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Abstract: The structure and properties of samples obtained by the laser powder bed fusion (LPBF)
method from the AZhK alloy, intended for the manufacture of heavily loaded body parts with
operating temperatures up to 800 ◦C, have been studied. The optimal mode of LPBF, ensuring
the attainment of the minimal residual porosity of 0.02%, was identified for the superalloy AZhK.
Additionally, the evolution of the microstructure of LPBF samples after hot isostatic pressing (HIP) and
heat treatment (HT) was studied using optical microscopy (OM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The macrostructure of LPBF samples is represented
by columnar grains oriented in the direction of predominant heat dissipation, perpendicular to the
build plate. At the microlevel, the structure consists of colonies of columnar dendrites. Nb4AlC3 and
Nb6C4 carbides, as well as the Mo2Hf Laves phase, are precipitated in the interdendritic region as
a result of doping element segregation. The low strength of the LPBF samples (σ = 967 ± 10 MPa)
is caused by the fact that there are no reinforcing particles and by high internal stress due to high
crystallization speed. HIP and HT were found to have a favorable effect on the structure and
properties of the LPBF samples. The post-treatment resulted in uniform distribution of γ′-phase
precipitates sized up to 250 nm in the matrix bulk and carbides at grain boundaries, as well as Laves
phase dissolution. Therefore, the strength characteristics were significantly improved: by 45% at
room temperature and by 50% at elevated temperatures. High strength and ductility were attained (at
20 ◦C, σ20 = 1396 ± 22 MPa and δ = 19.0± 3.0 %; at 650 ◦C, σ650 = 1240± 25 MPa and δ = 15.8 ± 1.5%;
at 750 ◦C, σ750 = 1085 ± 23 MPa and δ = 9.1 ± 2.3%). An ejector-type part was fabricated, and its
geometric parameters coincided with those in the electronic models. After conducting computed
tomography, it was found that there are no defects in the form of non-fusion and microcracks within
the volume of the part; however, it was observed that the pore size is ≥20 µm.

Keywords: nickel-based superalloy; hot isostatic pressing (HIP); laser powder bed fusion (LPBF);
transmission electron microscopy (TEM); mechanical properties

1. Introduction

Additive manufacturing (AM) is one of the most rapidly developing trends in the
fabrication of parts from metallic materials [1–3]. The keen interest in AM is caused by the
fact that it allows one to perform topology optimization of components, use fewer assembly
units in the end product, reduce the weight of metallic structures and the production cycle
time, as well as make manufacturing more flexible [4–6].

The fast pace of implementing AM into commercial production and integrating with it
is observed for the engine-building and energy industries, where there is particular demand
for geometrically complex parts made of expensive materials [7–10]. The overwhelming
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majority of studies in this field focus on developing the processes for fabricating products
from superalloys, which are characterized by poor machinability [11,12].

Many parts can be manufactured from nickel superalloys using laser powder bed
fusion (LPBF) technology, which ensures high accuracy of part building and better surface
condition compared to other AM methods [13–15]. The past decade has witnessed a trend
towards the expansion of the list of nickel alloys for the LPBF method. Alloys such as
Inconel 718, Inconel 625, IN738LC, Hastelloy X, CM247LC, EP741NP, and some others are
used in industry to different extents [15–23]. Further expansion of the range of alloy brands
aims to improve manufacturability in order to suppress crack formation during the LPBF
process and increase service temperature.

The AZhK alloy intended for fabricating heavy-duty casing parts operating at temper-
atures up to 800 ◦C was the study object of this paper. This alloy was originally developed
to be used in net-shape powder metallurgy by hot isostatic pressing (HIP) technology,
which is rather expensive because of the large number of process stages [24–27]. How-
ever, the alloy doping system ensures good weldability and manufacturability of the alloy,
making it an excellent candidate for use in the LPBF method. The transition from the
conventional technology to LPBF will make manufacturing of casing parts less time- and
resource-consuming [28–32].

The aim of this study was to optimize laser powder bed fusion parameters as applied
to the AZhK alloy using the fabrication of an ejector-type part as an example, as well as
to study the effect of hot isostatic pressing and heat post-treatment on the structure and
mechanical properties of LPBF samples.

