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Evolution of Microstructure and Mechanical
Properties of ATI 718Plus� Superalloy After Graded
Solution Treatment
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The evolution of microstructure and mechanical properties of ATI 718Plus� superalloy
subjected to a graded solution treatment was evaluated. Graded solution treatment was
performed on a single bar of 718Plus superalloy for 1 hour within a temperature range of
907 �C to 1095 �C. It resulted in a graded microstructure investigated mainly by light
microscopy, scanning-, and transmission electron microscopy. A quantitative analysis of
identified phases was performed. Mechanical properties were assessed using the Vickers
hardness test and correlated with the microstructural changes. The structure–property
relationship between 718Plus superalloy microstructure and mechanical properties was
established. The change of the c phase grain size in the single-phase range did not affect the
hardness in a meaningful manner. Significant increases in hardness were observed after the
introduction of c¢ and g phases. Phase stability limits were determined experimentally and
compared with those calculated using the Thermo-Calc software.
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I. INTRODUCTION

POLYCRYSTALLINE nickel-base superalloys are a
group of materials widely used in energy and aeronautics,
where their high-temperature microstructural stability is
strongly required. A very special alloy in this group is
Inconel 718. Although it was introduced as jet engine
material in the early 1960s, it is still one of the most used
nickel-based superalloys.[1]Wide usage of this alloy comes
from its excellent heat, corrosion, and creep resistance
combined with good workability and moderate price.
Mechanical properties of Inconel 718 are predominantly
determined byprecipitationof disc-shaped c¢¢phase (D022
crystal structure) composed of nickel, niobium, and
titanium,[2–5] as well as spherical c¢ phase (L12 crystal
structure) containing nickel, aluminum, titanium, and

niobium. However, a critical limitation of Inconel 718 is
associated with insufficient microstructural thermal sta-
bility above 650 �Cdue to c¢¢ phase transformation taking
place at higher temperatures.[6] This drawback, followed
by increasing requirements for jet engine operating
conditions, has become a driving force to search for
materials with improved high-temperature structure sta-
bility.[7] Those efforts resulted in introducing the ATI
718Plus� (hereafter 718Plus) superalloy in 2004.[8,9]

The chemical composition of 718Plus was modified
from baseline Inconel 718 by adding alloying elements
(Co and Al) promoting precipitation of the c¢ phase
instead of unstable c¢¢ phase.[10] Due to changes in
chemical composition in 718Plus superalloy, aging treat-
ment results in precipitation of fine, spherical precipitates
of c¢ phase. A comparison of Inconel 718 and 718Plus
superalloys showed that the size of the strengthening c¢
phase in 718Plus is slightly greater than the size of c¢/c¢¢
phases in Inconel 718 after standard heat treatments.[11]

However, further annealing for 500 hours at 760 �C
resulted in coarsening of precipitates to 70 nm for 718Plus
and 90 nm in Inconel 718, provingmore excellent stability
of 718Plus at high temperatures. The other effect of the
modified chemical composition is the presence of the g
phase (D024 crystal structure) at the grain boundaries in
favor of the d phase (D0a crystal structure).

[12–14] Inter-
estingly, in 718Plus superalloy, grain boundary precipi-
tates were reported by some authors as d phase[8,10,11] and
others as g phase.[12–14] It was found that both sides were
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correct as, within the microstructure of the 718Plus
superalloy, both phases can be found. However, to be
precise, in the 718Plus superalloy, g phase is the one
predominantly precipitated at the grain boundaries. The
detailed studies of Pickering et al.,[12] Messé et al.,[13] and
present authors[15] unambiguously identified those pre-
cipitates as g phase. According to Pickering et al.,[12] the d
accounts for less than 1 pct of grain boundary precipitates
in the 718Plus superalloy. Thus, referring only to the g
phase at grain boundaries seems more accurate. Further-
more, the d phase can be present as planar defects in plates
of the g phase.[15] The mechanical properties of the
718Plus superalloy are greater than those of Inconel 718
and Waspaloy superalloys.[10] After standard heat treat-
ment, 718Plus superalloy demonstrates the highest ulti-
mate tensile strength of almost 1200 MPa and yield
strength of about 1000 MPa. Under stress rupture test at
704 �C, lifetime of 718Plus is comparable to Waspaloy;
however, it was superior to other superalloys during the
creep tests.

