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Abstract

This paper aims to act as a useful engineering tool for researchers who are studying the production of well-densified IN718
parts by uniaxial vacuum hot pressing. To the best of the authors’ knowledge, there is no relevant information on literature
about densification of IN718 parts by this technique. This work is focused on understanding the influence of uniaxial vacuum
hot pressing sintering conditions (temperature and pressure) on Inconel 718 (IN718) powder densification, microstructural,
fracture mode, and hardness properties. The optimization of temperature and pressure sintering conditions are presented as
well as its influence on the densification, microstructural features, and hardness properties. The sintering conditions included
temperatures of 1000, 1068, 1150, and 1200 °C; pressures of 50 and 60 MPa; and a dwell time of 60 min.

The results showed an increase in the grain size (GS) of the compacts with the processing temperature and a change on the
fracture mode from intergranular dominant fracture to fully dimple ductile fracture. Regarding the microstructural proper-
ties, the results showed that y'(Ni;(Al Ti)) intermetallic precipitate originated from IN718 powders was retained in the sin-
tered specimens. The hardness results revealed that the sintering temperature of 1000 °C is not enough to promote accurate
densification. The optimum hardness results were achieved at 1200 °C (327 HV) with high levels of densification and pure
intragranular fracture mode. In future studies, shear and tensile strength test should be performed in order to properly evalu-
ate the mechanical behavior of hot-pressed IN718 specimens.
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1 Introduction powders are, simultaneously, compressed and heated till

reaching a suitable temperature for powder densification

The aerospace components are usually under severe oper-
ating conditions and require high-strength alloys (such as
Inconel alloys) with resistance to high temperature, pressure,
and corrosion conditions [1-4]. Inconel 718 (IN718) is one
of the most used alloys in this field and has been reported
as suitable for being processed by powder metallurgy (PM)
techniques. This alloy allows to add up significant amounts
of precipitated strengthening elements without considerable
segregation, during the atomization procedures. The PM
field includes some techniques in which metal or ceramic
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but lower than the materials’ melting points. Usually, the
process starts with powder atomization, followed by cold
compaction, and finally, the densification of the powders
occurs within a mold (under high pressure and temperature
conditions) [2, 5-7].

The main powder metallurgy techniques reported in lit-
erature are hot pressing (HP), hot isostatic pressing (HIP),
metal extrusion, metal injection molding, and rolling tech-
nologies [6, 8, 9]. Hot isostatic pressing is a propitious tech-
nology since it allows to obtain consolidated parts with high
densification levels and high mechanical properties (when
compared with other conventional processes) [7, 10, 11].
The HIPed parts are produced directly from the powders
and are usually obtained with a homogeneous microstructure
which is beneficial for improving the mechanical properties
[7-9, 12, 13]. Chang et al. [8] produced IN718 parts by hot
isostatic pressing considering four sintering pressures (98.6,
147.9, 172.6, and 197.2 MPa) under 1180 °C of sintering
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temperature for 2 h. Regarding the physical and microstruc-
tural properties, the optimum sintering pressure was found
to be 172.6 MPa since the porosity results decreased 78.5%
and reduced the amount of § precipitation. In coherence with
these results, the tensile strength results were improved in
18.5% at room temperature. Chang et al. [14] also investi-
gated the precipitation of carbides and oxides on the prior
particle boundaries which led to a decrease in the mechani-
cal properties. The tensile fracture mode changed when
the temperature was increased because the prior particle
boundaries have been dissociated with the carbide particles.
The fracture mode was classified as interparticle dominant
fracture, at room temperature, and was modified to entirely
dimple fracture with the increase of temperature.

Hot-pressing technology has been reported as a success-
ful sintering method that allows to obtain highly densified
parts with mechanical properties close to the theoretical
values. This sintering technique is usually applied as a post-
treatment in consolidated parts as well as to promote diffu-
sion and bonding of distinct materials. The high sintering
temperature is extremely important for enhancing the plas-
tic deformation and therefore promotes an efficient particle
bonding. The applied pressure and the surface energy of
the particles stimulate a driving force that leads to a rapid
densification [15]. The high-temperature resistance of IN718
makes it a difficult alloy to be sintered when compared with
other materials. The main purpose of this work is to act as a
useful engineering tool for researchers who are investigat-
ing the sintering conditions and mechanisms of as-produced
IN718 parts by uniaxial vacuum hot pressing since, to the
best of the authors’ knowledge, there is no relevant infor-
mation on literature about this topic. The optimization of
temperature and pressure sintering conditions are presented
as well as its influence on the densification, microstructural
features, and hardness properties.

