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Abstract: Hot isostatic pressing (HIP) technology can effectively reduce microstructure defects such
as micropores, which are formed during solidification and hominization heat treatment, and thus
further improve the high temperature performance of nickel-based SX superalloys. This paper
reviews the application of HIP treatment in nickel-based SX superalloys, focusing on the dislocation-
creep closure and diffusion-creep closure mechanisms and the kinetics of annihilation of micropores
by HIP. The effects of different scheme on pore closure and high temperature mechanical properties
are compared. The advantages and disadvantages of different schemes are summarized. In addition,
the application of HIP treatment in additive manufacturing (AM) of nickel-based SX superalloys is
also discussed.

Keywords: nickel-based single crystal superalloy; HIP treatment; micropore; mechanical property;
additive manufacturing

1. Introduction

Owing to the excellent combination of mechanical properties and environment resis-
tance at high temperatures, nickel-based single crystal (SX) superalloys have been widely
used for high-pressure turbine blades in aero-engines and industrial gas-turbines [1,2].
In comparison with other types of nickel-based superalloys, the most important charac-
teristic of nickel-based SX superalloys is the elimination of grain boundaries which are
quite weakened regions at high temperatures [3,4]. Commonly, nickel-based SX superalloys
are fabricated by directional solidification casting, using Bridgman high-rate solidifica-
tion (HRS) methods [5]. However, the application of this advanced technology cannot
avoid detrimental microdefects, such as microporosity and residual eutectic, which would
deteriorate the mechanical properties of nickel-based SX superalloy [6-11]. Moreover,
in order to meet the increasing requirement of fuel efficiency and low emissions, more and
more refractory elements, especially Re, are introduced in nickel-based SX superalloys for
improving high temperature mechanical properties [12,13], such as creep resistance [14,15].
However, the higher contents of refractory elements would also increase the potential risk
of detrimental microdefects [16].

In the mid-1950s, hot isostatic pressing (HIP) was developed by Battelle Institute,
which applies high temperature and isostatic pressing to components. Owning to the
unique advantage, HIP has been widely used in powder metallurgical applications to
densify the materials [17-19] and even to near net shape forming [20-22], and for cast
alloys to reduce the microporosity generated during the casting [23,24]. Nowadays, it has
been well confirmed that HIP can significantly reduce the micro defects and improve the
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homogenization of nickel-based SX superalloys, thus leading to the significant improve-
ment of mechanical properties of nickel-based SX superalloys [7,23,25-32]. In general, there
are mainly two schemes for the implementation of HIP within the standard heat treat-
ment (SHT) for nickel-based SX superalloys, which consist of homogenization and aging
treatment. Some works prefer the use of HIP after casting [30,31], while others prefer the in-
corporation after homogenization [23,33]. More recently, an integrated HIP heat-treatment
was developed upon HIP equipment providing fast quenching rates [7,24,32,34].

Since these schemes produce quite different results about the effect of HIP on the
mechanical properties of nickel-based SX superalloys, this article reviews the research
progress in the application of HIP in nickel-based SX superalloys under different schemes,
to promote the research in the application of HIP in the field of nickel-based SX superalloys.

2. Formation and Annihilation of Micropores in Nickel-Based SX Superalloys
2.1. Formation of Micropores

There are mainly two types of micropores after cast and standard heat treatment of
nickel-based SX superalloy. The first one is the micropores formed during dendritic solidifi-
cation of cast SX superalloys, called “S-pore”, which mainly come from two aspects. Firstly,
the interdendritic liquid phase is isolated by the dendrite stem which has been completely
solidified. The volume of the interdendritic liquid phase shrinks after solidification and
cannot be supplemented by other liquid phases, thus forming irregular micropores in
the interdendritic region. Secondly, due to the existence of partially dissolved gas in the
liquid phase during solidification, spherical pores are formed after solidification [34-36].
Figure 1 shows a typical as-cast microstructure of a nickel-based SX superalloy, showing
that micropores are mainly formed in the interdendritic region with a size of a few microns
to a ten of microns.
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Figure 1. As-cast microstructure of nickel-based SX superalloy ERBO/1 [34].