2. Materials and Methods
2.1. Starting Materials

Powder of the AZhK alloy for LPBF, which was fabricated by the plasma rotating
electrode process, was used in this study. AZhK is a Ni-Cr-Mo-Co superalloy containing
significant amounts of Al and Nb. The typical chemical composition of AzhK is shown in
Table 1.

The particle size of the powder varied from 20 to 63 µm, with an average particle
size of 45 µm; the d10, d50, and d90 quantiles of distribution were 23.0, 36.2, and 54.1 µm,
respectively. Powder particles were spherical in shape, without satellites and gas pores
(Figure 1a). The internal structure of the powders was represented by fine dendrites; no
closed gas pores were detected (Figure 1). The bulk density measured according to ISO
3923–1:2008 was 4.61 g/cm3. The flowability of the powder determined in compliance with
ASTM B213-17 was 14.4 s.
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Table 1. The chemical composition of the AZhK alloy.

Major Elements (Mass Fraction, wt. %)

Ni Cr Mo Co Al Nb Hf C

base 15.0–16.0 7.0–9.0 5.0–7.0 4.0–5.0 2.5–3.5 0.1–0.4 0.02–0.05

Impurities (mass fraction, wt. %)

Si Mn Fe P S O N

0.5 0.5 0.5 up to 0.015 up to
0.009 <0.007 <0.002

2.2. The LPBF Process

Laser powder bed fusion of AZhK powder was conducted in an argon atmosphere
on a TruPrint 1000 machine (Trumpf, Ditzingen, Germany) equipped with a fiber laser
with a rated power of 200 W and a build platform 100 mm in diameter. In the parametric
studies, we varied the scan speed V from 500 to 800 mm/s and the hatch distance x from
0.05 to 0.07 mm, while power P, powder layer height h, and laser beam spot diameter d
were kept constant (P = 120 W, h = 0.02 µm, and d = 0.03 mm). The working platform
was not heated. The combined effect of the technological parameters of the LPBF process
on the characteristics of the material was assessed using a volumetric energy density,
VED [J/mm3]:

VED =
P

V·h·x (1)

where P is the laser power (W); V is the scan speed (mm/s); h is the powder layer height
(mm); and x is the hatch distance (mm) [33–35].

Table 2 lists the analyzed laser powder bed fusion modes for building the samples
and the respective VED values. The employed scanning strategy is schematically shown in
Figure 2.

Table 2. The LPBF modes used in building the samples from AZhK powder.

No.

Mode

A B C D E

VED, J/mm3

1 240.0 200.0 184.6 171.4 150.0

2 200.0 166.7 153.8 142.9 125.0

3 171.4 142.9 131.9 122.4 107.1
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The optimal LPBF mode was selected according to the results of structural studies
performed for the samples sized 10 mm× 10 mm× 10 mm (Figure 3a) and prepared during
the parametric studies in the modes summarized in Table 2. Vertical cylindrical samples
for mechanical tests (Figure 3b) and the ejector-type part (Figure 3c) were fabricated in the
optimal mode (E—125.0 J/mm3). The cylindrical samples were 15 mm in diameter and
65 mm in height.
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Figure 3. Appearance of the LPBF samples fabricated from the AZhK alloy for optimizing the LPBF
mode (a) and for studying properties of the material (b), as well as the ejector-type part (c).

2.3. Post-Treatment

The samples produced by LPBF were subsequently subjected to various post-treatments:
hot isostatic pressing (HIP), heat treatment (HT: solution + aging), and HIP + HT. HIP was
carried out in an ABRA HIRP 10/26-200-2000 gasostat (ABRA AG, Winterthur, Switzerland)
at 1160 ◦C and 150 MPa. Solution was performed at 1180 ◦C for 4 h. Aging was carried out
at 820 ◦C for 16 h in a PL-10/16s thermal furnace (Russia). After quenching and aging, the
samples were air-cooled.

