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A B S T R A C T   

Understanding alloy phase transformations during continuous cooling is important for post-processing design 
and optimization. In this work, continuous-cooling-transformation (CCT) diagrams of Inconel 718 alloys man-
ufactured by laser powder bed fusion (LPBF) and suction casting are developed under different homogenization 
conditions. Unlike the available CCT diagrams in the reported studies, no γ′′ and γ’ precipitates can be observed. 
NbC and δ are determined to be the precipitates after cooling from the γ matrix. Importantly, homogenization 
time and manufacturing methods are found to affect the Nb homogeneity in the matrix near NbC particles and 
thus significantly influence the precipitation process of the δ phase, which has a high content in Nb. In the alloys 
with high Nb homogeneity, the nucleation process mainly contributes to the precipitation, whereas in the alloys 
with low Nb homogeneity, the precipitation is primarily associated with the growth process. Subgrains are found 
to form after cooling at 0.1 K/s and can cause the highest hardness in samples. This work provides a new 
viewpoint on the study of processing-structure-property relationships during cooling in Inconel 718 and is 
beneficial to the development of alloy post-processing strategies.   

1. Introduction 

Continuous-cooling-transformation (CCT) diagrams of alloys have 
been used very often to study solid-solid phase transformations. Since 
the CCT diagrams are conducive to understanding the microstructure- 
property relationships during processing and thus further provide 
design solutions for microstructure engineering. Due to the importance 
of the Inconel 718 in engineering applications with good high- 
temperature performance [1–3], the evaluation of CCT diagrams be-
comes critical, especially for additive manufacturing (AM) such as laser 
powder bed fusion (LPBF). In recent years, the application of Inconel 
718 in AM has also proliferated owing to its good weldability as well as 
the increasing demands for the high-temperature components with 
complex shapes [4–6]. Therefore, it is essential to understand the phase 
stability and phase transformations under different heat treatment and 
cooling conditions. 

Inconel 718 is an fcc precipitation-hardenable superalloy strength-
ened by the γ′′ (Ni3Nb, bct_D022) plates and the spherical γ’ (Ni3(Al, Ti, 
Nb), fcc_L12) particles [7,8]. Besides, NbC carbides (fcc_B1) usually form 
along with γ at high temperatures. The δ (Ni3Nb, D0a) and Laves_C14 

((Ni, Fe, Cr)2(Nb, Ti, Mo), hexagonal) are two detrimental intermetallic 
phases that are often observed in the alloy. The δ phase has a needle 
shape and usually precipitates along grain boundaries [8,9], and thus 
potentially can act as a pinning particle for grain size control but de-
grades strengthening property due to its incoherent phase boundary 
with the γ matrix [10]. The Laves_C14 phase forms during solidification 
as a result of Nb segregation at grain boundaries. In order to avoid crack 
initiation due to segregation, Inconel 718 alloys are often homogenized 
at elevated temperature as one of the most effective solutions [11–13]. 

It has been found that the phase transformation behaviors in Inconel 
718 strongly depend on the applied heat treatments [13–16]. Therefore, 
understanding phase transformations during the continuous cooling 
process is critical for the microstructure engineering. This is particularly 
important for the AM process, in which the cyclic heating and cooling 
processes introduce complexity in the microstructure evolution, and 
thus usually require careful design of both in-situ processing and post- 
heat treatments [10,14,17–22]. CCT diagrams directly provide the in-
formation regarding phase transformations during the continuous 
cooling processes and are often applied as a tool together with 
isothermal transformation diagrams for microstructure engineering. 
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Such a diagram can be useful in post-heat treatment but can also be 
applied to get insight during the cyclic heating and cooling processes 
when only solid phases are involved. 

A few CCT diagrams of Inconel 718 have been previously reported 
[14,23–25], as summarized in Fig. 1. In order to facilitate discussion, we 
define three characteristics of the CCT curves, as illustrated in Fig. 1(a), 
to describe the phase transformation behaviors: (1) starting temperature 
of the phase transformation; (2) phase formation range, which is defined 
as the difference between the starting temperature and ending temper-
ature at one certain cooling rate; and (3) critical cooling rate, below 
which the phase transformation will happen. Garcia et al. [14] used a 
dilatometer to investigate the effect of homogenizations at 1180 ◦C for 
24, 72, and 90 h on the CCT diagrams of cast Inconel 718 alloys. They 
found the CCT curves shifted to the slower reaction side, i.e., the right- 
hand-side of the CCT diagram, with increased homogenization durations 
(Figs. 1(b)-(f)). The authors [14] also reported that during cooling after 
90-h homogenization, new and small MC carbides formed before the δ 
phase, which was different from the cases of 24 and 72-h homogeniza-
tions. This was explained as the Nb segregation along grain boundaries 
was reduced after long-time homogenization, which increased the Nb 
supersaturation within the grains and promoted the formation of MC 
carbides, but limited δ. However, the formation temperature of the δ 
phase was determined to be quite high (Fig. 1(c)), which is up to about 