Fig.1 IN718 alloy powders: a
SEM image and b particle size
distribution

2 Materials and methods
2.1 Powder’s features

IN718 powder morphology (Fig. 1a) was analyzed by an
analytical scanning electron microscope (JEOL JSM-
6010LV). The powders used in this study were purchased
from Carpenter Additive supplier with a given particle size
ranging between 15 and 45 pm (confirmed by the grain size
distribution presented in Fig. 1b). However, most of the par-
ticle sizes are between 20 and 35 pm, and some of them
revealed some satellites on the surface (Fig. 1a).

IN718 is a Ni-Fe—Cr alloy with 50.0-55.0% Ni and 21.0%
Cr that avoid oxidation at high temperatures (Table 1).
The molybdenum (Mo) is also a constituent of this alloy
(2.8-3.3%) that is responsible for avoiding pitting corrosion
[16]. Other elements such as titanium, aluminum, cobalt, and
iron are also presented in this alloy. Moreover, the solubility
of chromium, tungsten, iron, molybdenum, and cobalt on the
austenitic matrix (y) enhances the mechanical strength [17].

The XRD graphic of IN718 powder (Fig. 2) revealed the
main presence of y (111) plane and a solid solution of aus-
tenite (y) with a face-centered cubic (fcc) Ni—Cr matrix.

2.2 Uniaxial vacuum hot pressing

IN718 specimens were manufactured through hot-pressing
technique that includes a vacuum sintering system (at a pres-
sure of 1072 mbar) and induction furnace with high frequency.
The experimental procedure started with the weight of the
IN718 powders, and the covering of the graphite die surface
with ZrO, paste to avoid an invisible diffusion of the car-
bon on the hot-pressed specimen. The IN718 powders were
introduced into the graphite die and were positioned into the
hot-pressing chamber for further assembly in hot pressing
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Table 1 Chemical composition

Elements Al Cr Co
of IN718 powder (Carpenter

Cu

Fe Mn Mo Ni Nb + Ta Si Ti

Additive Lda) [18] wt.% 070 21 1

0.3

Balance 0.35 2.80-3.30 50-55 4.75-5.50 0.15 1.15
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Fig.2 XRD pattern of IN718 powder: the presence of a solid solution
of austenite (y)

structure. A thermocouple was inserted into the graphite die
(close to the specimen) to monitor the temperature (Fig. 3).
The procedure started by applying a heating rate of about
5 °C/s till the final temperature. When the temperature
reaches 80% of the final temperature, the defined uniaxial
pressure is applied and kept during the stage time (60 min),
as represented in Fig. 4. After the specimens cool down
(till room temperature), the final parts were removed from

Fig.3 Uniaxial vacuum hot
pressing: a scheme of the main
steps for producing IN718
specimens

1. Weight the
powder

7. Remove the

specimen

the graphite die. The IN718 powders were simultaneously
heated and pressed, boosting the atomic diffusion of the
particles and increasing the densification of the specimens.

Usually, hot pressing is characterized by using 75-80% of
the melting temperature of the materials, and in this sense,
this temperature was first defined. As the appropriate hot-
pressing sintering temperature conditions are not yet reported
in literature, the first temperature considered was 75% of the
melting point of IN718 (1260-1336 °C) [19]. Chang et al.
[8] studied the densification of IN718 specimens by HIP, at a
temperature of 1180 °C, and considered higher pressure val-
ues (98.6—197.2 MPa) than those allowed by the hot-pressing
equipment used in this work (maximum of 60 MPa). In order
to compensate the lower pressure values, higher sintering
temperatures were added to the previously mentioned tem-
perature (1068°C, 1150 °C, and 1200 °C which correspond
to approximately 80, 85, and 89% of the melting point) as can
be seen in Table 2. Regarding the pressure conditions, two
values were tested: 50 and 60 MPa, in order to evaluate the
influence of pressure on densification level.

