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Abstract

Experimental and modeling studies of the evolution of plate-like & phase precipitates in Inconel 625 superalloy additively
manufactured by the laser powder bed fusion process are performed. The maximum Feret diameter and the number of par-
ticles per unit area are used as parameters describing the size and distribution of the & phase precipitates. On the basis of
microstructural analysis and quantitative image analysis, the effect of time and temperature on the development of 8 phase
precipitates is determined. The distinct differences in the intensity of precipitation, growth, and coarsening of the 8 phase
precipitates during annealing at temperatures of 700 and 800 °C up to 2000 h are shown. The experimental results are com-
pared with computational data obtained by thermodynamic modeling. Using the experimentally determined parameters of
the & phase precipitates in different variants of annealing, a fuzzy logic-based phase distribution model is designed. Since
the quantity of available data was too small to train a model with the machine learning approach, expert knowledge is used
to design the rules, while numerical data are used for its validation. Designed rules, as well as reasoning methodology are
described. The proposed model is validated by comparing it with the experimental results. It can be used to predict the size
and number density of the 8 phase precipitates in the additively manufactured Inconel 625, subjected to long-term anneal-
ing at temperatures of 700-800 °C. Due to limited experimental data, the quality of assurance is not perfect, but warrants
preliminary research.
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1 Introduction

Additive manufacturing (AM) methods are characterized
by a very high rate of development and are increasingly
being used to produce metal parts. In contrast to conven-
tional methods, the great advantage of AM is the ability
to produce complex shapes without the need for subtrac-
tive machining [1]. Therefore, AM is a convenient method
for production parts from superalloys, which, due to their
high-temperature strength and corrosion resistance, are
applied widely, e.g., in aerospace, energy, and chemi-
cal industries [2]. Currently, the dominant AM method
for obtaining superalloy parts is laser powder bed fusion
(LPBF) because of its high production resolution and
excellent quality [1]. One of the superalloys most often
used for AM is Inconel 625 which combines high strength
with oxidation resistance in a variety of environments—
at both high and low service temperatures [3]. In recent
years, the LPBF manufacturing of complex-shaped Inconel
625 parts has attracted considerable attention due to the
ability of this superalloy to maintain its properties over
a wide range of temperatures. Inconel 625, produced by
LPBEF, is distinguished by the complexity of the phenom-
ena occurring during rapid cycles of heating, melting,
solidification, and cooling, resulting in very fine grains
and a cellular microstructure [4]. Segregation of Nb and
Mo into intercellular areas leads to the formation of MC
carbides and Laves phase precipitates [5]. After the LPBF
process, Inconel 625 is routinely subjected to stress relief
annealing at 870 °C for 1 h, or at 980 °C for 1 h, which
is adopted from the conditions used for conventionally
manufactured superalloys. Such treatment does not lead
to pronounced changes in microstructure. However, the
subsequent exposure of Inconel 625 LPBF at a temperature
range of 600-800 °C results in precipitation of secondary
phases y" [6], & [7] M,;Cq [8] and the Laves phase [9].
The kinetics of particle precipitation and growth dur-
ing high-temperature exposure of Inconel 625 LPBF is
complex and depends on AM processing conditions; this
results in supersaturation of the y solid solution and for-
mation of the fine cellular structure associated with dense
dislocation splits. The results of recent research on the
evolution of secondary phases in Inconel 625 LPBF at
high temperature show that in the temperature range from
550 to 750 °C, the precipitation of the intermetallic y”
phase occurs, which is also present in its conventionally
manufactured counterparts [8]. Additionally, secondary
M,;C, carbides and Laves phase particles are gradually
precipitated at grain boundaries in the temperature range
from 550 to 900 °C. The presence of the y” phase is ben-
eficial due to its contribution to precipitation hardening
[10]. However, at exposure times longer than 100 h in the
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temperature range of 700-750 °C, as well as after anneal-
ing at higher temperature, the metastable y” phase disap-
pears and instead the stable 8 phase is formed. This is dis-
advantageous due to the detrimental effect of the & phase
on the ductility and fracture toughness of Inconel 625 [7].

The results of several studies indicate that Inconel 625,
additively manufactured by LPBF, shows a tendency to
shorten the time to precipitation of the & phase compared to
its wrought counterpart [11]. Lass et al. [7] observed the &
phase precipitates in the alloy manufactured by LPBF after
only 1 h of annealing at 870 °C. It was confirmed that the
0 phase is formed in Nb-enriched interdendritic areas [11].
On the other hand, in the wrought alloy, Suave et al. [10]
observed a formation of the & phase after 3—4 h of annealing
at this temperature, indicating a difference in the & phase
precipitation kinetics. Stoudt et al. [11] evaluated the kinet-
ics of the 8 phase growth in Inconel 625 obtained by additive
manufacturing methods and subjected to isothermal anneal-
ing in a temperature range from 650 to 1050 °C and dura-
tions from 0.25 to 168 h. They performed a thermodynamic
simulation in equilibrium conditions of the & phase growth
using DICTRA modeling, which is an add-on module of
the Thermo-Calc software simulation of diffusion-controlled
phase transformations [12]. Stoudt et al. [11] showed that
with the extension of the annealing time at 800 °C from 5 to
20 h, the calculated volume fraction of the 6 phase gradually
increases from 1.5 to 6.5%. However, there is limited knowl-
edge about the evolution of the & phase at high temperatures
and longer exposure time.

The mechanical properties depend on the microstructure
that forms during multiple annealing operations at high tem-
peratures and different durations. It was generally recognized
that the 6 phase reduces the ductility [13], fracture tough-
ness [14], and corrosion resistance [13] of wrought Inconel
625. On the other hand, Suave et al. [15] demonstrated the
reinforcing effect of the & phase after long-term thermal
exposures at temperatures above 700 °C.