The cooling rate has a significant effect on the formation of pores during solidifica-
tion [35-37], as shown in Figure 2. When the cooling rate is 0.5 °C/s, the pore volume
fraction is 0.22%, and is reduced to 0.14% with the cooling rate of 1 °C/s. In addition,
at lower cooling rate, more small pores are produced at higher temperatures. The equiva-
lent diameters of most of the pores are less than 10 um and the sphericity index is greater
than ~0.8, while larger pores tend to be more irregular and have a lower sphericity in-
dex. Therefore, increasing temperature gradient can significantly reduce the defect rate
of single crystal blades. Compared with commonly used high rate solidification (HRS)
process, the liquid metal cooling (LMC) process has a higher temperature gradient and
the primary dendrite arm space (PDAS) after solidification is less than 400 um, which is
about 500 um for HRS process, resulting in lower porosity than that of HRS process [37,38].



Crystals 2022, 12, 805

30f17

Nowadays, LMC process has been applied to the production of aviation blades and large
gas turbine blades.
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Figure 2. 3D view of the porosity after complete solidification for two cooling rates: (a) 0.5 °C/s and
(b) 1 °C/s. The pore population in terms of size and sphericity for a cooling rate of (c) 0.5 °C/s and
(d)1°C/s [36].

The second type of micropores is the micropores formed during homogenization heat
treatment of as-cast SX superalloys, called “H-pore” [16,39,40]. The main reason is the
dendrite-rich elements such as W, Re, Cr, and Co diffuse towards the interdendritic region,
while interdendrite-rich elements such as Al and Ta diffuse towards the dendrite stems [41].
Kirkendal effect occurs due to different diffusion rates of these elements, resulting in
approximately spherical solution pores in the interdendrite region, with a size of a few
microns [42-44]. Especially, during homogenization heat treatment, the dissolution of Al-
enriched residual eutectic located at the interdendrite region would lead to the diffusion of
Al atoms into the surrounding matrix. Since the fast Al diffusion cannot be compensated by
cross diffusion of other slower elements, H-pore is easy to form at the periphery of residual
eutectic due to the reverse diffusion of matrix vacancy, as shown in Figure 3. In addition,
the diffusion of matrix vacancy to the exiting S-pores would make them rounded, as shown
in Figure 4 [24].

Figure 3. Homogenization pore grown near the eutectic in SX superalloy after standard heat treatment.
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Figure 4. Morphology of micropores in SX superalloy ERBO/1 after heat treatment 1340 °C/16 h [24].

2.2. Annihilation of Micropores by HIP

S-pore and H-pore in nickel-based SX superalloys can be reduced by selecting the
optimal parameters of directional solidification and homogenization heat treatment [16,36,45],
but complete removal of the pores is only possible by applying a HIP treatment to the
alloys. The annihilation of micropores by HIP is realized under the combining effect of
high temperature and pressure [24,32,46,47]. Figure 5 shows the effect of temperature
on the annihilation of micropores by HIP in SX superalloy ERBO/1 with different initial
states [24]. It is clear that the efficiency of annihilation of micropores is low at temperatures
under y’-solvus temperature, due to the hardening effect of y’ phase, and is increased with
increasing HIP temperature. At the temperature above y’-solvus temperature, the initial
porosity of the SX superalloy has been reduced by almost 100%.
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Figure 5. Effect of the temperature on the annihilation of micropores of (a) as-cast and (b) as-SHTed
SX superalloy ERBO/1 [24].