Over the years, many properties of 718Plus superalloy
have been assessed, like mechanical properties,[16–18]

oxidation resistance,[19–21] and phase stability.[11,22,23]

Especially mechanical properties can be tailored in a
broad range due to numerous available processing tech-
niques[24,25] and heat treatment routes.[26,27] A selection of
proper heat treatment conditions is crucial for nickel-
based superalloys to achieve superior high-temperature
properties. Despite many possible heat treatment routes
for superalloys, solution treatment after thermo-mechan-
ical processing is the first step to achieve desired
microstructure. Within this study, a course of solutioniz-
ing in 718Plus superalloy was investigated using a graded
solution treatment. In the modern world, conventional
heat treatment optimalizationmethods are not cost-effec-
tive and time consuming.Thus, highly efficientmethods in
materials science are desired, whether it is a computa-
tional[28,29] or experimental[30] alloy design. The present
work focuses on the application of heat treatment with
gradient temperature for a 1-hour solution treatment of
718Plus superalloy in a wide range of temperatures. The
applied approach resulted in graded microstructure,
followed by a gradual change of mechanical properties in
termsofmicrohardness inasingle sample.Themicrostruc-
tural changes were later investigated using light- and
electron microscopy. Furthermore, it was possible to
establish phase stability limits and compared them to the
ones calculated using thermodynamic simulations.

Obtained results may be used as guidelines for solution
treatment of investigated superalloy. Later, graded heat
treatment method could be combined with aging treat-
ment. Overall, present results demonstrate a cost-effective
method to investigate phase stability in alloys with high
precision supported by structural and mechanical data.

II. EXPERIMENTAL PROCEDURE

A. Material

The material used in this study was a commercial
718Plus superalloy (ATI) with a nominal chemical
composition of Ni–18Cr–9.7Fe–9.2Co–5.5Nb–2.7Mo–

1W–0.75Ti–1.5Al–0.02C (wt pct). The detailed chemical
composition is industrially confidential, although the
latter thermodynamic simulations were in good agree-
ment for detailed and nominal ones. It was produced as
a commercial scale component using vacuum induction
melting and vacuum arc remelting followed by rotary
forging and ring rolling. The material was subjected to a
standard heat treatment after ring rolling: a solution
cycle at 968 �C for 1 hour and oil quench, followed by a
two-step aging at 788 �C for 8 hours and at 704 �C hold
for 8 hours, then air-cooled. A typical microstructure of
the as-received 718Plus superalloy is shown in Figure 1.
The microstructure consists of c matrix grains of an
average size of 54 lm with uniformly distributed c¢
precipitates within grain interiors (Figure 1b, inset) and
plate-like g and d phases (or their combinations[13]) at
the grain boundaries. The average diameter of c¢
precipitates is 27.5 nm. The volume fraction of c¢ phase
is 16.8 pct, while the volume fraction of g/d platelets is
4.4 pct. Furthermore, a small amount of M(C, N)
carbonitrides (where M = Nb, Ti) is randomly dis-
tributed within the 718Plus microstructure and repre-
sents up to 1 pct of its phase composition. The
quantitative results were obtained from micrographs.
Microhardness in the as-received, fully heat-treated
condition was 454 HV10.

Fig. 1—Typical image of the as-received 718Plus microstructure: (a)
LM, Kalling’s etch. Gold particles are titanium nitrides, and (b)
SEM-SE, inverted contrast. White plate-like precipitates at grain
boundaries are g phase, blocky particles are NbC carbides. The inset
presents c¢ precipitates within c matrix grains.
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B. Heat Treatment with a Temperature Gradient