Furthermore, since additively manufactured parts exhibit
a layered structure and therefore microstructure anisotropy,
their strength depends on the orientation of the load direc-
tion to the build orientation [16]. Such behavior is mainly
related to the directional arrangement and density of the
interlayer, melt pool, and grain boundaries, which can act
as crack initiation sites [17]. Moreover, in Inconel 625
LPBF, the mechanical properties depend on the density,
size, and orientation of the & phase precipitates [18]. Plate-
like d phase particles, oriented perpendicular to the loading
direction, serve as void initiation points and increase the
brittleness of the specimen. However, the low density of
randomly oriented & phase particles can impede void coa-
lescence and thus impede crack growth, thus improving the
creep performance of the superalloy [19]. Consequently, it
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is important to be able to predict and control the distribution
of the d phase in Inconel 625 LPBF during high-temperature
exposure. This prediction must be based on the experimental
quantification of the & phase particles. Therefore, it is neces-
sary to develop an appropriate method of particle analysis.
Due to the plate-like morphology of the d phase, there
are limitations in the correct determination of its volume
fraction using the quantitative metallography method. This
is especially because the & phase precipitates according
to the crystallographic orientation relationship with the y
phase matrix: {111}YII[010] 0 and <1T0>y II[100] & [20].
Therefore, the orientation of the particles depends on the
orientation of the grains and thus their arrangement in the
3D space, and, as a consequence, in 2D sections of the speci-
mens prepared for microstructural investigation. Stoudt et al.
[11] argue that, if the volume fraction of the 8 phase is deter-
mined based on the Cavalieri—-Hacquert principle as equal
to the area fraction, we set an upper bounds and thus can
greatly overestimate actual results. This method can only be
correct if all precipitates are perpendicular to the surface of
the specimen. Furthermore, the quantitative image analysis,
including thresholding, is difficult due to the background
content, noise, incorrect contrast, or particle overlap. There-
fore, different parameters should be used for quantification
of the particles’ size and distribution in terms of modeling.

2 Numerical modeling of the evolution
of precipitates: approaches
and application to 6 phase evolution
in Inconel 625 LPBF

Numerical modeling may support material scientists if phys-
ical experiments are difficult, expensive, time-consuming
or difficult to be interpreted. To design numerical mod-
els, at least one of two sources of knowledge is necessary:
experimental results in some limited points or understand-
ing of physical/chemical phenomena governing processes
taking place during a material’s processing. Unfortunately,
application of numerical models to modern alloys or not
well-known processes has some important limitations.
Models based on mathematical description suffers from
a lack of knowledge of important details, differentiating
modern alloys/process from well-known ones. That is the
case if additively manufactured Inconel 625 is a target of
the research. The behavior of alloys obtained by the LPBF
method differs significantly from the behavior of the same
alloys processed with traditional techniques [21].

The phase-field (PF) method is considered an accu-
rate numerical tool for simulating microstructure evolu-
tion due to its reliance on thermodynamics and physically
defined parameters. AM processes have been the subject
of many PF simulations over the last few years. The most

common application of the PF approach is modeling phe-
nomena where material behaviors in coarse and fine scales
are closely coupled. One of the examples is coupling the
microscopic fracture mechanisms with a macroscopic stress
distribution [22].

Microstructure evolution models mainly deal with two-
dimension simulations. Among others, Lu et al. [23] devel-
oped a PF model for PBF AM simulations and analyzed the
effects of process parameters on the melt pool and grain
morphology. Liu et al. [24] developed a temperature-depend-
ent PF model for grain growth during multilayer single-track
scanning processes. Furthermore, Liu et al. [25] extended
this model to 3D, additionally coupling the nucleation model
to study the columnar-equiaxed transition mechanism during
a single-track manufacturing process.

Fleck et al. [26] presented a PF model of precipitation
growth in an Ni-base alloy. The model describes 1D growth
of a single precipitation. The coefficients necessary to for-
mulate the PF equations, namely the equilibrium concentra-
tions of the phases, the Gibbs free energies of the phases, the
diffusion potential of the species, the thermodynamic factor
matrix of the y phase, and the diffusion matrix of the y-phase
were obtained with Thermo-Calc software [12]. Holzinger
et al. [27] developed a phase-field modeling of the y' phase
precipitating in a nickel-based superalloy. The model shows
the evolution of the shape of the single precipitation toward
its equilibrium state. Chen et al. [28] presented a PF-based
model of Laves phase evolution during solidification and
homogenization of LPBF Inconel 718. The most important
limitation of the PF models is constraining their size to
relatively small spatial regions, consisting of several dozen
microscopic entities. While this limitation might be accepted
in many applications (like in single-crack modeling [22]),
modeling only a single, or a relatively small set of precipi-
tations of a single phase does not allow one to predict the
microstructural parameters of larger samples.

Since the most common approaches fail, the authors
decided to investigate the capabilities of other modeling
methods. One of the possible solutions is fuzzy rule-based
systems (FRBS). This approach is typically used as a deci-
sion support system, both in the form of regression tasks
[29] and classification tasks [30]. FRBS is one of the
artificial intelligence methods; however, contrary to most
machine learning (ML) approaches, the emphasis is put on
transparency and interpretability. Most FRBS models are
based on numerous observations (data-driven approach).
It is generally accepted that it offers better effectiveness
than expert-based data acquisition [31]. However, the
requirements of collecting at least a statistically significant
number of samples might be an obstacle. In some cases,
the lack of the appropriate number of observations can be
compensated by simulation methods. This approach can
be illustrated with reinforcement learning from games of

@ Springer



86 Page4of17

Archives of Civil and Mechanical Engineering (2023) 23:86

self-play [32] or metamodeling [33]. Maciot and Maciot
[34] introduced a modification of the FRBS approach,
suitable in situations when the number of available meas-
urements is extremally limited. The proposed solution is
based on fuzzy rules defined by experts, rather than gener-
ated by ML techniques. Acquiring knowledge by experts
has been commonly used in “crisp”, classical expert sys-
tems. Applying this approach to FRBS has shown a signifi-
cant increase in the effectiveness of this method in relation
to classical reasoning systems [35].