2.4. Characterization

The structure and properties were studied for the following samples: LPBF samples;
LPBF samples + HIP; LPBF samples + HT; LPBF samples + HIP + HT. The macrostructure
and porosity of the samples were analyzed by optical microscopy (OM) using an AXIO
Imager A1 reflection light microscope (CarlZeiss, Jena, Germany). The microstructure was
investigated by scanning electron microscopy (SEM) on an S-3400N microscope (Hitachi
High-Technologies Corporation, Tokyo, Japan). In order to detect the structural compo-
nents, thin sections were etched using a solution of Marble’s reagent (copper sulfate, 20 g;
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hydrochloric acid, 100 mL; and water, 100 mL). High-resolution (HR) fine-structure study
and phase identification were performed on a JEM-2100 transmission electron microscope
(TEM) (Jeol, Tokyo, Japan). Foils for the HRTEM studies were prepared using a PHIPS II
System dual-beam ion etching machine (Gatan, Inc., Pleasanton, CA, USA).

The hardness of the samples was measured on an HVS-50 Vickers hardness tester (Time
Group Inc., Beijing, China) according to the State Standard GOST 2999 at a load of 10 kg.
Tensile testing of the samples was carried out at room temperature in compliance with the
State Standard GOST 1497 (ISO 6892), as well as at 650 and 750 ◦C in compliance with the
State Standard GOST 9651 (ISO 783). The following characteristics were determined in
the mechanical tests: ultimate tensile strength σ, yield point σ0.2, and relative elongation
δ. A Schenk–Trebel RMC-100 testing machine (Schenk, Darmstadt, Germany) and an
Ulvac sinku Rico furnace (ULVAC Technologies, Methuen, MA, USA) were used for the
mechanical tests.

The geometric dimensions of the ejector-type part made of AZhK alloy were con-
trolled using a Kreon ACE Arm-7 portable measuring arm (Kreon Technologies, Limoges,
France). Control over internal defects in the ejector-type part was performed using a Phenix
V|tome|x M300 X-ray microfocus CT system (Waygate Technologies, Wunstorf, Germany)
equipped with two X-ray tubes for regulation and conducting linear measurements with
an accuracy of 4 µm + L (mm)/100. The ejector-type part was scanned in the following
mode: voltage, 270 kV; current, 178 µA; voxel size, 51 µm; and total scan time, 74 min.

3. Results and Discussion
3.1. The Structural Features of the LPBF Samples

An analysis of the test samples prepared in the parametric studies revealed the follow-
ing structure types:

– Structures with large circular pores, which have presumably resulted from boiling of
the material (Figure 4a);

– Structures with micropores distributed over the entire sample volume (Figure 4b);
– Structures with isolated micropores (Figure 4c).
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Figure 4d shows the experimental design matrix superimposed with the results of the
structural studies. The top row of cells presents the notation of the modes (A1, A2, A3,
etc.), while the bottom row of cells displays the porosity values calculated by analyzing
the OM images. An analysis of the reported results confirms the hypothesis that the
material boils at high energy inputs, resulting in the formation of large pores over the entire
material volume. Porosity decreased as the energy input was reduced by increasing the
scan speed. It is worth noting that the samples fabricated in the entire range of modes
under study contained neither cracks nor incomplete fusion defects, thus proving the
high manufacturability of the alloy during welding. The sample fabricated in mode E2
(E = 125.0 J/mm3) contained the fewest defects. This mode was chosen to be the optimal
one for further studies of the structure and mechanical characteristics.

Figure 5a,b shows the macrostructure of the LPBF samples in the longitudinal and
transverse cross-sections. In the cross-section parallel to the XY build plane, one can clearly
see laser tracks (scan paths), while arcuate molten pool boundaries and columnar grains
sized up to 200 µm were observed in the YZ build plane. The structure of the resulting
samples was characterized by the minimal number of defects and residual porosity of
<0.02%. The single pores were sized 1–5 µm. No structural defects such as cracks or
incomplete fusion regions were detected.
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Figure 5c,d shows the results of SEM structural studies. The presented SEM images
demonstrate that the structure of the LPBF samples consisted of cellular and columnar
primary dendrites. The columnar microstructure was formed at the molten pool boundary
in the form of single primary dendrites, where they grew in the direction of heat dissipation
during subsequent crystallization, which was accompanied by the formation of oriented
colonies. Epitaxial growth of dendritic colonies through the molten pool boundary became
possible as the next layer was welded on, resulting in the formation of columnar grains
(Figure 5b). Suppression of the epitaxial mechanism was predominantly observed for this
alloy due to the switching of the growth direction of columnar primary dendrites at the
molten bath boundary by 90◦, so that it had a cellular microstructure (Figure 5c).