Heat treatment with a temperature gradient was
performed in an in-house built box furnace with a
75 9 75 9 150 mm hot zone. The heating elements were
reconfigured to obtain a temperature gradient. Addi-
tionally, a 50 9 50 mm hole was cut in the middle of the
door to allow the heat near the front to escape. A
schematic drawing of the furnace is present in
Figure 2(a). A rectangular bar with a 20 9 20 mm
cross-section and 100 mm length was cut from the ring
and instrumented with TCs to record the temperature
gradient along the bar. Eight 1.6 mm in diameter and
10-mm deep holes were drilled along the centerline of
the bar to hold the TCs, as shown in Figure 2(b). The
bar was subjected to a 1-hour gradient heat treatment
around the solution temperature, ranging between
907 �C and 1095 �C, followed by a water quench. The
solution treatment parameters were based on the stan-
dard heat treatment, so the time was fixed as 1 hour.
The graded solution temperature range was based on
TTT diagram developed by Xie et al.[22] The tempera-
ture range was selected to include main phase transfor-
mations present in the diagram and allowed to
investigate the influence of different phases on the
mechanical properties of 718Plus superalloy. The mea-
sured temperatures at TCs locations from the back wall
of the furnace to the front door were as follows:
1093 �C, 1088 �C, 1077 �C, 1061 �C, 1040 �C, 1002 �C,
954 �C, and 907 �C. All temperatures did stabilize after
15 minutes of heating.

C. Thermodynamic Simulations

To compare the phase stability limits of 718Plus after
graded treatment with phase stability at equilibrium
conditions, Thermo-Calc (version 2020b) software[31]

(Thermo-Calc Software AB, Solna, Sweden) was uti-
lized. For thermodynamic calculations, a TCNI10
database for Ni-alloys was used. The input chemical
composition of 718Plus is given in Section II–A.

D. Sample Preparation and Material Characterization
Methods

In the present study, light microscopy (LM), scan-
ning- and transmission electron microscopy (SEM and
TEM) were employed to perform microstructural
characterization.
To acquire LM images, AXIO Imager (Zeiss,

Oberkochen, Germany) microscope was used. The
SEM images were obtained using a high-resolution
Merlin Gemini II (Zeiss, Oberkochen, Germany) micro-
scope equipped with a Schottky field emission gun. For
imaging on-axis, an in-lens secondary electron (SE)
detector was used to minimize the shadowing effect. The
samples for LM and SEM were cut from bars at a
location in the vicinity of TCs’ holes using a low-speed
diamond saw. They were mounted in a conducting resin,
mechanically ground, and polished using acidic alumina
and colloidal silica suspensions. For chemical etching
Kalling’s reagent was used. Electrochemical etching was
performed in 10 pct solution of oxalic acid in distilled
water utilizing 3 V electric potential.
TEM analyses were performed using a Tecnai G2 20

TWIN (ThermoFisher, Eindhoven, Netherlands) micro-
scope equipped with a LaB6 cathode. Investigations
included bright- and dark-field imaging (BF, DF,
respectively) and selected area electron diffraction
(SAED). Thin foils for TEM examination were cut
using a low-speed diamond saw and ground to a
thickness below 40 lm. The final step utilized twin-jet
electropolishing with the Tenupol5 (Struers, Ballerup,
Denmark) apparatus using 10 pct perchloric acid in a
glacial acetic acid electrolyte at temperature 283 K and
50 V electric potential.
Microhardness testing was performed utilizing

TUKON 2500 apparatus (Buehler, Esslingen, Germany)
using a 98.07 N load and the holding time of 10 sec-
onds. Microhardness measurements were performed
along the temperature gradient with a 2 mm spacing
between each measure. Each value of microhardness is
an average of three measurements.

Fig. 2—(a) Drawing of the furnace used for graded heat treatment, and (b) the solution temperature gradient in a function of the sample
distance. Dotted lines indicate the location of each thermocouple (TC), which were placed in holes drilled along the tested bar.
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E. Image Analysis

The image analysis was performed on SEM images for
grain size, c¢ phase, and g phase. The volume fraction of
primary carbides was determined based on LM images.
To ensure the data reliability, the images for analyseswere
acquired vertically above the holes drilled for TCs. The
image analyses were performed using Fiji (ImageJ)
software.[32] Standard image analysis procedures were
applied when necessary, including image scaling, bright-
ness/contrast enhancement, thresholding, and binariza-
tion. To obtain quantitative information about phases,
we adopted the Cavalieri–Hacquert principle, where

VV ¼ AA ¼ LL: ½1�

which means that the fraction of each phase in the
investigated volume (VV), area (AA), and length (LL) is
the same. Originally, this principle was used for LM
images, where a single plane of material is observed. To
minimize the interaction volume in SEM, i.e., make it
comparable to a single plane, we used a low accelerating
voltage of 3 to 5 kV and a current of 100 to 120 pA for
imaging in SEM-SE. Furthermore, obtained results were
supported by quantifying precipitates using 3D tomo-
graphic methods, as demonstrated in a previous
study.[33]

Grain size analyses were performed on a sample size
of 100 grains. The analyses were performed on SEM-SE
images of non-etched 718Plus superalloy acquired at an
accelerating voltage of 5 kV. To minimize the effect of
pixel size on the analyses, the images were acquired at a
resolution of 2048 9 1536 pixels and a dwell time of at
least 40 seconds. Twin boundaries were ignored during
the grain size evaluation.