LPBF manufacturing of complex-shaped Inconel 625
parts is attracting considerable attention due to its ability
to maintain its properties during long-term operation at
high temperatures. Therefore, the important research issue
is to determine the microstructural changes taking place
under these conditions. The critical review of the current
literature has shown that the evolution of the 6 phase pre-
cipitates at high temperature is of significant importance
due to their influence on the mechanical properties. How-
ever, knowledge on the changes of the 8 phase precipitates
during long-time exposure at high temperature is so far
limited.

Therefore, the aim of this study is the qualitative and
quantitative microstructural analysis of the & phase parti-
cles in Inconel 625 LPBF subjected to high-temperature
annealing and application of experimental results to develop
a model that predicts the mean size and number density of
the & phase particles at different temperatures and times of
isothermal annealing. To achieve the intended goal, we per-
form heat treatment of Inconel 625 LPBF samples, and then
microstructural analysis and modeling (Fig. 1).

In the first part of the study, we perform a characteri-
zation of the microstructure of high-temperature-annealed
Inconel 625 LPBF. The objective of this part of the work is
to present a new approach to reliable quantitative analysis
of plate-like particles of the & phase. We use the maximum
Feret diameter (F,,,) as a parameter that describes the par-
ticle size, as well as the number of particles per unit area N
as a parameter characterizing the distribution of particles in
the specimen’s cross section. We show the results of quan-
titative microstructural analysis of the d phase particles in
the Inconel 625 LPBF specimens subjected to stress relief
annealing at 980 °C for 1 h, followed by annealing at a tem-
perature of 700 and 800 °C for up to 2000 h. In addition to
the microstructural analysis, we perform thermodynamical
modeling of the equilibrium phase stability of Inconel 625.

In the second part of the study, the microstructural param-
eters F,,, and N, are used to develop a numerical model of
particle evolution. For this purpose, we propose an applica-
tion of FRBS to build a numerical model of a the 8 phase
evolution when only very limited measurements are availa-
ble. Simultaneously, it is expected that FRBS models should
be much less computationally demanding than PF- and
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Fig.1 The scheme of the concept of experimental research and mod-
eling

CALPHAD-based approaches. The advantages and disad-
vantages of modeling methods are summarized in Table 1.

3 Materials and methods

Inconel 625 samples additively manufactured using the
LPBF method were delivered by Bibus Menos Sp. Z o. o.
(Poland). The process was carried out with the EOS M290
(EOS GmbH, Germany) using the parameters recommended
by the machine manufacturer to ensure good quality and
low porosity of additively manufactured parts. The chemical
composition of Inconel 625 LPBF was as follows (wt%): Ni
(bal.), 22.38 Cr, 8.25 Mo, 3.66 Nb, 2.53 Fe, 0.19 Si, 0.19
W, 0.13 Ti, 0.09 Mn, 0.06 Co, 0.02 Al, 0.009 C. The laser
scan strategy was linear and continuous, and involved the
rotation of the laser path direction by 67° relative to the
previous layers. The specimens were in a cuboidal shape of
15X 15% 15 mm in size (Fig. 2a). Post-build annealing was
carried out at a temperature of 980 °C for 1 h, followed by
cooling in an argon atmosphere. Subsequently, the speci-
mens were isothermally annealed at a temperature of 700 °C
for 100, 500, 1000, and 2000 h, as well as 800 °C for 5, 100,
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Table 1 Comparison of numerical methods for microstructure modeling

Method Advantages

Disadvantages

CALPHAD Well known

Well-established commercial and free software

Based mainly on physical parameters

Diffusion-controlled CALPHAD
Based mainly on physical parameters

Capable of modeling time-dependent behavior

Phase field (PF)

Very simple
Low computational requirements

Fuzzy rule-based systems (FRBS)

Relatively reliable with limited measurement

data

Capable of combining knowledge from several

sources, even if inconsistent

Well-established commercial and free software

Capable of predicting microstructural images
Capable of modeling time-dependent behavior
Based mainly on physical parameters

Only equilibrium state, unable to predict time-dependent
behavior

Only statistical description, unable to predict microstruc-
ture images

Difficult to include inconsistent data from several sources

Only statistical description, unable to predict microstruc-
ture images

Reliable results require prior knowledge of many physical
parameters; usually difficult to obtain. Replaced with a
trial-and-error approach, leads to decreasing of reliability

Difficult to include inconsistent data from several sources

Very complex, requires deep understanding of numerical
issues

Significant computational requirements

Only limited or commercial software available

Size of modeled spatial domain limited to a few dozen
microstructural entities

Reliable results require prior knowledge of many physical
parameters; usually difficult to obtain. Replaced with
a trial-and-error approach, leads to decreasing the reli-
ability

Difficult to include inconsistent data from several sources

Only statistical description, unable to predict microstruc-
ture images

No commercial software, free software requires under-
standing of fuzzy rules-based system and programming

Limited reliability (poorer than other methods, especially if
sufficient knowledge of the process and sufficient compu-
tational resources are available)

Fig.2 a View of the Inconel
625 LPBF sample and b dia-
gram illustrating the annealing
conditions

(a)

500, 1000, and 2000 h (Fig. 2b). The annealing temperature
and duration were chosen based on the literature data and the
preliminary analysis of the Inconel 625 LPBF microstruc-
ture, showing the existence of the 8 phase after annealing at
a minimum 100 h at 700 °C and 5 h at 800 °C. Moreover, to
our knowledge, no reports are yet available on the evolution
of the & phase during long-term annealing of Inconel 625
LPBF up to 2000 h.

