walls of columnar cells in 316LSS, similar as the ones found in nickel alloys. Apart from 

slight orientation differences between neighboring dislocation cells, the cells are aligned 

along the direction of the temperature gradient that was imposed during the solidification 

process. Segregation of Mo, Mn, Cr and Ni towards the dislocation cell walls was observed 

as well. Post-processing heat treatments can further influence the microstructure evolution, 

including the formation of precipitates, in nickel-based superalloys. Amato et al. [7] observed 

recrystallized regions after heat treating IN718 at 1163 °C. Kanagarajah et al. [1] also found 

recrystallized grains after two step aging of IN939. In the case of IN738LC, precipitation of 

MC and M23C6 carbides was found at the grain boundaries after a heat treatment at 1170 °C 

[14]. 

Hastelloy X is a solid solution strengthened FCC nickel-based superalloy with Cr, Fe and 

Mo as the main alloying elements together with Co and W at a lower concentration with 

excellent resistance to corrosion and oxidation [15]. Hastelloy X is widely used in gas turbine 

engines for combustion-zone components and petrochemical applications thanks to its 

excellent resistance to harsh environments and strength at elevated temperatures [15]. The 

microstructure of Hastelloy X after SLM has been reported on in several works [4,5,16,17]. 

In the as built state, columnar grains aligned along the building direction with the length of 



 

 

the grains exceeding the depth of one molten pool have been observed [5,16]. These 

columnar grains show internal structures referred to as fine parallel dendrites with a diameter 

of ~ 0.5 μm [16]. Marchese et al. performed a detailed study on AB samples including the 

precipitates found in between the substructures, which they classified mainly as Mo6C. They 

propose that the carbides were formed during solidification and after several thermal cycles 

during production [17]. After hot isostatic pressing Tomus et al. [16] identified fine 

spherically shaped Mo-rich carbides of type MxCy with average sizes below 100 nm. This 

type of carbides are also found in commercial wrought Hastelloy X. Zhao et al. [18] reported 

on the formation of M6C at twin boundaries and M6C, M23C6, σ-phase, and μ-phase at grain 

boundaries in heat-treated SLM materials. On the other hand, after HIP, the number of single 

dislocations is strongly reduced and dislocations arrange themselves in low angle sub-grain 

boundaries [16]. 

In the present work, Optical, Scanning Electron and Transmission Electron Microscopy (S-

TEM) was performed in order to unravel the microstructure of Hastelloy X from nano to 

macro scale and to understand the evolution of the microstructure after SLM and post HIP 

treatment. A fundamental understanding of the microstructure evolution is required to be able 

to interpret the material behavior, not only during quasi-static loading conditions, but 

especially during high temperature creep and fatigue loading. 

2 Material and methods 

An SLM280HL machine from SLM Solutions (Lübeck, Germany) was employed to build 1 

cm3 cubes of Hastelloy X. A laser power of 400 W was used with an applied laser energy 

density of 42 J/mm3, resulting in parts with a relative density of 99.9% (a powder pycnometry 

based theoretical density of 8.39 g/cm³ was used). The base-plate was pre-heated at 200 °C. 

Some samples were post HIPed at 1155 °C for 3 hours and furnace cooled at Bodycote 

(Belgium). 

Hastelloy X powder supplied by SLM solutions with particle sizes between 10 and 45 μm 

was used for the SLM process. The composition of the powder measured by the ICP-

combustion method is shown in Table 1. 

Table 1 Composition of the Hastelloy X powder in weight percent measured by ICP. 

Ni Cr Fe Mo Co W Si Mn C S Al O 

Bal. 22.7 18.9 9.0 2.02 0.71 0.14 0.02 0.01 0.003 0.01 0.018 

 

A light optical microscope (LOM), Axiocam Leica, was used to observe the microstructure 

of samples at a macroscopic level. A FEI Nova NanoSEM 450 SEM equipped with an 



 

 

electron backscattered diffraction detector (EBSD) was employed for sub-grain 

characterization. The samples were ground and polished with a 1 µm diamond suspension 

and subsequently etched electrolytically in 10% oxalic acid solution at 7 V for 10 s in order 

to reveal the microstructure. 

A FEI Osiris instrument operating at 200 kV was used for transmission electron microscopy 

(TEM), high angle annular dark field scanning TEM (HAADF-STEM) and energy-dispersive 

X-ray spectroscopy (EDX). Automated crystal orientation mapping TEM (ACOM-TEM) 

was performed on a FEI Tecnai instrument operating at 200 kV and employing the ASTAR 

ACOM-TEM system by Nanomegas®. 