Figure 6a shows a TEM image of the fine structure of the LPBF sample made of
the AZhK alloy; Figure 6b presents an electron diffraction pattern for a dendritic cell
oriented so that the [0–11] axis lay parallel to the optical axis of the microscope and
corresponded to the Ni-based matrix (the austenite γ-phase) with the calculated fcc lattice
parameter of 3.5174 Å (the tabular value was 3.5238 Å). The structure of the synthesized
material was characterized by high density of dislocations predominantly aggregated
along the boundaries of the dendritic cells of the γ-phase. The cell size varied from 0.5
to 1.0 µm. Dislocation aggregates were indicative of high internal stress in the alloy after
LPBF. Therefore, relaxation annealing was needed before the parts were cut off from the
build plate when building geometrically complex and thin-walled items, as it prevented
geometry distortion caused by their deformation.
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(b) recorded for the analyzed region.

To assess the segregation of heavy alloying elements, local EDX analysis was carried
out at points corresponding to the matrix (spectra 2, 3, 8, 14), the boundaries of dendritic
grains (spectra 4, 5, 6, 12), and the precipitated particles (spectra 1, 7, 9, 10, 11, 13) presented
in Figure 7a,b. The results of the local EDX are presented in Table 3.

The presented results indicate that the boundaries of the dendritic cells are mainly
enriched in niobium, while the particles in the interdendritic space are enriched in elements
such as molybdenum, niobium, and hafnium, and in one case, a particle with carbon and
increased aluminum content is observed (spectrum 7).

The phases detected in the interdendritic space were identified by HRTEM. Figure 8
shows images of the particles detected in the interdendritic space and the respective
Fourier transform (FFT) images. An analysis of FFT revealed that there were two carbides
(Nb6C4.87 and Nb4AlC3) and the Laves phase (Mo2Hf). Table 4 summarizes the results of
the calculations. These phases were brittle and unstable; they were undesirable because
they deteriorated mechanical properties of the material [36–41]. In order to get rid of these
phases, we suggest conducting post-treatment procedures (HIP and HT) [22,23,38,42].
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indicating the regions of the local EDX. (a) area of study 1, (b) area of study 2.

Table 3. The results of the local EDX of the LPBF sample structure.

Spectrum
Content of Elements, wt. %

Ni Co Cr Al Mo Nb Hf C

1 42.40 6.21 13.86 0.83 17.81 12.38 6.51 -

2 64.56 6.71 15.86 3.06 7.49 2.32 - -

3 64.73 6.65 15.94 3.35 6.87 2.46 - -

4 64.07 4.51 13.10 2.91 7.61 7.80 - -

5 63.80 5.07 13.42 2.90 7.20 7.61 - -

6 62.90 4.98 13.00 2.73 8.25 8.14 - -

7 37.62 3.92 10.03 5.33 11.78 14.36 3.75 13.21

8 63.50 6.47 15.83 3.48 8.42 2.30 - -

9 65.38 6.56 15.58 2.82 7.32 2.34 - -

10 47.22 4.57 13.22 1.61 17.65 9.13 6.60 -

11 46.01 4.45 13.95 1.27 17.25 11.04 6.03 -

12 64.37 4.57 12.48 2.48 7.81 8.29 - -

13 45.77 4.64 13.43 1.84 16.34 12.03 5.95 -

14 64.41 6.11 16.15 3.14 7.76 2.43 - -

Table 4. The phase composition of the precipitates detected by TEM at the periphery of dendritic
cells of the LPBF samples fabricated from the AZhK alloy.