= =
2 .8
= b=
®© ®©
=) 2
®© ®©
> >
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700

Temperature (°C)

800

Specimens for microstructural analysis were cut parallel
to the build direction, mounted in resin, ground with the
use of SiC grit paper (P400-P2000), polished with OP-U
Non-Dry (Struers, Denmark) and a distilled water mixture,
and then electrolytically etched at 1.5 V for 6 s using a nitric
acid (HNOs;) solution.

A microstructural investigation was carried out by means
of scanning electron microscope (SEM) Inspect S50 (FEI,
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USA). The microscopic images were acquired at accelerat-
ing voltage equal to 10 kV by using a secondary electron
(SE) detector.

Analysis of the particles observed in the SEM images of
the polished sections was performed using the ImageJ/FLJ1
program (NIH and LOCI, University of Wisconsin [36]). The
aim of the image processing was to obtain from the original
raw image a binary image containing the contours of single
particles [37]. The procedure of preparing images consisted
of enhancing the contrast, subtracting the background using
image denoising methods (median or non-local mean plugin
[38]), manual thresholding of particles, and binarization.
For each specimen, three random images were selected and
not less than 1000 particles were analyzed. Using the binary
images, the maximum (F',,,) and minimum (F, ;) Feret diam-
eter of individual particles were measured and subsequently
the mean F,,, diameter with the standard deviation (SD) was
determined. Additionally, to describe the shape of particles,
their mean aspect ratio (AR) was determined using Eq. (1)
given in [37]:

AR mean = mean Fmax . 1)

min

The number density of the particles in the unit area N, was
calculated according to Eq. (2):

Ny= 6)

where N is the number of particles, and A is the total ana-
lyzed area.

The equilibrium phase stability of Inconel 625 was calcu-
lated using FactSageTM 7.2 in combination with the SGTE
2017 database (GTT-Technologies, Germany). Calculations
were carried out in a temperature range from 500 to 1000 °C
using a temperature step of 10 °C. Additionally, the relative
quantities of equilibrium phases that may exist at 700 and
800 °C were calculated for the measured composition of the
alloy.

For numerical modeling of the & phase evolution, the FRBS
approach was applied. FRBSs are similar in their algorithm to
classical rule-based systems. The knowledge base consists of a
set of given examples in the form of Horn clauses, which may
be represented as IF... THEN rules:

IFA; AND ... ANDA, THEN B; AND ... AND B,,, (3)
where A; and B; are the atoms in the selected logic (preposi-
tions, predicates, or other terms). In the case of “crp” rea-

soning, in expert systems the atoms are most often in the
form of:

@ Springer
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where ° is a logical connective (=, <,>, in, between and
others) between a given value and an element of its domain.
This method might be sufficient for classification problems,
especially if the ranges of the preconditions’ values can be
expressed with the lists of enumerated values (dictionaries)
or can be simply described as ranges with crisp boundaries.
If preconditions are expressed as continuous numbers, and
unambiguous assigning of values to predefined ranges is dif-
ficult or impossible, expressing them with fuzzy numbers is
one of the possible solutions. Classical reasoning methods
cannot be directly applied to a problem defined with fuzzy
numbers. Mamdani and Assilian proposed the first efficient
procedure dealing with reasoning based on fuzzy numbers
[39]. Unfortunately, the expressiveness of the Mamdani
method and the methods of knowledge acquisition associ-
ated with it are not sufficient to solve complex problems,
especially since the increase in the number of rules may lead
to high computational requirements. An approach more suit-
able for a regression task was proposed in [40]:

R :IF(f(x;is Ay, ., xpisAy)) theny = g(xy,....x;), (5)

where y is a variable of the consequence whose value is
inferred, x,—x, are variables of the premises that appear also
in the part of the consequence, A,—A, are the fuzzy sets with
linear membership functions representing a fuzzy subspace
in which the implication R can be applied for reasoning, fis
the logical functions connecting prepositions in the premise,
and g is a function that implies the value of y when x,—x;
satisfies the premise.

The knowledge base consists of a finite number of rules.
Premises are linguistic variables, each described with a
membership function. If the model is queried for an out-
put value, all rules with a non-zero membership function
with given input parameters are taken into consideration,
proportional to the membership. This mechanism allows
the model to provide a continuous output. A key problem
in terms of the knowledge-based approach is solving two
problems: identifying the membership functions of the vari-
ables composing the premises and the consequent problem
of identifying the parameters. A detailed description of the
method can be found in Ref. [41].

As introduced above, the key difference between most of
the approaches based on machine learning and those which
are FRBS based is the consideration of domain experts in the
former. In our case, the designed rules depend on two vari-
ables: time and temperature. The chemical composition, the
initial material state, and other conditions are constant, so
they were not considered as model parameters. Two values
of the linguistic variables are introduced for temperature and



Archives of Civil and Mechanical Engineering (2023) 23:86

Page7of 17 86

Table 2 Characteristic points of the linguistic variable representing
temperature and time

Parameter Value Left Center Right
Temperature Low 400 700 800
High 700 800 900
Time Very low 0 5 100
Low 5 100 1000
High 100 1000 2000
Very high 1000 2000 2500

five for time. “Characteristic points” (left, center, and right
points of the fuzzy triangle value) of temperature and time
variables were chosen based on the measurements (Table 2).
Each measurement is represented by a linguistic value, with
the center point equal to the represented value (700 °C—
temperature low, 800 °C—temperature high, 5 h—time very
low, etc.), excluding those bounded to the time of 500 h.
This point is chosen to validate the model. In this case, an
FRBS model was developed, and then a quantitative micro-
structural analysis for the additional characteristic points
was performed to compare the obtained data. Hence, the
input data to the model consist of two linguistic variables
(representing temperature and time), with, respectively, two
and five linguistic values (states), representing measurement
points.