Samples were sliced and ground into plates with a thickness of 120 μm parallel to the BD 

direction, after which discs of 3 mm diameter for TEM were punched. The obtained discs 

were electropolished with a mixture of 90% ethanol and 10% perchloric acid at -10 °C using 

a Struers Tenupol twin-jet electropolishing device. 

Micro Vickers hardness was measured using 50 g load during 30 s. 7 measurements were 

taken per sample avoiding grain boundaries and hence measuring sub-grain level hardness 

values. 

3 Results and discussion 

First, LOM, SEM and EBSD were used to analyze the microstructure of AB and HIP 

samples. The micrographs are shown in Figure 1. In the AB condition, semi cylindrical melt 

pools, with the long axis perpendicular to the building direction (BD) that are typical for an 

SLM processed material, are observed in Figure 1 (a). In addition, grains elongated in the 

building direction with a length up to 100 µm and 60 µm in width can be seen in Figure 1 (a) 

as contrast changes and in Figure 1 (b) as outlined by the EBSD pattern. These grains grow 

epitaxially across several SLM build layers resulting in the creation of a morphological 

texture. This morphological microstructure has already been reported for Hastelloy X 

[17,19], IN718 [7] and CM247 [12,20]. Regarding the crystallographic orientation in the 

EBSD map, no strong texture is observed perpendicular to the BD. At a more microscopic 

level, when analyzing the microstructure inside the aforementioned grains, a cellular 

structure is observed, as shown in the SEM inset of Figure 1 (a). Each grain contains cells 

with varying orientation, depending on the heat gradient during rapid solidification. The inset 

in Figure 1 (a) differentiates between cells growing along the building direction (depicted 

with an in-plane arrow) and cross-sectioned cells oriented perpendicular to the building 

direction (depicted with an outward pointing arrow), depending on the local temperature 

gradient imposed by the SLM scanning strategy. 



 

 

After the HIP process, slightly coarser grains are observed at a macroscopic level when 

compared with the AB condition. The melt pool boundaries seen in the AB condition are no 

longer noticeable in the LOM image (Figure 1 (c)) and no significant increase or evolution 

in texture is observed (Figure 1 (d)). At a microscopic level, the cellular sub-grain structure 

previously observed in the AB condition is no longer visible by SEM (zoomed inset in Figure 

1 (c)) and a brighter contrast phase is observed at the grain boundaries. 

 

Figure 1 LOM images of (a) AB and (c) HIP sample at a macroscopic level, with a detail of the sub-grain 

microstructure visualized by SEM and shown as an inset. (b) EBSD image taken parallel to the building 

direction of the AB and (d) HIP samples. 

3.1 TEM work on AB sample 

In Figure 2 (a) a representative bright field (BF) TEM image of the AB sample shows two 

regions with elongated features in the upper-right zone of the image next to more equiaxed 

features in the lower-left zone of the image. All features have a cellular morphology and 

correspond to the solidification cells that were observed earlier by SEM and are shown in the 

inset of Figure 1. A low dislocation density is observed within the core of the cells, while the 

individual cells are separated from each other by interfaces with a higher dislocation density. 

As can be seen in the orientation map, originating from the automated crystal orientation 

mapping TEM (ACOM-TEM), shown in Figure 2 (b) , and obtained from the indicated frame 



 

 

in Figure 2 (a), the area consists of two distinct regions with a large (~36±1°) orientation 

difference, suggesting the existence of two different grains. 

In Figure 2 (c) a detailed picture of another single grain viewed along the equiaxed direction 

is shown. The corresponding selected area electron diffraction (SAED) pattern (Figure 2 (c) 

inset) reveals a disordered FCC structure of the matrix with a lattice parameter of a = 3.58 Å, 

in good agreement with the unit cell parameter of a NiFe20Cr solid solution [21]. The low 

and high-density dislocation regions correlate to the cells that were observed by SEM and 

shown in the inset of Figure 1 (a). A misorientation line profile between a series of adjacent 

cells is presented in Figure 2 (d) showing steps between the plateaus from 0.2° to 0.8°. The 

spikes seen in the profile correspond to pixels located at or near dislocations in the interior 

of the respective cell. When extending these measurements to an entire grain, misorientations 

up to ~2±1° exist within the low-density dislocation regions, revealing them as dislocation 

cells separated by dislocation walls. 

From the observations in Figure 2 it can be concluded that the shape of the dislocation cells 

is columnar with a diameter of about 0.5-1 μm. Depending on the orientation of a grain with 

respect to the TEM specimen surface, an equiaxed cross-section or a long lateral view of the 

cells is observed. This confirms the microstructure observed by SEM, where point-like 

shaped as well as elongated cells of the same magnitude were observed (inset Figure 1 (a)). 