Phase Figure Zone Axis * Space Group Lattice Type Lattice Parameters Tabular Values **

Nb6C4.87 45 [2-1-10] P31 hcp a = 5.507
c = 14.946

a = 5.464
c = 15.422

Nb4AlC3 44 [2-1-10] P63/mmc hcp a = 3.1155
c = 23.1197

a = 3.1296
c = 24.1208

Mo2Hf 42 [01-1] Fd-3m cubic a = 7.587 a = 7.545

* Axis of the zone along which the crystallite of the detected phase was oriented. ** Tabular lattice parameters.
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Figure 8. A TEM image of the LPBF samples: (a,c,e) precipitated phases; (b,d,f) Fourier transforms
(FFT) recorded for the phase surface.

3.2. The Structural Features of the LPBF Samples after HIP

HIP of the LPBF samples fabricated from the AZhK alloy ensured the formation of a
granular microstructure without any characteristic features such as laser tracks or molten
pool boundaries (Figure 9a). Furthermore, the volumetric porosity of the LPBF samples
decreased to 0.013%.
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Figure 9b shows SEM images of the microstructure of the LPBF samples after HIP.
The microstructure consisted of the γ-phase strengthened with Ni3Al-based intermetallic
inclusions (the γ′-phase). The grain boundary was formed of the chains of elongated
γ′-phase particles sized up to 3 µm. The γ′-phase was distributed over the bulk of a
grain as cubic inclusions up to 1 µm in size, which formed agglomerates consisting of
2–4 particles each (octocubes). According to their morphology, the agglomerates could be
classified as the transitional shape between octocubes and octodendrites. The morphology
of the γ′-phase is known to predominantly depend on dopants in the alloy and the cooling
rate [43]. In this case, the shape and the larger size of γ′-phase grains were related to the
low cooling rate after HIP. A TEM image is shown in Figure 9c. After HIP, aggregation
of dislocations was no longer observed in the bulk of the sample, which is indicative of
internal stress relaxation in the alloy. Nanoparticles with a faceted and spherical shape
were detected inside the matrix grains (Figure 10). To determine the composition of the
particles, a local EDX analysis was conducted, and the results are presented in Table 5. From
the presented results, it can be noted that, in particle 1 (Figure 10a), there is an increased
content of Cr, Co, and Mo, and in particle 2 (Figure 10b), there is an increased content of
Hf and Al. The obtained results suggest that carbide compounds are formed during the
HIP process, which include several elements. An analysis of the FFT images obtained by
processing high-resolution images allowed us to infer that they belonged to MeC-type
carbides (Ni,Mo)C and (Hf,Al)C.



Metals 2023, 13, 1397 11 of 19

Metals 2023, 13, x FOR PEER REVIEW 11 of 20 
 

 

 
(c) 

Figure 9. The OM (a), SEM (b), and TEM (c) images showing the microstructure of the LPBF samples 
after HIP. 

The lattice parameters of the (Ni,Mo)C carbide were determined by analyzing the 
FFT image according to interplanar distances between the (0110), (1010), and (1100) 
planes: a = 11.0262 Å (the tabular lattice parameter was 10.8932 Å). The lattice parameters 
of the (Hf,Al)C particle with an hcp structure were a = 3.21 Å and c = 28.45 Å (the tabular 
values were a = 3.32 Å and a = 27.42 Å) (Figure 10c). The lattice parameters of carbides 
deviated from the tabular values because of the dissolution of nickel or aluminum in them. 

  
(a) (b) 

  
(c) (d) 

Figure 10. A TEM image of the LPBF samples after HIP: (a,c) carbides; (b,d) Fourier transforms (FFT) 
recorded for the carbide surface. 

3.3. The Structural Features of the LPBF Samples after HIP and HT 

Figure 10. A TEM image of the LPBF samples after HIP: (a,c) carbides; (b,d) Fourier transforms (FFT)
recorded for the carbide surface.

Table 5. The results of the local EDX analysis of phases in the LPBF sample after HIP.