The second stage of model development was to define
the linguistic consequences and their numerical values.
The model is capable of predicting F,,,, diameter (Table 3)
and N, (Table 4). Both are described with linguistic vari-
ables, named, respectively, FE and NA. These variables are
“crisp”, so a single linguistic value is represented not with
a triangle fuzzy number but a single numerical value. Both
linguistic variables, representing FE and NA, take one of
the five linguistic values. The names of the linguistic values
and corresponding numerical values are shown in Table 3
(FE, the F,, diameter) and Table 4 (NA, the number den-
sity of the particles in the unit area). On the one hand, these
variables are relatively easy to determine from the images.

Table 3 Numerical values of the linguistic variable representing the
Fax diameter

Linguistic variable values Numeri-
cal value
FE_LOW 0.6
FE_MED_LOW 0.8
FE_MEDIUM 1.0
FE_MED_HIGH 1.2
FE_HIGH 6.3

Table 4 Numerical values of the linguistic variable representing N,

Linguistic variable values Numerical value

NA_NO 0.0
NA_LOW 0.5
NA_MEDIUM 1.05
NA_MED_HIGH 32
NA_HIGH 4.65

On the other hand, having two outputs that share linguistic
variables improves the generalization ability.

The last stage is defining rules. The rules designed for the
discussed case are shown in Fig. 3. As was discussed above,
each rule represents a particular consequence (expressed
with a valuation of the particular linguistic variable) of a
particular system state (expressed with the logical conjunc-
tion of the particular values of the linguistic variables). A
detailed description of the reasoning algorithm might be
found in Ref. [42].

4 Results
4.1 Microstructural investigation

The SEM images in Fig. 4a—c show the microstructure of
Inconel 625 LPBF annealed at 700 °C for 100, 1000, and
2000 h. Inside the grains, numerous 8 phase precipitates
with a plate-like morphology are present. Additionally, pre-
cipitates of the Laves phase and carbides with a globular and
irregular morphology are located on the grain boundaries.
Based on SEM investigation, a quantitative analysis of the
0 phase was performed. Histograms showing the F,,, diam-
eter distribution of the & phase precipitates after annealing
at 700 °C for 100, 1000, and 2000 h are given in Fig. 4e—f.
For all variants of annealing, the histograms are unimodal
and asymmetric, and the highest frequency of the particles
have an F',, diameter in the range from 0.4 to 0.6 um. The
results of quantitative analysis of the d phase particles after
annealing at 700 °C are given in Table 5.

After 100 h of annealing at 700 °C, the & phase parti-
cles were densely precipitated and the N, was 4.67 um™2.
Their elongated shape was characterized by mean AR equal
to 7.14, and the mean F,,, diameter was 0.60+0.27 um
(Fig. 5).

Prolonging the annealing time at 700 °C to 1000 h
resulted in a further increase in the mean F,,, diameter of
the & phase precipitates; however, their N, clearly decreased.
The mean AR was 8.46 and increased compared to the speci-
men annealed at 700 °C for 100 h. After 2000 h of annealing
at 700 °C, the mean F,_,, diameter of the precipitates of the

max
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Fig.3 The rules for F,,, diam-
eter (FE) and number density
(NA) fuzzy model. Mapping of
the linguistic variables values to
the numerical values is shown

in Tables 3 and 4

RULES.append("IF (temp IS temp_low) AND (time IS time very_low) THEN (FEISFE_LOW)")
RULES.append("TF (temp IS temp_low) AND (time IS time_low) THEN (FEISFE_LOW)")
RULES.append("IF (temp IS temp low) AND (time IS time high) THEN (FEISFE MEDIUM)")
RULES.append("IF (temp IS temp_low) AND (time IS time_very_high) THEN (FEISFE_MED_LOW)")

RULES.append("IF (temp IS temp_high) AND (time IS time very low) THEN (FEISFE LOW)")
RULES.append("IF (temp IS temp_high) AND (time IS time _low) THEN (FEISFE_MED HIGH)")

RULES.append("IF (temp IS temp_high) AND (time IS time _high) THEN (FEISFE_MEDIUM)")

RULES.append("IF (temp IS temp high) AND (time IS time very high) THEN (FEISFE HIGH)")

RULES.append("IF (temp IS temp low) AND (time IS time very low) THEN (NAISNA HIGH)")

RULES.append("IF (temp IS temp_low) AND (time IS time low) THEN (NAISNA_HIGH)")
RULES.append("IF (temp IS temp low) AND (time IS time high) THEN (NAISNA_ MED HIGH)")
RULES.append("IF (temp IS temp low) AND (time IS time very high) THEN (NAISNA HIGH)")

RULES.append("IF (temp IS temp_high) AND (time IS time _very low) THEN (NAISNA_LOW)")

RULES.append("IF (temp IS temp high) AND (time IS time low) THEN (NAISNA_ MEDIUM)")

RULES.append("IF (temp IS temp_high) AND (time IS time _high) THEN (NAISNA_ MEDIUM)")

RULES.append("IF (temp IS temp high) AND (time IS time very high) THEN (NAISNA NO)")

0 phase was equal to 0.86 +0.43 um; however, its mean AR
decreased as the particles increased in width. The N, of the
precipitates also increased, and, after 2000 h, the highest
value was obtained among the samples annealed at a tem-
perature of 700 °C.

SEM images of the Inconel 625 LPBF microstructure
after annealing at a temperature of 800 °C for 5, 100, 1000,
and 2000 h are shown in Fig. 6a—d. The plate-like & phase
precipitates are located inside the grains, and globular and
irregular particles at the grain boundaries. The results of
the quantitative analysis of the 8 phase precipitates after
annealing at 800 °C are presented in Table 6.

After annealing for 5 h, the mean F,,, diameter of the
d phase precipitates was 0.69 +0.28 um (Fig. 5). In this
specimen, the precipitates were the least elongated among
all the annealing variants at this temperature, as evidenced
by the shape factor mean AR equal to 6.57. The N, of the
8 phase particles was small and equal to 0.43 um™2.