The volume fraction of g phase was analyzed on
SEM-SE images of 718Plus superalloy etched with 10
pct solution of oxalic acid in distilled water. It was
measured from at least three images that were binarized.
Images were acquired at an accelerating voltage of 5 kV.

The volume fraction of carbides was determined on
the basis of binarized LM images.

Quantitative analysis of c¢ precipitates (as-received
material) was done on SEM-SE images acquired at low
accelerating voltage of 3 to 5 kV and current of 100 to
120 pA. The obtained results were supported and
validated by quantification of precipitates using 3D
tomographic methods (STEM-EDXS and FIB-SEM),
as demonstrated in our previous study.[34]

III. RESULTS

Application of graded solution treatment resulted in
the graded microstructure of 718Plus superalloy along
the whole bar. To make it easier for the reader to follow
the results, microstructure at TC locations will be
presented for general comparison.

A. Microstructure

Figure 3 shows low-magnification LM images of
718Plus superalloy microstructure after 1-hour graded

solution at the TC locations. The temperature difference
between the first four TCs was roughly 30 �C, so
changes in grain size at these locations were negligible
(see also Table I). The further from the ’furnace’s back
wall, the greater was the temperature slope (Figure 2),
coupled with more noticeable changes in grain size. The
primary role of the g phase in 718Plus superalloy is grain
boundary pinning to inhibit grain growth during pro-
cessing and solution treatment. Based on the most
pronounced change in the grain size, shown in Figure 3,
it was determined that the solvus temperature of the g
phase lies somewhere between the temperature of
1002 �C and 1040 �C. Thus, the microstructure in the
vicinity of the TC6 (1002 �C) was investigated in detail.
Figure 4 shows an enhanced resolution LM image of

the 718Plus microstructure after 1-hour solution treat-
ment near the temperature of 1002 �C. The resolution of
the image was enhanced by the acquisition of series of
images at higher magnification and stitching them using
the Zeiss MosaiX module. The microstructure on the
far-left side of the image was exposed to a solution
temperature of about 1008 �C, while the microstructure
on the far-right side to a temperature of about 993 �C.
At first glance, there is no noticeable change in the
microstructure; however, examination of the highlighted
areas at higher magnifications revealed clear differences.
The microstructure on the right side of Figure 4,
exposed to a temperature of about 993 �C, exhibits a
bimodal distribution of grains. On the contrary, the
grain size on the left side, where the material was
exposed to about 1008 �C, is more uniform. These grain
size differences are due to the dissolution of the g phase,
and in consequence, unpinning of the c grains. At the
TC location, equiaxial grains are present, although a
trace amount of g phase is still present, mainly at twin
boundaries.
The grain size (diameter) at each TC location was

determined based on measurements taken from both
LM and SEM images and is summarized in Table I. For
temperatures below 1000 �C, where clusters of small
grains were present, only larger grains were used for
calculation. The grain size at the highest temperature of
1093 �C was 227.1 lm, while at the lowest temperature
of 907 �C, 63.5 um. Generally, the grain size can be
divided into two groups, above the g solvus temperature
(TC1–5) and below this temperature (TC6–8). Grains
below g solvus temperature had a mean diameter below
100 lm, while these above g solvus had a mean diameter
above 100 lm. Despite grain size pinning by g phase,
slight grain growth was observed even at the lowest
temperature of 907 �C, where the grains were larger
than in 718Plus superalloys in the as-received condition
(54.3 lm).
Figure 5 shows SEM-SE images highlighting the most

significant microstructural changes in 718Plus
microstructure upon applied graded solution treatment.
The selected images present the microstructure at four
thermal states: slightly below (950 �C) and above
(970 �C) the c¢ phase solvus temperature, slightly above
the g phase solvus temperature (1020 �C), and at the
highest solution treatment temperature (1095 �C).
Changes in size and volume fraction of c¢ precipitates
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can be noted. In the as-received conditions, c¢ mean
diameter was 27.5 nm, while at the highest temperature
before the dissolution, its size exceeded 100 nm. Prior to
the graded solution treatment, the g phase was