2.3 Characterization techniques

After the specimen’s production by hot pressing, the IN718
specimens were extracted from the graphite die and polished
using silicon carbide abrasive papers till 4000 mesh grit sand
with a uniform thickness reduction. Specimens were ultrasonic
cleaned with pure ethanol and acetone and afterward dried in
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Fig.4 Schematic representation of hot-pressing cycle employed to produce IN718 specimens

Table 2 Description of the hot-

X 8 . e Designation Tem- Pres-
pressing sintering conditions perature  sure
°C) (MPa)
T1000P50 1000 50
T1000P60 60
T1068P50 1068 50
T1068P60 60
T1150P50 1150 50
T1150P60 60
T1200P50 1200 50
T1200P60 60

air. An analytical scanning electron microscope (JEOL JSM-
6010LV) was used for analyzing the powder and the grain mor-
phology. The chemical etching solution Kallings No. 2 was used
for assessing the grain morphology. This solution is composed
by 10 HCI (37%), 10 ml ethanol, 10 ml H,O, and 0.5 g CuCl,
for 3 min. The IN718 specimens were fractured (without effect
of a polishing or cutting tool) to evaluate the densification level.

X-ray diffraction (XRD) analysis was performed through
a Bruker D8 Discover diffractometer with classical 6-20
analysis with a Bragg—Brentano geometry utilizing CuKa
radiation. This analysis considered 20 (ranging between 30°
and 100°), a 4 s/step of step time, and 0.04° of step size.

The weight and volume of each IN718 specimen were
measured, and the conventional formula (p =m/V [g/cm3])
was used for estimating the density of the as-produced speci-
mens. An EMCO-TEST (DuraScan model) equipment was
used for measuring the microhardness of the specimens
(1000 g for 15 s). The hardness measurements were per-
formed from the periphery to the center of the specimen in
order to evaluate its homogeneity.

@ Springer

3 Results and discussion

This chapter explains the densification and fracture mode of
the specimens, then the grain morphology and microstruc-
tural features and finally the hardness properties.

3.1 Densification

The high level of densification of specimens is dependent on
atomic diffusion and plastic deformation mechanisms. The simul-
taneous occurrence of these two phenomena leads to deformation
of the polycrystalline aggregates, enhancing the grain growth and
recrystallization. The density and densification results (Table 3)
allowed us to verify that the density results of the hot-pressed
IN718 specimens were closer to the theoretical values (8.20 g/
cm’ [20]) with densification results close to 100%.

The densification works through particle rearrangement
and plastic flow at the particle contacts. At 1000 °C, the
temperature is not enough to potentiate the plastic deforma-
tion. The driving force for densification was not enough for
reducing the surface area energy associated with pores.

The IN718 specimens revealed a significant increase in
densification level with the increase of temperature (from
94.59 t0 99.88%, at 50 MPa). EIRakayby et al. [21] studied
the densification of nickel base alloy powder under hot iso-
static pressing and also verified an increase on densification
with temperature. For temperature of 1150 and 1200 °C, the
increase on temperature led to a significant increase on den-
sification level for about 99%. At this temperature, bonding
mechanisms such as diffusion, plastic flow, recrystallization,
and others were strongly potentiated.

For all temperature conditions, the increase of pressure
from 50 to 60 MPa led to an increase on densification of
approximately 1%. High pressure induces compressive stress
on powders that drives diffusion and/or dislocation motion.
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Table 3 Estimated density and densification of the IN718 specimens
manufactured by hot pressing

Designation Estimated density (g/ Densification (%)
cm3)
T1000P50 7.75 94.591
T1000P60 7.99 97.544
T1068P50 7.82 95.440
T1068P60 791 96.553
T1150P50 8.03 98.001
T1150P60 8.18 99.772
T1200P50 8.189 99.877
T1200P60 8.197 99.969
Theoretical values 8.20 [20] 100
Fig.5 Fracture surfaces of
hot-pressed IN718 specimens
at 1000 °C, 1068 °C, 1150, °C,
and 1200 °C and 50 and 60 MPa
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3.2 Fracture mode

The fracture surface images (represented in Fig. 5) allowed
us to infer about the densification of the IN718 specimens
by hot pressing. The ductile fracture mode was identified in
all sintering conditions with substantial plastic deformation.
Typically, IN718 fracture surface exhibits a ductile fracture
mode which can be classified as intergranular or intragranu-
lar. However, some IN718 specimens also showed combina-
tion of two ductile fracture modes.

