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Effect of Hot Isostatic Pressing
on the Microstructure of Directionally
Solidified Nickel Alloy After SLM

Evgenii Borisov, Anna Gracheva, Vera Popovich, and Anatoly Popovich

Abstract The paper investigates the effect of hot isostatic pressing of single-crystal
nickel-based alloy manufactured by selective laser melting (SLM) with a high-
temperature substrate preheating. A study of the structure and phase composition
of the material before and after treatment has been carried out. It was found that
as a result of such treatment, the ratio and proportion of the strengthening phases
change; however, due to slow cooling after treatment, the optimal ratio and shape of
the inclusions are not fixed. In addition, the hardening particles are precipitated.

Keywords Selective laser melting · Single-crystal alloys · Powder metallurgy ·
Additive manufacturing

Introduction

The current level of additive technologies development allows them to be seen as
an alternative to existing subtractive manufacturing methods and to be integrated
more and more deeply into various applications [1–11]. However, selective laser
melting (SLM) technology has not yet become fully implemented in industry. The
study of the possibilities of this technology will provide a fuller understanding of
the prospects and feasibility of its implementation in various technological processes
and expand the scope of its possible application. Most of the scientific papers are
mainly aimed at expanding the capabilities of additive technologies and the limits
of their application [12–20]. Post-treatment methods also have a significant impact
on the capabilities of additive technologies [21–23]. This article includes the results
of an experiment aimed at studying the effect of hot isostatic pressing (HIP) on the
structure and phase composition of a heat-resistant nickel-based superalloy produced
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by SLM. The SLM process produces a large number of micro-defects, which reduce
the strength and load bearing capabilities. One possible solution to this problem is
hot isostatic pressing, but this method of post-processing has a negative effect on the
structure of the resulting products. Various HIP effects on single-crystal nickel-based
alloy are reflected in this paper.

Experimental Methods

For themanufacture of test samples, a powder of a heat-resistant nickel alloy obtained
by plasma atomization of a rotating electrode was used. Alloy features a three-phase
system consisting of a nickel-based γ-solid solution with an FCC crystal lattice,
dispersion precipitates of the reinforcing γ’-phase based on the Ni3Al intermetallic
and MC type carbides [24]. The chemical composition of the alloy is shown in Table
1.

Samples were manufactured by Aconity3DMIDI selective laser melting machine
(Aconity3D GmbH, Germany). SLM parameters resulting in the absence of cracks
were selected based on our previous study [24]. The machine is equipped with
laser source with variable focal spot diameter with Gauss power distribution and
a maximum power of 1000 watts. Moreover, machine is equipped with a module to
enable operation with platform preheating up to 1200 °C.

Rectangular specimens manufactured from the nickel-based superalloy (the
chemical composition is given in Table 1) were exposed to heat treatment.

The hot isostatic pressing of the specimens was carried out according to the
conditions: heating up to 1200 °C, pressure 160 MPa, holding for 3 h, followed by
furnace cooling (Fig. 1).

After hot isostatic pressing, specimens were cut and polished along the building
direction (BD). To highlight the microstructure, specimens were etched with CuSO4,

Table 1 Chemical composition of nickel alloy powder (wt.%)

Ni Cr Al Mo W Co Re Ta Nb C B

Balance 4.9 5.9 1.1 8.4 9.0 1.93 4.1 1.6 0.12 0.01

Fig. 1 Heat treatment
parameters
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H2SO4, and HCl. Carl Zeiss Supra 55VP scanning electron microscope was used for
microstructure analysis. X-ray diffraction analysis was carried out using a diffrac-
tometer Bruker D8 Advance (CuKα = 0.15406 nm) in the 2θ-range of 30–100° with
a scanning step of 0.020 and exposition of 1.5 s at every step. Structural parame-
ters were refined by the Rietveld method; crystal density for equiatomic alloys was
calculated from the mass and lattice parameter using the TOPAS5 program.

Results and Discussion

Themicrostructure of the obtained samples consists of elongated cells locatedmainly
along the growing direction of the samples γ—solid solution with scattered particles
γ’—phase formed on the basis of the intermetallic compound Ni3Al (Fig. 2), which
in turn consists of cuboid microparticles with an average size of ~200 nm (Fig. 2).

After selective laser melting, the structure of the samples is represented by grains
elongated mainly in the direction of heat removal. The main phase is γ, with a
distribution of inclusions of γ’—phase (Fig. 2). These inclusions are cuboids with
an average size of about 0.2 μm.

Inclusions in the form of carbides of alloying elements (Nb and Mo) can be seen
along the boundaries of the γ-phase cells. Such precipitates impede the movement
of the grain boundaries of the base alloy matrix at high temperatures and prevent the
appearance of plastic deformation (Fig. 3). The presence of such carbides, however,
can lead to the formation of defects in the form of hot cracks and pores [24, 25].

The microstructure of the sample after hot isostatic pressing is shown in Fig. 4. It
was found that the γ’—phase inclusions increased in size and changed their shape.
At the same time, the total γ’—phase content in the alloy structure decreased.

Phase composition of the sample before (Figs. 4, 1) and after (Figs. 4, 2) hot
isostatic pressing shows that all peaks belong to the HCC phase. The structure of
the samples is characterized by a strong texture. The strong (110) peak of sample

Fig. 2 SEM image of the
γ/γ’ microstructure after
SLM
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Fig. 3 SEM images of the γ/γ’ microstructure: a after SLM; b after hot isostatic pressing

Fig. 4 XRD pattern of the nickel-based superalloy samples. 1-before HIP, 2-after HIP

1 indicates that the crystallites are preferably (110)-oriented along the surface. In
sample 2, the orientation of crystallites along the direction perpendicular to the
(110) plane is observed, and the March-Dallas coefficient was 0.21. The detailed
diffractogramof the sample examined before heat treatment shows that the separation
of the γ and γ’ phases is observed in the region of 75°. The crystal lattice parameter
of the γ-phase is a= 0.3589 nm, and the γ’-phase is a= 0.3579 nm. The misfit value
�a = (ay – ay’)/ay’ for the sample before heat treatment was 0.003.

In the second sample, reflexes from all planes are visible after the hot isostatic
pressing, which may be due to recrystallization of grains in the places of defects
(cracks) in the process of hot isostatic pressing in the sample.

In the samples after hot isostatic pressing, in contrast to the initial samples, there
is no peak separation. This effect can be caused due to a decrease in the lattice
parameter of the gamma of the solid solution, which is caused by the release of
carbides of elements Ta, W, etc. Thus, a decrease in the volume fraction of γ’—
phase cells can be associated with a change in the crystal lattice parameter and a
change in the chemical composition of the phases.
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Conclusions

The effect of hot isostatic pressing of a heat-resistant nickel alloy samples fabricated
by selective laser melting on the structure and phase composition was investigated.
It was found that during hot isostatic pressing, the proportion of the gamma prime
phase in the alloy structure decreases. In addition, inclusions change their shape
and increase in size. This may be caused by a change in the period of the crystal
lattice of the matrix γ—phase, which occurs due to the precipitation of carbides of
alloying elements. This alignment can occur due to the release of carbides TaC and
WC and, as a consequence, depletion of the γ—solid solution with alloying elements
Ta and W, which to the greatest extent increases the lattice period of the γ—solid
solution. Local recrystallization is also observed after hot isostatic pressing. Such
recrystallization can occur in the areas of micropores and cracks in the process of
their closure.
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