Figure 6 shows the closure of pores in SX superalloy ERBO/1 after HIP at different
conditions. At 1200 °C (below the y’-solvus temperature, Figure 6a,b), a rafted structure
can be observed around the pores that cover a radius of about 10 um, which is the result
of the local stress distribution during HIP. At 1300 °C, Figure 6a—d, no rafting is visible.
The y/-particles have dissolved during heat treatment, the dislocations are no longer pinned
by v’ phase, and therefore the deformation can be expected to proceed more quickly.
Meanwhile, the effect of pressure is not distinct as the temperature is above the y’-solvus
temperature; as shown in Figure 7a, 75 MPa is enough to reduce the porosity by 99%.
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The deep understanding of the kinetics of annihilation of micropores during HIP
is critical to the optimization of HIP parameters, such as temperature, pressure, and
processing time. Figure 7b shows the porosity of nickel-based SX superalloy CMSX-4 in
the as-cast, as-heat treated and as-HIPed states at different times, measured using light
microscope (LM) and scanning electron microscope (SEM) as well as alloy density [48].
It clearly shows that the homogenization heat treatment can significantly increase the
porosity of cast SX superalloy from ~0.11 vol% (LM) to ~0.20 vol% (LM) or ~0.23 vol%
(SEM). Meanwhile, HIP can dramatically eliminate porosity of heat-treated SX superalloy
within a few hours.

Figure 6. Pores closure in SX superalloy ERBO/1 after HIP at different conditions. (a,b) 200 MPa,
5 h, 1200 °C, and 10 K/min cooling rate; (c) 200 MPa, 5 h, 1300 °C, and 10 K/min cooling rate;
(d) 100 MPa, 3 h, 1300 °C, and 20 K/min cooling rate [24].
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Figure 7. (a) Effect of the pressure on the annihilation of micropores of as- solutioning treated SX
superalloy ERBO/1 [24]; (b) Porosity in as-cast and heat treated SX superalloy CMSX-4 and its
annihilation during HIP at 1288 °C/103 MPa [48].

With TEM (transmission electron microscopy) results showing that the pores in SX
superalloy CMSX-4 shrink via dislocation movement on octahedral glide planes during
HIP, A. Epishin et al. [48] theoretically modeled pore closure under HIP conditions by the
finite element method using crystal plasticity and large strain theories. As an example,
in Figure 8, the pore has lost its sphericity and corners with large, localized plastic strains
formed after treated by HIP for 10 min. The modeling gives a similar kinetics of pore
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annihilation as observed experimentally, as shown in Figure 7, however, somewhat higher
annihilation rate, as shown in Figure 9.
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Figure 8. Distribution of equivalent plastic strains P around the pore after HIP for 10 min [48].
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Figure 9. Kinetics of porosity decrease of SX superalloy CMSX-4 during HIP 1288 °C/103 MPa
predicted by the modelling in comparison with the results of density measurements [48].

Afterwards, an improved diffusion model of pore annihilation during HIP of single
crystals of nickel-based superalloys is proposed by A. Epishin et al. [45], based on the fact
that a continuous v’ phase is formed around a pore and in the place of its annihilation
as a result of inflow of rapidly diffusing aluminum atoms to the pore surface, as shown
in Figure 6 and more clearly in Figure 10. Their model considers the dissolution of pores
by emission of vacancies and their diffusion sink to low-angle boundaries, and takes into
account pore size distribution, which is shown in Figure 11, and significantly influences
the kinetics of pore annihilation. However, the result is still not very coincident with the
experimental result, with a slower annihilation rate at the beginning. The deviation of these
two models as mentioned above should come from the fact that the vacancy mechanism
and dislocation mechanism should affect the pore closure simultaneously with different
levels, as shown in Figure 12.
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Figure 10. Pore faceted with {012} planes in SX superalloy CMSX-4 after 0.5 h of HIP at 1288 °C/

103 MPa [45].
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Figure 11. Kinetics of pore annihilation in heat-treated CMSX-4 alloy during HIP at 1288 °C/
103 MPa [45].
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To clarify the real mechanism of pore closure during HIP of nickel-based SX superalloy,
further detailed investigation about local dislocation mechanisms and concentration micro
gradients at the surface of partially shrank pores after HIP of limited duration should be
carried out.
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Figure 12. Change of relative contributions of vacancy and dislocation mechanisms to the pore
annihilation during HIP with an increase in pressure [45].
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2.3. Influence of HIP on Mechanical Properties