Spectrum
Content of Elements, wt. %

Ni Cr Mo Co Al Nb Hf

1 41.0 20.7 24.3 10.7 3.3 - -

2 35.8 3.9 - - 5.8 - 54.5

The lattice parameters of the (Ni,Mo)C carbide were determined by analyzing the
FFT image according to interplanar distances between the (0110), (1010), and (1100) planes:
a = 11.0262 Å (the tabular lattice parameter was 10.8932 Å). The lattice parameters of the
(Hf,Al)C particle with an hcp structure were a = 3.21 Å and c = 28.45 Å (the tabular values
were a = 3.32 Å and a = 27.42 Å) (Figure 10c). The lattice parameters of carbides deviated
from the tabular values because of the dissolution of nickel or aluminum in them.

3.3. The Structural Features of the LPBF Samples after HIP and HT

After HT, the grain structure was characterized by more well-defined grain boundaries
(Figure 11a). The grains were equiaxed; their size in the direction of the Z axis was≤250 µm.
Figure 11b shows the microstructure after HT. One can see that HT contributed to the
comminution of the γ′-phase with a cubic morphology. Carbide phases, presumably M23C6-
type ones, typical of heat-resistant nickel alloys, were formed at the grain boundaries.
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Figure 11. The optical microscopy (a) and SEM (b) images of the structure of the LPBF samples after
HIP and HT.

To determine the composition of the precipitated phases at the grain boundary, a
local EDX analysis was conducted at points corresponding to the γ/γ′-phases (spectra 6,
8, 10) and directly to the grain boundary itself (spectra 1–5, 7, 9), as shown in Figure 12.
The results of the local EMF are summarized in Table 6. The spectra corresponding to the
γ/γ′-phases show an increased content of Ni, Cr, Co, and Al, which is typical for these
phases. The remaining spectra showed high content of Mo, Cr, or Ni in the particles found
at the boundaries and inside the grains. The composition of these particles indicates the
formation of carbides of the M23C6 type (Figure 12, Table 6).

Table 6. The results of the local EDX analysis of the composition of the structural components of the
LPBF samples after HIP and HT.

Spectrum
Content of Elements, wt. %

Ni Cr Mo Co Al Nb Hf

1 18.0 14.9 59.9 7.2 - - -

2 8.3 66.5 25.2 - - - -

3 22.2 19.5 54.0 4.3 - - -

4 26.9 26.4 34.9 11.8 - - -

5 30.5 42.5 21.6 5.4 - - -

6 65.7 14.3 5.6 7.8 4.0 2.6 -

7 23.7 27.7 39.5 9.1 - - -

8 64.5 14.3 6.1 3.9 6.0 5.2 -

9 8.6 64.2 27.2 - - - -

10 67.5 18.9 4.2 1.9 4.6 2.9 -

Figure 13a shows a TEM image of the grain boundary in the LPBF sample fabricated
from the AZhK alloy after HIP and HT. The grain size of the γ′-phase varied within the
range from 100 to 250 nm. Figure 11b displays particles that have precipitated along
the grain boundaries, which were identified by performing the Fourier transform of the
respective zones in the HR-TEM images with the atomic-resolution crystal structure. An
analysis of the FFT images (Figure 13d,e) revealed that they belonged to the Cr23C6-
type carbide. The calculated lattice parameter for the particle shown in Figure 13b,c was
a = 10.92 Å and a = 10.84 Å, respectively, while the tabular value was a = 10.65 Å. The
slightly increased (approximately by 2%) unit cell of carbide can be attributed to the
dissolution of molybdenum in it.
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3.4. Hardness of LPBF Samples after HIP and HT

Table 7 lists the average hardness values for the as-built LPBF samples fabricated from
the AZhK alloy and those exposed to HIP and HT in the XY and YZ planes with respect
to the build platform. The presented data indicate that hardness of the samples varied
negligibly depending on the plane. Hardness in the as-built LPBF samples was low because
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the nickel matrix contained no strengthening phases. After the HIP procedure, hardness
increased by 35 HV units due to precipitation of the γ′ phase. The maximum hardness
(445 HV) was attained after HT because of uniform segregation of the coherent fine-grained
γ′-phase from the nickel matrix. We would like to mention that the AZhK alloy after HT
was characterized by high hardness compared to that of other known superalloys, such as
Inconel 718 and Inconel 625 [38,44–46].