With prolongation of the annealing time at 800 °C to
100 h, the mean F,, diameter increased to 1.18 +0.72 um.
Moreover, the N, of the particles also increased. The pre-
cipitates of the 8 phase grew by elongation. Compared to
the annealing at 700 °C for 100 h, it can be seen that at
800 °C the mean F,,, diameter was much larger with a
similar mean AR. Meanwhile, the N, was four times lower
than at 700 °C.

Analysis of the d phase precipitates after annealing for
1000 h revealed that the mean F,, diameter was equal to
1.05+0.64 um and their N, was 1.04 um~2. Noticeable
growth of the mean AR is shown, which is almost twice
as high as after annealing for 100 h. This means that the
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particles grew by the plate elongation. Comparing the results
for the same annealing durations at temperature of 700 and
800 °C, it can be seen that at a temperature of 800 °C, the
0 phase precipitates are significantly longer and their N, is
several times smaller.

After annealing at 800 °C for 2000 h, the precipitates of
the 8 phase elongated further pronouncedly, and the mean
F,.x diameter was equal to 6.33 +5.11 pym. Meanwhile, the
N, dropped drastically and reached 0.06 um~2, the mean
AR was equal to 16.94.

The obtained results show significant differences in the
evolution of the d phase during annealing at a temperature
of 700 and 800 °C.

Histograms of the F | ,, diameter distributions of the
0 phase precipitates after different times of annealing at
800 °C are presented in Fig. 6e—h. The distributions are
asymmetric. After annealing for 5 h, the highest frequency
of particles had an F, diameter in the range from 0.8 to
1.0 um, while after 100 and 1000 h with a size range from
0.6 to 0.8 um.

With prolongation of the annealing time up to 1000 h,
the frequency of the smallest and largest particles
decreased, causing the precipitates to become similar in
length, however, thicker. An exceptionally different distri-
bution of the F,, diameter was achieved in the specimen
annealed for 2000 h, in which the longest particles reached
even 30.93 um. Therefore, the wider class range with the
width of 4 um was used to illustrate the F,, distribu-
tion in this specimen (Fig. 6h). The distinct growth of the
O phase particles resulted in a reduction in the number

of particles with an F,,, diameter up to 6 um (shown in
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Table§ Results of quantita.tive Temperature (°C) Time (h) F.x diameter F.x diameter AR mean (-) Ny (pm_z)
analysis of the & phase particles range (um) mean + SD (um)
after annealing at 700 °C for _
100, 1000, and 2000 h 700 100 0.08-2.72 0.60+0.27 7.14 4.67
1000 0.23-4.41 0.99+0.52 8.46 3.22
2000 0.17-3.99 0.86+0.43 7.79 4.73
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Fig.5 The mean F,,, with standard deviation (SD) bars as well as
the N, of the & phase precipitates after annealing at a temperature of
700 and 800 °C for different time periods

Fig. 6h in the insert), which were dominant after shorter
annealing durations.

4.2 Results of thermodynamic modeling

Figure 7 shows the calculated relative amounts of the equi-
librium phases as a function of temperature for the experi-
mentally determined chemical composition of Inconel 625
LPBF.

The determined amounts of phases are hypothetical for
the alloy with the given chemical composition under equi-
librium conditions, so they are useful for the prediction of
possible phases that can be present after long-term anneal-
ing at the temperatures used in this study. The equilibrium
phases that occur at a temperature of 700 and 800 °C, with
the calculated relative amounts, are given in Table 7. The
notation of the phases used in the SGTE 2017 database is
given in brackets. As the amount of M,;C carbide is less
than 0.5%, it is not visible on the scale of Fig. 7.

According to the thermodynamic calculation, at a tem-
perature of 700 and 800 °C, the possible precipitated phases
are the P phase (topologically close-packed phase, TCP,
nominal composition Cr;gMo4,Niy), 6 phase, and M,;Cq
carbides. The thermodynamic model for equilibrium condi-
tions predicts a decrease in the relative amount of 6 phase
after annealing at 800 °C compared to 700 °C.

4.3 Numerical modeling

The FRBS model, described in Sect. 2, was used to calcu-
late the parameters of the 8 phase area with varying anneal-
ing times and temperatures. The overall results for the F,
diameter and N, are shown in Figs. 8, 9, 10 and 11. The
surface in Figs. 8 and 10 represents the continuous response

of the model, while red dots are the measured data points.

@ Springer

As was described in Sect. 2, the continuous output may be
achieved thanks to the linear combination of the conclusions
of all rules, whose prepositions have a non-zero membership
function for the given input parameters. A more detailed
comparison for temperatures of 700 and 800 °C is shown
in Figs. 9 and 11. As described above, there are no rules
associated with the specific data point corresponding to
the annealing time of 500 h. Hence, the model’s output for
annealing times between 250 and 1000 h is a superposition
of neighboring rules.

4.4 Validation of the FRBS model

To validate the FRBS model, a quantitative analysis of
the microstructure of Inconel 625 LPBF annealed at 700
and 800 °C for 500 h was performed. SEM images and the
corresponding F,,, diameter distributions are shown in
Fig. 12a—d. For both annealing variants, the histograms are
unimodal and asymmetric, and the highest frequency of par-
ticles is observed for the F,, diameter range of 0.4-0.6 um.

The results of the quantitative analysis of the 8 phase after
annealing at 700 °C for 500 h and 800 °C for 500 h are given
in Table 8. After annealing at a temperature of 700 °C for
500 h, the mean F,,, diameter of the & phase precipitates
was equal to 0.74 +0.39 pm, and the mean shape factor AR
was equal to 9.19. The N, of the & phase precipitates was
similar to that after 100 h of annealing at 700 °C. Mean-
while, after 500 h of annealing at a temperature of 800 °C,
the mean F,,, diameter was equal to 1.06 +0.60 um and
the 8 phase precipitates did not significantly elongate, how-
ever, rather thickened, as reflected in the mean AR equal to
6.99. Noticeable differences are shown by the N, which
decreased and was 1.43 um~2, compared to the specimen
annealed at 700 °C.