The high amount of dislocations found in AB can be explained by the building procedure of 

the material in which the sample is subjected to repetitive heating and cooling with cooling 

rates up to 107 K/s. The plastic work induced during this thermal cycling is partially stored 

within the cells resulting in an increase in dislocation density. In contrast to other SLM 

processed materials like 316L [22] or CM247LC [9], no segregation was found at sub-grain 

boundaries in the present Hastelloy X. 

Moreover, as shown in Figure 2 (e), precipitates with sizes ranging from 20 to 50 nm are 

observed primarily on dislocation walls, with many located at the triple points of dislocation 

walls, suggesting pinning and a demobilization of dislocations by precipitates, formed during 

solidification. In high angle annular dark field scanning TEM (HAADF-STEM) images, the 

precipitates appear as bright and dark intensities compared to the matrix which indicates 

different composition or thickness. 



 

 

 

Figure 2 (a) BF-TEM image of equiaxed as well as elongated dislocation cells in two adjacent grains, (b) 

orientation map of the framed region in (a) showing large and small misorientation between grains and 

dislocation cells, respectively, (c) typical BF-TEM image of the AB sample taken in [200] two-beam condition 

showing cells surrounded by dislocation-rich interfaces, (d) misorientation of a series of adjacent cells along 

the line in (b) and labeled in (a), (e) HAADF-STEM image of bright and dark precipitates on dislocation walls 

and triple points. 

 

Energy-dispersive X-ray spectroscopy (EDX) elemental maps of a selection of bright and 

dark precipitates are shown in Figure 3 (a). From these maps it can be concluded that most 

precipitates appearing dark in this HAADF image are Al-Ti-O-enriched, while most bright 

ones are Al-Cr-O-enriched. However, EDX measurements performed on several precipitates 

reveal that precipitates with the same composition may exhibit a different contrast in 

HAADF-STEM images, which can be due to a) a partial overlap with the matrix, b) different 

location in the thin foil or c) an occasional internal or coagulated structure of precipitates, as 

seen in Figure 3 (b-d). Also, in some precipitates, enrichment with other elements such as Si 

and Mo was found. In other works of SLM processed Hastelloy X, these precipitates were 

not observed. Marchese et al. [17,23] found M6C type of carbides rich in Mo in the AB state, 



 

 

which were not observed in this work. This can be due to the slight compositional differences 

between the starting materials. 

 

Figure 3 (a) EDX map of some Al-Ti-O and Al-Cr-O-enriched precipitates with dark and bright intensity in the 

HAADF selection on left, (b)-(d) precipitates with internal structure. 

3.2 TEM work on HIP samples 

In the HIP sample a substantial reduction of the number of dislocations is observed compared 

to the AB sample, as can be seen in the BF-TEM image of Figure 4 (a) which is taken in the 

same imaging conditions as Figure 2 (c) in order to obtain comparable results in terms of 

existing dislocations. It is seen that the dislocation walls of the AB sample have been 

transformed into low-angle boundaries in the HIP sample while the dislocation density inside 

the sub-grains seems to have decreased. ACOM-TEM statistics on the sample show low 

angle misorientations up to 4±1° between the sub-grains, as shown in the orientation map in 



 

 

Figure 4 (b) and line trace in Figure 4 (c), which are on average higher than the 

misorientations between the dislocation cells in the AB sample. This suggests that during 

HIP cells are not disintegrating, as suggested from the SEM images in Figure 1 (c) inset, but 

that the dislocation density dropped significantly only to be detected by TEM. No changes 

in the disordered FCC crystal structure are observed. 

These structural changes occur due to annealing recovery of the material during the HIP 

process. Previously, it was believed that after HIP or after an annealing heat treatment, sub-

grain cells of Hastelloy X processed by SLM were dissolved into the matrix as they were not 

visible with SEM [16,19,23]. However, in the present work it is shown that these sub-grains 

remain even after 3 hours of annealing treatment. The merge and/or annihilation of 

dislocations decreases the number of dislocations, increases the misorientation between sub-

grains and yields sharper sub-grain boundaries. In addition to the annealing recovery, slight 

sub-grain coarsening can be observed after the HIP process. Therefore, it can be concluded 

that after HIP microstructural coarsening takes place at two levels: (1) at the macroscopic 

level where grains with >15° misorientation (Figure 1 (d)) coarsen and (2) at the microscopic 

level where sub-grain cells coarsen but do not completely disappear (Figure 4 (a)). 