predominantly present at the grain boundaries, while
with an increase of the solution temperature, a decreas-
ing amount of g precipitates was observed. Further-
more, change in the appearance of the g phase was
observed, from the continuous platelets at grain bound-
aries to their random presence as a single g platelet and
finally absence at higher temperatures, above 1000 �C.
Based on the results of the microstructural investiga-

tion, three ranges of phase stability were established.
The least stable among three investigated phases (c, c¢, g
phases) was c¢ phase with solvus temperature at about
960 �C. The solvus temperature of the c¢ phase was
further confirmed by TEM, through a detailed exami-
nation of a sample solution treated at 970 �C (Figure 6).
It may be seen that after 1-hour solution treatment at
970 �C, the c grains were free from the c¢ precipitates.
This observation was confirmed by SAED, where the
diffraction pattern solved for the c phase in a [001] zone
axis (Figure 6, inset) lacks characteristic spots from the
c¢ superlattice.
The exact solvus temperature of the g phase was

difficult to determine due to its inhomogeneity and
predominant presence at the grain boundaries in the
microstructure of the 718Plus superalloy. Therefore, the
change of g platelets from continuous to the single
randomly deployed platelets was chosen as a determin-
ing parameter. Figure 7 shows SEM-SE images of g

Fig. 3—LM images of 718Plus superalloy microstructure after 1-hour solution treatment with graded temperature. Images were acquired at
thermocouples location; the measured temperature is indicated in each image.

Table I. Grain Size at Thermocouple Location of 718Plus Superalloy Subjected to 1-Hour Graded Solution Treatment

Thermocouple TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8

Measured
Temperature
(�C)

1093 1088 1077 1061 1040 1002 954 907

Grain Size
Diameter
(lm)

227.1 ± 66.5 226.4 ± 63.6 217.3 ± 57.2 207.9 ± 61.1 161.8 ± 34.4 85.3 ± 21.9 75 ± 28.3 63.5 ± 21.2

Fig. 4—LM image of the 718Plus microstructure after 1-hour
solution treatment neat temperature of 1002 �C. Half-circle at the
bottom corresponds to the hole for thermocouple.
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phase dissolution within the narrow range of 985 �C to
1002 �C. The image at 1002 �C was acquired at TC6
location, while the following images were acquired with
a 1 mm step toward TC7. The temperatures were
estimated based on the slope of the gradient solution
treatment curve. The volume fraction of g phase in
718Plus superalloy in the as-received condition was
calculated as 4.4 pct. Here, the volume fraction changed
from roughly 3.8 pct at a temperature of 985 �C to 0.13
pct at 999 �C or single plate at 1002 �C. Based on the

microstructural study, the g phase solvus temperature
was established at 1005 �C.

B. Mechanical Properties

The mechanical properties of 718Plus superalloy after
1-hour solution treatment with graded temperature were
investigated using Vickers hardness test. The hardness
measurements in the function of solution treatment
temperature are shown in Figure 8.
As previously mentioned, three ranges of phase

stability were established via microscopic observations,
and those ranges remarkably correspond with hardness
measurement, as indicated by red dashed lines. At the
lowest ‘‘solution’’ temperature of 907 �C, the hardness
was 325 HV10, roughly 30 pct lower than in fully
heat-treated conditions. This is related to coarsening of
c¢ precipitates coupled with decreasing of their volume
fraction. The hardness decrease was observed down to
the complete dissolution of the c¢ phase at 960 �C.
Within the range of c + g phases stability, the second
decrease of hardness is observed, namely from 270 HV10

at 960 �C down to 250 HV10 at 1002 �C. This is related
to the decreasing volume fraction of the g phase (see
Figure 7), followed by the complete dissolution of this
phase.
Interestingly, complete dissolution of the g phase was

followed by a significant drop in hardness, which was
not observed for the complete dissolution of the c¢
phase. Within the c phase range, the hardness varies
between 180 and 200 HV10 with an average of 192 HV10.
The hardness remains stable, despite the growth of the c
grains from 85.3 lm at 1002 �C to 227.1 lm at 1093 �C.