Comparing the values of the mean F,,, and N, obtained
experimentally and determined by FRBS modeling, it can be
seen that the values predicted by the model are substantially
underestimated for the data points 700 °C/500 h/mean F,,
and 800 °C/500 h/N; for the data point 700 °C/500 h/N,,
the value is overestimated, while for the point 700 °C/500 h/

the mean F,,, shows good compliance.

5 Discussion

Our study indicates that there are significant limitations in
the correct estimation of & phase size and fraction in Inconel
625 LPBF. The plate-like particles are cut at different angles
by the polished section. Due to the precipitate/matrix crys-
tallographic orientation relationship, the observed shape
and area of the & phase particles are strongly dependent on
the grain orientation. The literature on quantitative analysis
of & phase in Inconel 625 LPBF is fragmentary or absent.
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Table 6 Results of quantitative

X . Temperature (°C) Time (h) F . diameter  F_,  diameter AR mean (-) N, (um™2)

aqalysw 0f§ phase particles range (um) mean = SD (um)

after annealing at 800 °C for 5,

100, 1000, and 2000 h 800 5 0.19-2.10 0.69+0.28 6.57 0.43
100 0.13-5.36 1.18+0.72 7.82 1.06
1000 0.16-5.49 1.05+0.64 11.25 1.04
2000 0.51-30.93 6.33+5.11 16.94 0.06

Analysis of microscopic images is very difficult because of . 100

the problems in thresholding the particles from the back- Z

ground, the large number of particles present in the images, Z’ 80 Y

and their mutual overlapping. Furthermore, in addition to e

plate-like precipitates, the precipitates of secondary car- < 60

bides and Laves phase with irregular, globular, or spherical 2

morphology are present, and their automatic thresholding is é 40

extremely difficult. § " p

An innovative approach to this work is the use of the 5 %\
F .« diameter as a parameter to estimate the length of the e 0
500 600 700 800 900 1000

plate-like & phase particles, and the number density of par-
ticles in the unit area N,, characterizing the distribution of
particles in 2D space of the polished section of the speci-
men. Moreover, the shape coefficient AR of the particles
was determined.

To develop models of the evolution of & phase precipi-
tates, F,,, and N, were used as parameters that can be meas-
ured with the highest accuracy and certainty.

The evolution of the & phase during high-temperature
annealing of Inconel 625 LPBF consists of three basic steps:
nucleation, growth, and coarsening. The precipitation kinet-
ics differ significantly at a temperature of 700 and 800 °C.

At 700 °C, the 8 phase nucleation began before 100 h
and, in the specimen annealed for 100 h, they are already
grown and densely distributed within the grains. With an
increase in temperature to 800 °C, nucleation started at a
time earlier than 5 h. In the specimen annealed for 5 h, the
O phase particles were located preferentially in the vicinity
of the grain boundaries and, in smaller numbers, sparsely
distributed inside grains. As compared with the conventional
Inconel 625 [10] in the LPBF manufactured samples, the &
phase particles precipitate at a similar temperature range,
but after a shorter exposure time [21]. This result is in good
agreement with the study of Stoudt et al. [11]. They showed
that the 8 phase precipitates occur in additively manufac-
tured Inconel 625 at a temperature of 700 °C after 20 h
and 800 °C after 1 h of annealing. Meanwhile, in wrought
Inconel 625 with similar nominal composition, & phase
nucleates at 700 °C after 200 h and at 800 °C after 20 h
[11]. The observed time shift of the 6 phase precipitation is
related to the refinement of the microstructure and segrega-
tion to intercellular areas in the as-built Inconel 625 LPBF,
and thus easier nucleation of Nb-rich phases [5].

@ Springer

Temperature (°C)

Fig. 7 Calculated relative amounts of equilibrium phases in Inconel
625 LPBF as a function of temperature in the range of 500-1000 °C

Table 7 Equilibrium phases occurring at a temperature of 700 and
800 °C as well as their relative amount

Temperature Phase/relative amount (wt%)
(O]

y P 1) M,;Cq
700 77.323 15.257 7.249 0.170
800 88.473 6.709 4.660 0.158

After 100, 1000, and 2000 h of annealing, the N, values
are significantly higher at 700 °C than at 800 °C, respec-
tively. This shows that the intensity of the 8 phase precipita-
tion at 700 °C is higher and decreases with increasing tem-
perature. The N, values do not change monotonically with
increasing annealing time at a given temperature, showing
the complicated evolution of the d phase precipitates. Most
possibly, this is related to the effects of coalescence and
precipitation that occur simultaneously.

In specimens annealed at 700 °C with extension of
exposure from 100 to 500 h, the mean F,,, and N, do not
change significantly. However, the F,, range widens toward
higher values, as well as the AR increasing, which proves
the growth of the & phase particles. After longer exposure
for 1000 and 2000 h, the mean F,, is higher than after
500 h, but the largest value in the F,, range, as well as
the mean AR values are lower. It indicates that a transition
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Fig.8 FRBS model of the F,,, diameter of & phase precipitates in
Inconel 625 LPBF after annealing at 700 and 800 °C

from particle growth to coarsening took place. The larger &
particles coarsen and become rather wider than elongated.
The smaller particles become dissolute. These results are
in line with those obtained by Suave et al. [43] for con-
ventional Inconel 625 annealed in the temperature range
of 550-900 °C up to 2000 h. They found that the & phase
precipitates tended to increase at 750 °C with increasing
annealing time.

A similar character of the growth and coarsening of the
0 phase precipitates in specimens annealed at 800 °C was
found. The highest increase in mean F,,, between the tested
annealing variants occurred during annealing at 800 °C for
1000 and 2000 h. Stoudt et al. [11] postulated that the growth
of the d phase precipitates depends on local variations in

Fig. 10 FRBS model of the N, of & phase precipitates in Inconel 625
LPBF after annealing at 700 and 800 °C

chemical composition and the magnitude of residual stress.
The dissolution of the smaller § phase particles after pro-
longed annealing at 800 °C, evidenced by the decrease in
N,, results in an increase of the Nb concentration in the y
matrix, thus allowing an enhanced rate of coarsening.