The fracture surface of the T1000P50 specimen revealed
a pure intergranular fracture mode. The entire split up of the
IN718 particles occurred because the grains were weakly
bonded, and so, the cracks tend to propagate alongside the
grain boundaries. The fracture surface images showed that

Intergran Intragranular

Intergranular

Intragranular

Pressure (MPa)
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the increase in the pressure values (from 50 to 60 MPa) has
influenced the powder’s consolidation since the powders’ con-
tact area was enhanced. Hereupon, the T1000P60 specimen
showed an intragranular fracture mode with some signs of
intergranular mode (Fig. 5).

The increase in temperature (from 1000 to 1068 °C)
showed a substantial impact on the particles’ consolidation,
leading to a good metallurgical bonding when compared
with hot-pressed specimens at 1000 °C. The specimens
produced at 1068 °C (considering both 50 and 60 MPa)
presented an intragranular fracture mode in which the deco-
hesion of particle boundary occurs alongside the dimples
(resultant from high plastic deformation and atomic diffu-
sion). The increase of pressure (from 50 to 60 MPa) led to
obtain fracture surfaces with more clear plastic deformation.
The fracture surfaces of T1068P60 specimen showed some
voids that may have been created by external loads or grain
boundary precipitates that were oxidized [22]. A ductile
intragranular fracture mode was observed when consider-
ing the highest sintering temperature in this study (1150 °C),
for both 50 and 60 MPa pressure conditions. However, it
was possible to observe some cracks which means that the
sintering conditions may not be enough to achieve the opti-
mized level of consolidation. When increasing the sinter-
ing temperature to 1200 °C, a ductile intragranular fracture
surface of specimens revealed a significant improvement in
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metallurgical bonding. A dimple fracture is observed since
high levels of atomic diffusion and plastic deformation were
achieved [23].

3.3 Microstructural analysis

Figure 6 shows the XRD patterns of IN718 powder and
hot-pressed IN718 specimens. The XRD pattern is coinci-
dental to the solid solution of austenite (y) constituted by a
single-phased structure with Ni, Cr, and Fe as the three most
important elements. ¥’ and y” phases are the principal strain
strengthening mechanisms [24]. The hot-pressed IN718 speci-
mens did not show the presence of the y” strengthening phase
since they have been processed at a lower temperature than its
solvus temperature (900-920 °C) [25]. Nevertheless, the XRD
patterns showed a steady strengthening y (Ni;(Al, Ti) from
IN718 powder. It is important to highlight that this phase is
extremely relevant for improving the strength of IN718 parts
that usually require high mechanical strength and corrosion
resistance in large temperature range. The rapid precipitation
of y (Ni;(Al, Ti) phase enhances the mechanical strength
although its low growth rate turns into a secondary strength-
ening phase when compared with 5 (Ni;Nb). Chromium car-
bides (Cr,;C) are formed by Cr precipitation which is driven
by the increase on the sintering temperature. These carbides
were coincidental with y at 44° of the XRD pattern, when

L] L] L] L] T L] T L T
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Fig.6 XRD patterns of hot-pressed IN718 specimens
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considering 1068 and 1150 °C temperatures even though the
amount of Cr carbides has tended to reduce with the increase
of temperature due to its dissolution into the y matrix [26].
The formation of precipitates is highly dependent of the
niobium (Nb) segregation which is strongly predisposed
to this phenomenon. The low solidification rate, during
hot pressing, is probably to enrich the macrosegregation
of the Nb and formation of unwanted phases such as (Nb,
Ti) C. However, these Nb carbides have been reported as

Fig.7 Grain morphology of
hot-pressed IN718 specimens
considering different sintering
conditions

1000

1068

Temperature (° C)

1150

1200

advantageous for enhancing hardness properties [27]. XRD
patterns showed distinct Nb carbides—Nb,C; and (Nb, Ti)
C—at 35 and 40° when IN718 powder was sintered from
1000 to 1200 °C. XRD patterns of IN718 powder did not
show Nb carbides since these phases were created during
solidification. As the melting point of this phase (3600
°C) is considerably higher than the IN718 melting point
(1260-1336 °C [19]), this phase is described as a stable
phase.