Fig. 5—SEM-SE images highlighting major microstructural differences in 718Plus superalloy after 1-hour graded solution treatment. Samples
were electrochemically etched.

Fig. 6—TEM-BF image of 718Plus superalloy microstructure after
1-hour solution treatment at 970 �C. The microstructure is free from
c¢ precipitates as confirmed by SAED pattern (inset), solved for the c
phase in [001] zone axis.
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C. Thermodynamic Calculations

Thermodynamic calculations of 718Plus phase com-
position at equilibrium conditions were computed for
comparison with experimental results. Figure 9 shows
the calculated phase composition of 718Plus superalloy
between 500 �C and 1500 �C. In 718Plus superalloy, the
formation of two types of carbides is possible, primary
MC-type carbides and M23C6 carbides. Primary
MC-type carbides precipitate from the liquid phase
and are stable at a high-temperature range, from 650 �C
to 1280 �C. In the present study, they were present at all
investigated temperatures in the form of Ti- and Nb-rich
carbonitrides. However, 1-hour graded solution treat-
ment did not affect them, so they were not evaluated.
The M23C6 carbides were not found at any point in the
study. The formation of two types of topologically

close-packed phases (r and l) was calculated; however,
these types of phases are usually present after long-term
thermal exposure.[15] So, unsurprisingly they were not
observed within this study.
As expected, the c matrix phase is the most

stable phase, up to the liquidus temperature, while the
c¢ phase is stable up to 925 �C. The maximum volume
fraction of the c¢ phase calculated at 500 �C was close to
20 vol pct. Under the applied version of the database,
the g phase should not be present in 718Plus superalloy;
instead, up to 9 vol pct of d phase should be present. It
should be stable up to 1005 �C. It is important to note a
narrow window of 77 �C between the solvus tempera-
tures of c¢ (925 �C) and d (1002 �C) phases. The
standard solution step is conducted within this window,
between 954 �C and 982 �C. Thus, it is crucial to tightly
control the process within this window to avoid the

Fig. 7—SEM-SE images highlighting the change of g phase volume fraction in 718Plus superalloy at different temperatures after 1-hour graded
solution treatment.

Fig. 8—Change of hardness (HV10) in a function of 1-hour graded
solution treatment temperature. Error bars represent the standard
deviation of hardness measurements (Color figure online).

Fig. 9—The calculated equilibrium fraction of phases as a function
of temperature in 718Plus superalloy.
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unnecessary precipitation of c¢ phase (below) or disso-
lution of d/g (above), respectively.

IV. DISCUSSION

A. Application of Solution Treatment with Temperature
Gradient

Application of temperature gradient for 1-hour solu-
tion treatment of 718Plus superalloy was successful and
resulted in the graded microstructure. This is an original
approach to study phase stability in nickel-based super-
alloys. Over the years, thermoanalytical techniques such
as differential scanning calorimetry or dilatometry were
used to determine the phase stability limits of alloys.
Our approach provides information about phase stabil-
ity limits supported by full microstructural details,
which is unattainable for the abovementioned tech-
niques. In other words, it would require many samples,
heating steps, and time to obtain similar microstructural
results. In this study, a 1-hour solution treatment within
a range of about 200 �C was investigated. This range
was chosen to perform the solution treatment in the
stability range of three phases—c, c¢, g and was based on
the TTT diagram showed by Xie et al.[22] This goal was
achieved, and stability limits of c¢ and g phases were
established based on microstructural changes.

The gradient of mechanical properties in terms of
hardness was obtained as well. It was helpful to
determine the phase stability limits, as different phases
provided different strengthening effects. Based on the
hardness measurements in the c range only, a base value
was determined (without precipitation hardening effect)
between 180 and 200 HV10. Change of grain size within
the c phase range (above 1005 �C) suggests that grain
size does not affect the hardness within the investigated
range in a meaningful manner. However, this parameter
alone is not enough to determine other mechanical
properties desired for polycrystalline nickel-based super-
alloys, like creep resistance or low cycle fatigue behav-
ior. Nevertheless, selected variants of heat treatment
may be selected for further examinations.