Table 7. Hardness of LPBF samples fabricated from the AZhK alloy, including after HIP and HT.

Condition of the Alloys Hardness in the XY Plane, HV Hardness in the YZ Plane, HV

LPBF 335 ± 30 330 ± 30

LPBF + HIP 370 ± 25 365 ± 20

LPBF + HT 440 ± 30 435 ± 20

LPBF + HIP + HT 445 ± 15 435 ± 15

3.5. Tensile Strength of the LPBF Samples after HIP and HT

The results of room temperature tensile testing of the LPBF samples after various
combinations of treatments are summarized in the stress–strain diagram (Figure 14) and in
Table 8.
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Table 8. Mechanical properties of the LPBF samples fabricated from the AZhK alloy after HIP and
HT at Ttest = 20 ◦C.

Condition of the Samples σ, MPa σ0.2, MPa δ, %

LPBF 970 ± 10 790 ± 15 43.3 ± 3.0

LPBF + HIP 1260 ± 5 860 ± 6 29.4 ± 3.1

LPBF + HT 1395 ± 24 1040 ± 52 17.6 ± 3.0

LPBF + HIP + HT 1410 ± 22 1065 ± 11 19.0 ± 3.0

P/M by HIP 1312 878 14

The relatively low strength and high ductility of this alloy are caused by the fact that
the LPBF samples fabricated from the AZhK alloy contained neither strengthening γ′-phase
precipitates nor high-melting dopants that would strengthen the γ-phase. It follows from
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the reported data that post-treatment substantially enhanced the strength of the LPBF
samples from 30% (after HIP) to 45% (after HT), while their ductility remained fairly good.
Improvement of properties was primarily related to the segregation of the γ′-phase from
the supersaturated γ-matrix. The morphology, size, and homogeneous distribution of the
coherent γ′-phase in the matrix phase, which ensured the maximum strength of the LPBF
samples, played a crucial role in the case of HT. Since the elaborated LPBF mode for the
AZhK alloy gave rise to a structure with the fewest defects, the properties of the LPBF + HT
and LPBF + HIP + HT samples were very close. The properties of the samples fabricated
from the AZhK alloy using the conventional powder metallurgy technology (P/M by HIP)
are listed in Table 8 for comparison. The reported data indicate that the required level of
mechanical properties of the synthesized AZhK alloy was attained after post-treatment in
the HIP + HT or HT modes. Therefore, HT as the manufacturing process was mandatory
for fabricating critical parts from the AZhK alloy synthesized by LPBF.

The stress–strain curves and mechanical properties during tensile tests of the synthe-
sized material of AZhK grade at test temperatures of 650 and 750 ◦C are shown in Figure 15
and Table 9. The tests were performed for the as-built LPBF samples and after HIP + HT.
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Table 9. Mechanical properties of the AZhK samples in the as-built LPBF and LPBF + HIP + HT
conditions at Ttest = 650 ◦C and 750 ◦C.

Condition of the Samples Ttest, ◦C σ, MPa σ0.2, MPa δ, %

LPBF
650 908 ± 19 695 ± 12 24.0 ± 3.1

750 718 ± 19 553 ± 29 27.8 ± 2.6

LPBF + HIP + HT
650 1240 ± 25 915 ± 12 15.8 ± 1.5

750 1085 ± 23 910 ± 24 9.1 ± 2.3

P/M by HIP
650 1202 809 9.5

750 954 742 17
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The ultimate tensile strength and the offset yield point of the LPBF samples are
significantly inferior to the nominal values, thus limiting the use of the as-built material. As
already mentioned above, the low mechanical properties of the LPBF samples are related
to the absence of coherent precipitates of the strengthening γ′-phase and complex carbides
in the structure of the material. For the desired level of service properties to be attained,
the combined post-treatment in the HIP + HT mode needs to be performed.