GS:5.99+2.00 pm

GS:5.49+1.43 pm

GS: 6.23+2.06 pm GS:6.75+1.93 pm

GS: 8.48 +1.68 pm
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GS:15.75+ 2.72 pm GS:17.22+ 3.96 pm

Pressure (MPa)
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3.4 Grain morphology

Both densification and hardness features can be inferred
by the specimen’s grain morphology, and for this reason,
the effect of pressure and temperature processing param-
eters on the grain characteristics were studied (Fig. 7).
During the solidification, the grain can be in two distinct
stages. The first one is nucleation, in which stable nuclei
are created and the second is the growth of nuclei which
generates crystals and develops a grain structure [8]. The
grain morphology of IN718 specimens produced at 1000,
1068, 1150, and 1200 °C sintering temperatures under
50 and 60 MPa pressures is shown Fig. 7. The grain size
measurements were made on a representative area of each
specimen in order to assess the influence of temperature on
the growth of grains. Therefore, in the hot-pressed IN718
specimens sintered at 1000 °C, a small number of grains
grew little and were not measured because they are not
representative of the fracture mode observed.

The grain morphology’s analysis allowed us to infer that
the high sintering temperatures lead to an increase in the
grain size and, consequently, a boost on the crystallinity. The
defined temperature of 1000 °C was not sufficient to poten-
tiate nucleation and growth of the grains. T1000P50 and
T1000P60 (see Fig. 7) presented large particles scattered with
small particles and prior particle boundaries with no observed
atomic diffusion (normally driven by elevated sintering tem-
peratures). A weakly particles bonding was observed at both
T1000P50 and T1000P60 specimens with punctual contact
points (usually called necks) due to a low free energy surface
that prevents the powder particles’ connection by atomic dif-
fusion and, consequently, the creation of voids. When increas-
ing the temperature to 1068 °C, it is possible to observe the
grains already nucleated in which the total recrystallization of
some grown grains. The recrystallization was achieved when
the surface contact stress was progressively decreased, and
the contacted powders stick to each other, and the aforesaid

Fig. 8 Hardness results of 350
IN718 specimens 330
310
290
270
250

230

Hardness (HV)

210
190
170

150

1000
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voids disappeared. IN718 specimens manufactured at 1150 °C
and 1200 °C showed a superior homogenized grain size with
nucleation and growth with grain size of 11.76 and 17.22 pm
(for 60 MPa), respectively.

3.5 Hardness

The influence of temperature on hardness properties was
also studied in IN718 specimens sintered at 1000, 1068,
1150, and 1200 °C.

The lower hardness values, 200 and 213 HV, were achieved
when considering the lowest sintering temperature (1000 °C)
for 50 and 60 MPa, respectively. Even though the XRD pattern
has revealed the existence of hardening phases such as Nb car-
bides (NbC and Nb,C), the low hardness results are attributed
to the weakly powder bonding (see fracture surface in Fig. 5)

The hardness values decreased when increasing the tem-
perature from 1068 to 1150 °C since the increase on grain size
led to a decrease on low hardness values. It occurred because
the large grains have a lower amount of grain boundaries and
so low quantity of dislocations. The increase on temperature
values is important not only for the metallurgical bonding
(by enhancing the atomic diffusion) but also for the element’s
precipitation and solubilization. XRD patterns showed that
chromium carbides (Cr,;C4) were precipitated at 1068 °C
and dissolved at 1150 °C (for 60 MPa). As it is known that
carbides improve the hardness values, the reduction of the
quantity of chromium carbides (Cr,;C,) with the increase in
temperature may lead to a decrease in hardness results (from
275 to 255 HV) under 60 MPa of pressure [26].

The hardness results revealed a significant improve-
ment when increasing the sintering temperature to 1200
°C (327 HV). These results are coherent with the densi-
fication obtained (close to 100%) and the fracture surface
(see Fig. 8).