The implementation of HIP treatment in heat treatment process has a significant effect
on high temperature mechanical properties of nickel-based SX superalloys. At present,
due to considering that the HIP temperature is generally above the y’-solution tempera-
ture [33], HIP treatment is generally performed directly on as-cast state nickel-based SX
superalloys [28,30,31,49,50], which is equivalent to part of the solution treatment. By HIP,
the internal pores and interdendritic eutectic are obviously reduced in nickel-based SX su-
peralloys, which improves the fatigue performance but has no obvious effect on creep life at
high temperatures [30,31]. As shown in Figure 13, after HIP treatment at 1300 °C/100 MPa
for 4 h, the volume fraction of micropores decreased from 0.31% to 0.04% and the eutectic
fraction also decreased significantly. Although the stress rupture life at 1100 °C/130 MPa
was slightly changed, the low cycle fatigue life of the used SX superalloy at 760 °C was
significantly increased by HIP, as shown showing in Figure 14 [30]. Furthermore, the high
cycle fatigue life of the used nickel-based SX superalloy under 850 °C and 300 to 850 MPa
was also improved significantly, and the fatigue strength was increased from 331 MPa to
433 MPa [31].
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Figure 13. Micropore and eutectic content after HIP treatment with different temperature. (a) porosity
fraction/%; (b) eutectic fraction/% [30].
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Figure 14. Micropore and eutectic content after HIP treatment with different temperature. (a) stress
rupture life/h; (b) 2N¢ cycles of 760 °C LCEF, the 2N¢ cycles of each state are tested once or twice,
as shown in the black triangle [30].

R. C. Reed et al. [51] suggested that the formation of the TCP phase and the reappear-
ance of micropores during creep at high temperature, as shown in Figure 15, would partially
offset the closure of micropores by HIP treatment, and therefore the high temperature creep
properties of nickel-based SX superalloys will be not improved obviously.
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Figure 15. Backscattered electron image showing TCP phase particles and porosity in crept HIPed
material [51].

However, direct HIP treatment on as-cast SX superalloy needs to avoid the occurrence
of initial melting, so the increase of temperature of HIP is limited. As mentioned above,
a higher temperature is necessary for HIP to the reduction of microporosity. In addition,
the nucleation of pores in solid-solution and aging treatment after HIP would offset the
reduction of porosity by HIP in nickel-based SX superalloys [42]. On the contrary, HIP
treatment after solid-solution treatment has been found to effectively reduce the porosity
in nickel-based SX superalloys, thus sufficiently improving the high temperature creep life
of nickel-based SX superalloys [23,33]. Figure 16 shows that the high temperature creep
life of nickel-based SX superalloy CMSX-4 can be significantly improved by over 80% in
comparison with that of non-HIPed specimens, by HIP after solid-solution treatment [33].
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Figure 16. Stress-rupture curves of (a) non-HIP treated and (b) HIP treated [33].

Recently, the authors compared the two schemes of the implementation of HIP within
the standard heat treatment (SHT) for a nickel-based SX superalloy with the as-cast or solid
solution state. As shown in Figure 17, HIP treatment can effectively reduce the average
size and fraction of micropores in as-cast and solid-solution states samples, especially for
the solid-solution state sample. In addition, HIP can effectively reduce the interdendritic
eutectic of as-cast and solution-state samples, but the solid-solution treatment can eliminate
the interdendritic eutectic more significantly than HIP for higher temperature and longer
time. As a result, the HIP treatment for the solid-solution state sample can significantly
increase the high temperature stress rupture life of the nickel-based SX superalloy at
980 °C/250 MPa, as shown in Figure 17.
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Figure 18 summarizes the mechanism of the two schemes on pore closure. In the as-cast
state, eutectics distributes in the interdendritic region and enriches with Al, Ta elements,
which will partially dissolve during HIP. Then, micropores will be generated during
mutual diffusion of elements under Kirkendal-Frenkel effect, thus affecting the closure of
micropores by HIP [23,52]. Meanwhile, in the solid-solution state, eutectics have dissolved,
and HIP will lead to the closure of micropores which are formed either during the cast or
during solid-solution treatment, thus showing high efficiency.
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Figure 17. The diagrams of average area fractions and diameters of micropores. AC: as-cast state;
ACH: as-cast + HIP state; AS: as-solid-solution state; ASH: as-solid-solution + HIP state. (a) Av-
erage area fraction of micropores; (b) Average diameter of micropores. (c) The high temperature
stress rupture lives at 980 °C/250 MPa. SHT: the standard heat treatment without HIP; ACH:
as-cast + HIP + SHT state; ASH: as-solid-solution + HIP + SHT state [23].
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Figure 18. The changes of in terdendritic eutectic and micropores of used nickel-based SX superalloy
under different states during HIP treatment [23].