Therefore, the structure evolution improved properties of the LPBF samples at 650 ◦C
by: σ, 332 MPa (37%); σ0.2, 220 MPa (32%); σ, 367 MPa (51%); and σ0.2, 357 MPa (64%) at
750 ◦C, respectively. Note that the mechanical properties of the LPBF samples fabricated
from the AZhK alloy after HIP + HT were better than those for the samples obtained using
the P/M by HIP technology.

3.6. Fabrication of the Ejector-Type Detail from the AZhK Alloy

In accordance with the developed LPBF modes, an ejector-type part was fabricated for
the high-melting nickel melt AZhK; its appearance is shown in Figure 3c. The product was
intended for reducing the temperature of the working gas from 850 to 450 ◦C. During the
operation, the working gas heated to 850 ◦C was fed through the central channel; to reduce
its temperature, a similar gas with a temperature of 200 ◦C was fed through two lateral
channels. As a result, both gases were ejected, thus reducing the gas temperature in the
central region to 450 ◦C. Due to this process, the temperature of the energy source material
decreased, while its speed characteristics remained unchanged, which is an important
aspect of engine operation.

The map of deviations of the geometric size of the ejector-type detail fabricated from
the AZhK alloy after LPBF (tolerance of ±0.1 mm with respect to the initial electron model)
is shown in Figure 16. The findings demonstrate that the deviation between the geometric
parameters of the part and the specified values lay above the permissible limit (shown in
blue color). These deviations are not critical and do not disrupt the functionality of the
part. According to these findings, we have made deviation adjustments to the original
electron model.
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Figure 16. The map of superimpositions of the initial electronic map and the measured data for the
ejector-type part fabricated from the AZhK alloy (permissible deviation ±0.1 mm).

The computed tomography data (Figure 17) have shown that the LPBF mode used
for the AZhK alloy ensures the absence of structure discontinuities in the form of in-
complete fusion defects, microcracks, and pores sized ≥20 µm, as well as compliance
between the geometric parameters of the inner channels for mixing the gas in the electronic
model. Channels of the fabricated part after LPBF contained no sintered powder, thus
making it unnecessary to perform additional processes for their vibrational cleaning using
additional equipment.
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4. Conclusions

Our conclusions are as follows:

1. The optimal E2 mode of LPBF for the AZhK alloy (E = 125.0 J/mm3) has been identi-
fied, ensuring attainment of a residual porosity of 0.02%. The macrostructure of the
LPBF samples consisted of columnar grains oriented in the direction of predominant
heat dissipation, perpendicular to the build plane. At the microlevel, the structure
was represented by colonies of columnar dendrites. The Nb4AlC3 and Nb6C4 carbide
phases as well as the Mo2Hf Laves phase were precipitated in the interdendritic region
as a result of dopant segregation. The low strength of the LPBF samples manufactured
from the AZhK alloy (σ = 967 ± 10 MPa) was related to the absence of strengthening
γ′-phase particles and stable carbides.

2. The γ′-phase particles sized up to 2 µm and MC-type Mo- and Hf-based carbides
were precipitated during HIP. No Laves phases were detected in the structure of LPBF
samples after HIP, as they were dissolved as a result of diffusion. Heat treatment
ensured the homogeneous segregation of the fine-grained γ′-phase with a cubic
morphology (sized up to 250 nm) and additional precipitation of Cr23C6-type carbides
at grain boundaries.

3. The strength and ductility of the LPBF samples fabricated from the AZhK alloy were
increased due to solid-solution precipitation of the fine-grained γ′-phase and MC-
type carbide phases inside the matrix phase grains and M23C6 at grain boundaries.
The following maximum values were obtained: at 20 ◦C, σ20 = 1396 ± 22 MPa and
δ = 19.0 ± 3.0 %; at 650 ◦C, σ650 = 1240 ± 25 MPa and δ = 15.8 ± 1.5%; and at 750 ◦C,
σ750 = 1085 ± 23 MPa and δ = 9.1 ± 2.3%.

4. A geometrically complex ejector-type part was manufactured using the developed
LPBF technology; its geometric parameters corresponded to those of the electronic
models, while the base material was free of defects (microcracks or pores) sized more
than 20 µm.
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