Table 4 presents hardness results of IN718 speci-
mens produced by other technologies such as SLM and

Pressure (MPa)
m50

860

1068 1150 1200
Temperature (°C)
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Table 4 Hardness results,

et Manufacturing process
in Vickers (HV), of IN718

Hardness (HV) Ref.

specimens manufactured by
several engineering methods
(Bot, bottom; Top; Ver, vertical)

This study

As-SLMed

As-SLMed + homogenization
As-SLMed + HIP

Laser deposition

327 (1000 g load) -
Bot (211), Top (205), Ver (237) (50-g load) [28]
Bot (289), Top (260), Ver (283) (50-g load)

Bot (181), Top (176), Ver (181) (50-g load)

275-350 (300 g) [29]

Field-assisted hot pressing (FAHOT press- 256 (1000 g) [30]

ing)
Microwave sintering

Metal injection molding

191 (1000 g)
211 (1000 g)

The entries in boldface are the hardness values

laser deposition to compare with those obtained in this
study. Generally, the hardness results were lower than
those reported in this study. Seede et al. [28] studied the
microhardness of as-built SLMed specimens and as-built
SLMed with posterior homogenization (1100 °C, 1 h) and
hot isostatic pressing (1160 °C, 100 MPa, 4 h). The as-
built SLMed specimen and the homogenized specimens
revealed hardness values of 237 and 283 HV, respectively.
The as-built specimen hardness was 19. 3% lower than the
homogenized due to the nucleated small grains and greater
dissemination of secondary precipitation. In this study, the
T1000P50 and T1000P60 specimens (with a lower quan-
tity of smaller grains nucleated) revealed lower hardness
results (201 and 213 HV at 50 and 60 MPa, respectively)
than the abovementioned results. This occurred due to the
low densification of these specimens with poor diffusion
and the presence of some voids.

The IN718 specimens subjected to homogenization
showed higher hardness results (292 HV) and so closer
to values to those achieved in this work. The large dis-
persion of y'(Ni;Nb) precipitates were responsible for the
high hardness results obtained, showing the existence of
100% of y(CrNi) on XRD pattern. In coherence with that,
the hot-pressed specimens also showed the y phase when
sintered at comparable temperature (1068 °C) as well the
hardenable chromium carbides (NbC and Nb,C;) derived
from the huge macrosegregation of Nb during cooling
and solidification. On the opposite, the HIPed specimens
revealed low hardness values than as-built and homog-
enized specimens. At high temperature and pressure con-
ditions, there was verified a high dissolution of ¥ phase
and so a significant decrease in the hardness results. Zhang
et al. [29] assessed the microhardness results of IN718
specimens produced through a fibre laser deposited filler
wire and also showed that the main strengthening phase
y" was dissolved during the laser cladding that led a lower
hardness value than the IN718 specimens which were heat
treated and aged. Dugauguez et al. [30] assessed hardness

results of IN718 specimens between three different manu-
facturing processes. In fact, as the indentation load/size
effect (ISE) has a strong influence on hardness results, the
authors did not establish a relation with the microhard-
ness results [31]. The IN718 specimens manufacturing by
FAHOT pressing revealed hardness results of 256 HV, so
lower than the remaining processes. The IN718 specimens
produced by microwave sintering technique revealed lower
hardness results (191 HV) than the remaining results due
to the existence of surface cracks [30]. The violent debind-
ing and the existence of hot spots in the interior of the
specimens were responsible for these cracks.

In this study, the occurrence of defects (e.g., voids) led
to low hardness results such as specimens produced at
1000 °C. The hardness results increased with the tempera-
ture due to the precipitation of some elements combined
with the enhancement of atomic diffusion and so powder
consolidation.

4 Conclusions

The present study showed that the increase of temperature
has a great influence on the densification results of IN718
parts produced by uniaxial vacuum hot pressing.

e The hot-pressed IN718 specimens that consider the low-
est sintering temperature showed lack of plastic deforma-
tion and atomic diffusion.

e The densification levels achieved values close to
100%.

e IN718 specimens revealed an acceptable metallurgical
bonding since the fracture mode presented was a fully
ductile dimple fracture.

e Well-sintered specimens at high temperatures presented
grown grains with a grain size homogeneity.

e At high temperature evaluated of 1200 °C, the optimum
hardness results were achieved (327 HV).
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In future studies, the hot-pressing conditions should
embrace a large range of sintering conditions in order to
deeply evaluate its impact on densification. Furthermore,
the mechanical tests should include the evaluation of shear
and tensile strength.
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