Recently, a similar approach employing samples
exposed to thermal gradient was used by Wei and
Zhao,[35] who investigated Fe–Cr–Mo ferritic steel. They
achieved a temperature gradient of 400 �C on a 4.5-in.
bar, used for 10-hour aging treatment. The microstruc-
tural gradient can be obtained using arc methods[36] or
with a water circulation system.[37] Nevertheless, for the
fundamental study of phase stability and quantitative
analyses, more narrow temperature gradients should be
desired, as demonstrated within the present study.

B. Phase Stability Limits

The main objective of graded solution treatment was
to determine the phase stability limits in the 718Plus
superalloy. This goal was achieved by both microstruc-
tural and hardness studies. The solvus temperature of c¢
phase was defined as 960 �C, while g phase solvus was
1005 �C. Thermodynamic calculations of phase

composition at equilibrium conditions were used for
comparison with the experimental results (Figure 9).
When it comes to the main investigated phases c¢ and

d/g, the calculated results were in partial agreement with
the experimental ones. The calculated solvus tempera-
ture of the c¢ phase at 925 �C is about 35 �C lower than
the microstructural changes observed during graded
solution treatment. This may be important from the
processing point of view. For d/g phases, the biggest
downside is the prediction of d phase instead of g phase.
The information about the presence of the d phase may
be found in many early works,[8,11,38] however, later data
unambiguously confirm dominant presence of the g
phase in 718Plus superalloy.[12,13,15,33] Nevertheless, with
the assumption that the calculated temperature stability
of d phase is, in fact, the stability of g phase, the
calculated temperature of 1002 �C is in good agreement
with that observed via microstructural changes in
solution-treated sample (about 1005 �C). Comparable
results were obtained by Löhnert and Pyczak,[39] who
investigated phase stability using JMatPro software with
the TTNi7 database. They calculated the solvus tem-
perature of the c¢ phase at 976 �C and the d phase at
1026 �C, which are a bit higher values, but still close to
those within the present study. Furthermore, both
values are lower than the early modeling results
obtained by Cao,[40] who calculated the solvus of the d
phase at 1065 �C and c¢ phase at 995 �C using JMatPro
software. Other authors[12,14] reported attempts to
predict the volume fraction of g phase in 718Plus
superalloy. However, to force the prediction of the g
phase, it is necessary to suppress the d, c¢, and c¢¢ phases
from the computation.
The input data are the most critical factor affecting

the results of the equilibrium phase stability calcula-
tions. Even slight variations in chemical composition
may influence the output results. For instance, Lohnert
and Pyczak[37] used a smaller amount of iron to
calculate the phase stability of 718Plus superalloy (9 vs
9.7 wt pct in the present study). Furthermore, ongoing
improvement of databases and models influences the
results as well.
Early studies on phase stability in 718Plus superalloy

were performed by Xie et al.[11,22]. The authors com-
bined conventional heat treatment with hardness tests
and structural analyses to construct a TTT diagram for
the 718Plus superalloy. They determined solvus temper-
ature of the c¢ phase at 989 �C and the d phase at
1060 �C. In comparison to the present results, both
values were overestimated. This highlights added impor-
tance provided by graded heat treatment, where those
ranges can be precisely determined. Later, Cao[40]

measured the solvus temperature of the c¢ phase by
differential thermal analysis as 963 �C, which is in line
with the present study. It was concluded that d phase
solvus is between 1002 �C and 1018 �C, measured using
metallographic methods. Another thermoanalytical
research was conducted by Casanova et al.,[14] who
used differential scanning calorimetry. They measure the
solvus of the c¢ phase as 967 �C while d/g phases as
1012 �C. The starting temperatures for dissolution were
963 �C and 998 �C for c¢ and d/g phases, respectively.
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As previously mentioned, M(C, N)-type carbides/
nitrides were stable at the investigated range. The
measured volume fraction of these precipitates in the
solution-treated samples varied between 0.25 and 0.39 pct
at the TC positions. In 718Plus superalloy, the M(C, N)
precipitates are randomly distributed within the
microstructure (if not significantly affected by the pro-
cessing technology, i.e., rolling), and they do not provide
any specific strengthening effect, like grain boundary
strengthening. Therefore, the change in their fraction
(without any particular trend) did not affect the hardness.

The values determined within the present work were
in good agreement with most of the data obtained by
thermoanalytical methods.