In addition to the microstructural investigation, we also
performed thermodynamical modeling, calculating relative
amounts of equilibrium phases as a function of tempera-
ture. Our results show that the thermodynamically predicted
phase composition is slightly different from those deter-
mined experimentally, since there is no experimental evi-
dence of P phase presence in the high-temperature-annealed
Inconel 625 LPBF. However, the obtained result gives valu-
able information about decreases in the equilibrium amount
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Fig.9 Specified 2D FRBS model of the F,,,, diameter of 5 phase precipitates in Inconel 625 LPBF after annealing at 700 and 800 °C
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of the & phase with an increase in temperature. This is in
good agreement with the results of the quantitative micro-
structural analysis, which indicates that after exposure for
500, 1000, and 2000 h, the N, of the & phase is lower at
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of the & phase particles

700 °C than at 800 °C. This means that at a higher tem-
perature, the equilibrium amount of the & phase is lower,
and thus the partial dissolution of the & phase precipitates
occurs.
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Tab|e§ Results of quar}titative Temperature  Time (h) F diameter F . diameter AR mean (-) Ny (pm_z)
analysis of 0 phase particles °C) range (um) mean +SD (um)
after annealing at 700 °C for _
500 h and 800 °C for 500 h 700 500 0.11-5.68 0.74+0.39 9.19 4.61
800 500 0.18-5.8 1.06 +0.60 6.99 1.43
The results of the F,,, diameter and N, shown in Figs. 8, As was described above, FRBS models are able to include

9, 10 and 11, confirm that it is possible to build a numeri-
cal model of these variables with an FRBS; however, the
limited set of experimental data have not been sufficient to
design fully functional models. It can be observed that the
predicted values are relatively close to the measured val-
ues within a range well covered with the experimental data.
Unfortunately, the predictions for the validation points are
mostly far from the measured ones (only the F,,,,, diameter at
a temperature of 800 °C is properly predicted). The second
issue is that the rules were designed only with a given set of
measured values, i.e., they do not express physical relations.
Therefore, they have no ability to extrapolate (Fig. 12).
The results cannot be compared with other computational
models. While several works present numerical modeling of
precipitation during heat treatment of Ni-based alloys [44],
the chemical compositions and/or process parameters are
different. Moreover, no experimental results presented in
the available literature could be used to validate these par-
ticular values. However, it should be noticed that the aim of
the proposed modeling approach is different from that of PF
and atomic computations. All numerical models based on a
deep understanding and quantitative description of physi-
cal processes require significant efforts and large compu-
tational time. If the stochastic character of the process is to
be included, such costly computations should be repeated
many times. Current knowledge and modeling tools still
require the fitting of some parameters, usually based on an
“educated guess”. Therefore, as a final result, after paying
high costs for the design of the model, a researcher obtains
a model that is only partially based on physical relations.
The usability of ML models is significantly constrained by
the lack of a sufficient number of measurements. The goal of
the proposed model is to obtain a better balance as regards
the efforts-to-result ratio. The FRBS model is still partially
based on material knowledge obtained from experiments.
Contrary to PF models, the fitted or “guessed” parameters
are not expressed as equation parameters, but rather as
membership functions of a particular rule. Moreover, the
rule itself usually corresponds to a particular measurement.
Therefore, the discretionary nature of the model is explicitly
expressed. Simultaneously, the computational requirements
are much lower. Of course, FRBS models have their own
limitations—that is, they are not able to provide even illus-
trative microstructures. The expected accuracy of prediction
is also lower (at least if a number of rules is restricted).

results from different sources. Hence, new results might be
used for further tweaking of the model. At this moment, the
data used for validation might be used to improve the model,
but would forbid its validation. In our opinion, the further
fitting of the model’s parameters should be postponed until
new data becomes available. An important feature of the
proposed model is the possibility of integrating heterogene-
ous knowledge. For example, if the new CALPHAD model
for some specific boundary conditions is available, its pre-
dictions might be added in the form of a set of rules, coexist-
ing with the empirical-based rules.

To summarize the pros and cons of the proposed mode-
ling approach, in the authors’ opinion FRBS is not a replace-
ment for PF, atomistic or CALPHAD models, as long as
such models require a significant parameters’ fitting, FRBS
models should be considered as an alternative, mainly due to
their much lower computational requirements, ease of modi-
fication, and direct connection between model parts (rules)
and experimental results.

6 Summary and conclusions

In this study, we presented the results of a quantitative
microstructural analysis and modeling of the 8 phase plate-
like precipitates of Inconel 625 superalloys additively manu-
factured by the LPBF process. The following conclusions
may be drawn from this study:

e The concept of the use of the F,,, diameter and N, for
the quantification of plate-like 8 phase precipitates ena-
bled an examination of the changes in their size and dis-
tribution that occur during annealing at 700 and 800 °C,
along with the increase of time. Increases in the anneal-
ing temperature results in a shortening of the incubation
period for d phase precipitation. The values of F,,, mean
and N, are almost independent of to the annealing time at
700 °C for up to 2000 h and 800 °C for up to 1000 h. The
pronounced increase in the F,,, mean and decrease in
N, occurs after 2000 h of annealing at 800 °C, indicating
that under such conditions the coarsening rate gradually
increases due to the enhanced dissolution of finer parti-
cles and the growth of larger ones.

e The FRBS model is developed to predict the size and
distribution of plate-like & phase particles over a total
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temperature range from 700 to 800 °C with annealing
times from 5 to 2000 h. The quality of the prediction is
not perfect, but, considering the very limited number of
experimental data, it is satisfactory.
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