However, both schemes for the implementation of HIP are somewhat complicated and
costly, owing to the separation of HIP treatment and standard heat treatment. More recently,
Lais Mujica Roncery et al. [32] developed an integrated HIP heat-treatment with the help
of HIP equipment with a rapid cooling device, as shown in Figure 19. Such a scheme can
overcome the shortage of these two schemes and set a fine and uniform y/y’-microstructure
via fast quenching and subsequent aging, thus improving the mechanical properties of
nickel-based SX superalloys significantly, as shown in Figure 20. It is worth mentioning
that, although applying isostatic pressure throughout the standard heat treatment process
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can significantly save the processing time and improve the creep properties, the scheme
must have a HIP equipment with rapid cooling to obtain the appropriate microstructure.
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Figure 19. Profiles of the measured temperature (solid line) and pressure (dotted line) during the
integrated HIP treatment that consisted of solutioning at 1300 °C and two-step aging at 1140 °C (4 h)

and 870 °C (16 h), 100 MPa [32].
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Figure 20. Creep data from five creep experiments performed in the present study. (a,b) 750 °C,
800 MPa. (c,d) 1050 °C, 160 MPa. (a,c) Strain versus time. (b,d) Creep rate plotted as a function of

strain [32].

2.4. Application of HIP in Additive Manufacturing of Nickel-Based Superalloys

Besides directional solidification casting, additive manufacturing (AM) is another
potential process for fabricating nickel-based SX superalloys. AM technology is gaining
increasing attention from industry, owing to its superiority in direct fabrication of compo-
nents with extremely complex internal structures, e.g., turbine blades with inner cooling
channels. Currently, many printing trials with nickel-based superalloys are being conducted
by researchers, and samples and components have been successfully fabricated [53-65].
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The nickel-based superalloy has a severe crack tendency in the laser powder bed fusion
(L-PBF) process, which hinders its wide application in aerospace field. Figure 21 shows that
HIP can reduce the volume fraction of pores and microcracks from 0.96% to 0.08%. After
subsequent heat treatment (HIP+SSHT), although cracks did not reappear after subsequent
heat treatment, the volume fraction of pores slightly increased. In addition, sub-grain with
high-density dislocations can be reduced by HIP treatment with high temperature and
after subsequent heat treatment it was eliminated. Finally, the tensile properties in room
temperature and 900 °C were both improved compared to the as-built state.

(a) LPBF ) HIP (c)  HIP+SSHT

\_/Melt pool boundary \ Microcrack  + Pore \-Carbide

/ Sub-grain with high-dendity dislocations / Sub-grain without dislocations
JQ o

Figure 21. Microstructure development schematic of the LPBF GH3536 sample subjected to the
HIP and SSHT. (a) The as-built state after L-PBF process. (b) After HIP treatment. (c) After SSHT
treatment [62].