C. Strengthening Effect of the g Phase

For 1-hour solution treatment, a two-phase range was
establishedbetween960 �Cand1005 �C,whereonly cand
g phases were present (Figure 8). Within this range,
decrease in hardness was observed along with the reduc-
tionofgphasevolume fraction.Thevolume fractionof the
g phase decreased with increasing solution treatment
temperature. Within the two-phase range, the highest
hardnessof285HV10wasmeasuredfor solution treatment
at 968 �C, while above that temperature, a continuous
decrease of hardness down to 250 HV10 at 1000 �C was
observed. As mentioned previously, the base hardness of
the c phase ranged from 180 to 200 HV10. Thus, by
subtracting the hardness of the c phase, it is possible to
approximate the strengthening effect of the g phase.
Assuming that the base hardness of c phase solid solution
is equal to 190 HV10, the increase of hardness resulting
from the introduction of g phase at 1000 �C is 60 HV10 or
roughly 30 pct (Figure 8). At solution temperature of
968 �C, the volume fractionof the gphase shouldbe like in
theas-receivedmaterial, so4.4pct.Atthis temperature, the
hardness increasewasmeasuredas95HV10orabout50pct
compared to the base hardness of c phase solid solution.

Several authors described strengthening effects in
polycrystalline nickel-based superalloys,[41–49] where
unimodal as well as multimodal strengthening mecha-
nisms were considered. Roth et al.[45] and Ritter et al.[49]

focused their works on solid-solution strengthening. The
first study focused on predicting yield strength, while the
second only focused on the influence of particular
elements on transition temperatures. Kozar et al.[41]

study was one of the first that considered multimodal
strengthening in P/M polycrystalline nickel-based super-
alloy, IN100. Their calculations account for solid-solu-
tion strengthening, Hall–Petch effect, precipitates
shearing, dislocation bowing, and precipitates size
distribution. Kozar et al.[41] and later Goodfellow[48]

pointed out that many of the strengthening mechanisms
crossover, creating further difficulties during calculation.
Later, Goodfellow et al.[46] calculated yield strength for
six commercial superalloys using strengthening by
precipitation of c¢ phase, solid solution, coherency,
grain boundaries, and Orowan mechanism. Notably,
recalled articles and recent reviews[43,48] do not consider
the strengthening effect of grain boundary precipitates
neither in the form of d phase present in IN718

superalloy nor g phase 718Plus superalloy. The present
study does not fulfill this gap perfectly; however, the
strengthening effect of the g phase was extracted to some
extent. In the future, these data may be used to create a
model, which will incorporate this strengthening mode.
In the end, it is necessary to underline that occurring

grain growth of the c grains is not limited only to the
dissolution of the g phase. In alloys, recrystallization
occurs at high temperatures. Sommitsch et al.[50] investi-
gated 718Plus superalloy in terms of dynamic and static
recrystallization. They have found that after isothermal
annealing for 6 hours at 1000 �C, the fraction of recrys-
tallized grains was only 7 pct. Moreover, they did not
observe any grain growth below the temperature of
975 �C. These observations support the significant role of
the g phase in pinning the grain boundaries.

V. CONCLUSIONS

The 718Plus superalloy was subjected to a solution
treatment examination. A 1-hour solution treatment
with graded temperature was applied, where the solution
temperature ranged between 907 �C and 1095 �C. The
major conclusions of this study are as follows:

� The application of heat treatment with graded
temperature successfully resulted in the gradient of
microstructure and mechanical properties. This
approach may be used to precise design heat
treatment protocols cost-effectively.

� The grains size (diameter) of the c phase changed
from 54.3 lm after standard heat treatment, through
63.5 lm at 907 �C up to 227.1 lm at 1095 �C. The
grain growth was mainly observed above 1000 �C.
This was attributed mainly to dissolution of the g
phase that pinned the grains.

� The phase stability was assessed by microstructural
investigation. The least stable of the three phases (c, c¢,
g) was the c¢ phase with solvus temperature at about
960 �C, which was confirmed by electron diffraction.
The solvus temperature of the g phase was determined
based on the decreasing volume fraction of plate-like
precipitates and was established at 1005 �C.

� The structure–property relationship between
718Plus superalloy microstructure and mechanical
properties was established. The change of the c
phase grain size in the single-phase range did not
affect the hardness in a meaningful manner. Signif-
icant increases in hardness were observed after the
introduction of c¢ and g phases.
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