In several works, a decrease in yield strength and hardness was found after HIP or annealing 

treatment of Hastelloy X produced by SLM [4,16]. Micro hardness within the grains was 

measured for AB and HIP samples, using a 50 g load to assure the measurement was 

performed at the grain level. AB samples exhibit a hardness of 253 ± 5 HV and HIP presents 

202 ± 14 HV, in contrast with 180 HV obtained for conventional annealed Hastelloy X [15]. 

The values found in literature [16] of AB and HIP samples produced by SLM correspond to 

the values found in this work. It can be expected that the partial recovery annealing of the 

dislocations and the slightly increased cell size after HIP is the cause of the softening effect. 

Nevertheless, it should be mentioned that the remaining dislocation walls after HIP act as 

sub-grain barriers for other dislocations to move, still providing higher hardness as compared 

to conventionally produced Hastelloy X. This phenomenon was also observed for 316L 

produced by SLM followed by HIP treatment, where the yield and hardness were higher than 

conventional 316L [3,24]. 

On the other hand, similar precipitates as those earlier observed in the AB sample are present 

in the HIP sample. However, in the HIP sample, not all precipitates are still preferentially 

located at the sub-grain boundaries, but also often located next to a sub-grain boundary or 

even inside a sub-grain, as can be seen in the HAADF image of Figure 4 (d). During HIP at 

elevated temperature the dislocation walls transform into low-angle grain boundaries during 

which they can become thinner and some eventually disappear. On the other hand, the 

precipitates remain at the same location but are not longer connected to a sub-grain boundary. 



 

 

In the HIP sample, an additional phase is observed that was not found earlier in the AB 

sample. The latter phase is located only at a limited amount of grain boundaries. It consists 

of elongated 100-300 nm wide particles that often seem to appear in a continuous manner, as 

shown in the BF-TEM image of Figure 4 (e). EDX measurements, with the elemental maps 

shown in Figure 4 (f), reveal the composition of this phase as 60.6 at.% Cr, 16.6 at.% C, 6.4 

at.% Mo, 5.9 at.% Ni, 5.4 at.% Fe and 5.1 at.% of other remaining elements. The atomic ratio 

between Cr and C suggests the basic structure to be Cr23C6 enriched in Mo, which is 

confirmed by SAED patterns (Figure 4 (e) inset) revealing a lattice parameter of 10.63 Å 

(binary Cr23C6 belongs to the cubic crystal structure with space group 𝐹𝑚3̅𝑚 and lattice 

parameter a = 10.65 Å). These carbides can cause Cr depletion in the matrix, lowering the 

solid solution strengthening effect [25,26], as it was observed after HIP treatment. In previous 

works on SLM of Hastelloy X, a similar phase was found after an annealing heat treatment. 

Tomus et al. suggested that it was Cr6C based on EDX data [16]. 

 

Figure 4 (a) BF-TEM image of a HIP sample taken in two-beam condition ([000] and [200] spots excited, same 

as Figure 2 (c)) showing sub-grains, (b) orientation map of a region of the HIP sample, (c) misorientation of 

some adjacent sub-grains along the line labeled in (b), (d) HAADF-STEM image showing precipitates randomly 



 

 

distributed in the sample, (e) BF-TEM image of chromium carbide based particles formed at a grain boundary, 

(f) HAADF-STEM and elemental maps of this phase. 

4 Conclusions 

This study has deepened the knowledge of the sub-grain structure of Hastelloy X produced 

by SLM and subsequent HIP post processing. A hierarchical microstructure was observed 

with grains of 50-100 µm in size to sub-grain cells of 0.5-1 µm in diameter. Grains are 

typically defined as regions separated by misorientation angles ≥ 30°. 

In the AB condition, the sub-structures that are present within a grain are dislocation cells, 

originating from a cellular solidification morphology, with misorientation angles ≤ 2±1° that 

are decorated with high-density dislocation walls. It has been shown that after HIP the sub-

grain cells do not dissolve as suggested in literature. Instead, the dislocation cells turn into 

sub-grains, as observed by TEM. In ACOM-TEM, a misorientation of 4±1° could still be 

observed, with a significantly reduced dislocation density. Especially the change in 

dislocation structure induced by the HIP treatment reduces the hardness of the material. 

50-100 nm large precipitates enriched in Cr, Al, Ti, Mo, Si and O have been observed in both 

AB and HIP samples for the first time for SLM processed Hastelloy X. These precipitates 

are preferentially located within the dislocation walls in case of the AB sample. After HIP, 

Cr23C6 precipitates that are decorating a selected set of grain boundaries in a continuous 

fashion have been observed. 
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