Some works are pursuing a methodology of producing components of SX nickel-based
superalloys [66-68]. Owning to the nonequilibrium fusion-solidification characteristic of
AM process, the primary dendrite arm spacing (PDAS) of as-built SX superalloy by electron
beam powder bed fusion (EB-PBF) is quite smaller than that of traditional as-cast one [69].
Thus, as shown in Figure 22, the chemical compositions of the crack-free CMSX-4 SX sam-
ples built by EB-PBF were homogeneous with two orders of magnitude smaller than that
of traditional castings. HIP treatment can further reduce the internal pores of the as-built
sample and improve the homogenization of alloying elements. For nickel-based superalloy
CMSX-4 prepared by SEBM, only after 4 min of HIP treatment at 1300 °C, the alloy density
increased to 99.9%, and the homogenization degree of dendrite composition of the as-built
state was obviously improved [67], as shown in Figure 23. Such special characteristic of
additive manufactured SX superalloy improves the fatigue properties significantly [70],
as shown in Figure 24. L. M. Bortoluci Ormastroni et al. [66] also reported that the very
high cycle fatigue (VHCEF) lifetime of SX superalloy CMSX-4 fabricated by EB-PBF with
complete elimination of defects is equivalent to or higher than that of Bridgman solidified
Ni-based SX superalloys. What is more, after HIP treatment, all EB-PBF samples without
defects failed through oxidation assisted surface crack initiation.
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Figure 22. Qualitative microprobe mappings (horizontal cross section) of Ta, W, and Re: (a) as-cast

sample analyzed with a spot size of 2 pm; (b) Magnification of (a) (spot size 0.5 um); (c) EB-PBF
sample (P = 510 W, v = 6000 mm/s, line offset = 0.03 mm) (spot size 0.5 um); (d) EB-PBF sample

(P =180 W, v = 300 mm/s, line offset = 0.1 mm) (spot size 0.5 pm) [69].
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Figure 23. EDS element mappings of the SEBM material in the as-built state (a—e) and after two

(f—j k-o) different subsequent HIP treatments [67].
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Figure 24. Results of low cycle fatigue (LCF) experiments on different heat treated specimens of
nickel-based SX superalloy [70].

As an emerging technology, AM has promising application prospects for the fabrica-
tion of SX superalloys, and HIP has become a common process for as-built superalloys
prepared by AM prior to heat treatment. It should be noted that, the recrystallization
may occur during high-temperature HIP treatment [71], which has a certain influence on
the high-temperature strength of SX superalloys, due to the large residual stress in the
as-built samples. The application of HIP in the additive manufacturing of nickel-based SX
superalloys should be carefully implemented.

3. Summary

With the rapid development of modern advanced aero-engines and industrial gas-
turbines, the demand for the service security and reliability of nickel-based SX superalloys
is constantly increasing. Therefore, HIP treatment is more widely used in the fabrication of
nickel-based SX components, and there are mainly three schemes for the implementation of
HIP within the standard heat treatment (SHT) of nickel-based SX superalloys. The normal
scheme is the use of HIP after casting, followed by SHT. It is relatively easy with a low
efficiency of pore closure. The second one is the incorporation of HIP after homogenization,
followed by an additional short homogenization and aging treatment. It is relatively
complicated but with a high efficiency of pore closure. The third one is the integrated HIP
heat-treatment, i.e., the incorporation of HIP during SHT. It is quite efficient but upon
special HIP equipment providing fast quenching rates.

In order to give full play to the comprehensive properties of the material, the influ-
ence of HIP parameters on microstructures and mechanical properties of nickel-based SX
superalloys, including temperature, pressure, holding time, heating rate, and cooling rate,
has been widely investigated. However, the model of annihilation of micropores by HIP
is not developed well enough, and thus limits the optimization of the implementation of
HIP within the standard heat treatment (SHT) for nickel-based SX superalloys. Further
investigation should be conducted with the help of in-situ experimental methods.

Furthermore, additive manufacturing (AM) provides new possibilities for the prepa-
ration and processing of advanced aero-engine materials and HIP treatment has inherent
advantages in improving the quality of SX components fabricated by AM. The implementa-
tion of HIP in AM field is the direction to be urgently solved in the future.
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