1130 ◦C. This temperature is much higher than the reported solvus 
temperatures of δ from 998.3 to 1027 ◦C obtained from experiments and 
CALPHAD (calculation of phase diagrams) calculations [26–29]. In 
addition, the γ′′, γ’, and Laves_C14 phases were also found to form after 
continuous cooling, as can be seen in Figs. 1(d), (e)&(f). γ′′ was deter-
mined to precipitate prior to γ’ during cooling. The critical cooling rates 
for γ′′ were 1– 10 K/s, depending on the homogenization time (Fig. 1 
(d)). Geng et al. [23] investigated the phase transformation behaviors of 
γ′′ and δ during continuous cooling after homogenization at 1100 ◦C for 
1 h in hot-extruded Inconel 718 alloys. The result deviated significantly 
from the one by Garcia et al. [14] since they determined the γ′′ precip-
itated under very slow cooling rates of 0.1– 20 K/min (0.0017– 0.33 K/ 
s), while δ formed at cooling rates lower than 5 K/min (0.083 K/s). 
Slama and Cizeron [24] reported that the δ, γ’, and γ′′ phases can pre-
cipitate respectively after heat treatment at 990 ◦C for 15 min, as 
reproduced in Fig. 1(d). The critical precipitation cooling rate of the δ 
phase was determined to be higher than 100 K/s, which was extremely 
high compared to the values from other work; while for the γ’ and γ′′, 
critical cooling rates were 5 K/s, and 0.2 K/s, respectively. Niang et al. 
[25] provided a CCT curve for δ measured by differential thermal 
analysis (DTA) in forged Inconel 718 alloys, the critical cooling rate of δ 
was evaluated to be about 0.5 K/s (Fig. 1(c)). These results show that the 
homogenization conditions can affect the phase transformation 

Fig. 1. (a) Defined characteristics of CCT diagrams in this work: starting temperature, phase formation range, and critical cooling rate; (b) integration of the reported 
CCT diagram by Garcia et al. [14], Slama and Cizeron [24], and Niang et al. [25]. Individual phases plotted in (b) are shown in the separate plots from (c) to (e) to 
show each section more clearly; (c) separate plot of the CCT diagram related to the δ phase, carbides, and carbonitrides according to Refs. [14, 25]; (d) separate plot 
of the CCT diagrams related to γ′′ phase (in red curves) according to Garcia et al. [14] and related to the δ, γ’, or γ′′ phases (in black curves) based on Slama and 
Cizeron [24]; (e) separate plot of the CCT diagram related to the γ’ phase according to Garcia et al. [14]; (f) separate plot of the CCT diagram related to the Laves 
phase according to Garcia et al. [14]. The different line types from Garcia et al. [14] represent the CCT curves determined after various homogenization times. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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behaviors during continuous cooling. 
Although some CCT diagrams of cast/wrought Inconel 718 have 

been reported, the results from different work are inconsistent and 
dependent on the alloy fabrication status. Moreover, it is yet unclear 
regarding the impact of the manufacturing method on the CCT dia-
grams, since processing and heat treatment design is often based on the 
reported diagrams of the cast Inconel 718. However, as indicated by 
Zhao et al. [13], the as-received and homogenized microstructure of 
Inconel 718 manufactured by LPBF and suction-cast are significantly 
different. The as-built microstructure after LPBF shows a strong texture 
with columnar grain along build direction with a low Nb micro-
segregation. During homogenization at 1180 ◦C, the columnar grains in 
the as-built alloy become equiaxial due to recrystallization and grain 
refinement occurs as a result of the Zener pinning effect. The Nb ho-
mogeneity level in the γ matrix decreases during homogenization. 
Contrarily, the grain morphology in the as-cast Inconel 718 is equiaxial 
and the Nb segregation level is high. Moreover, abnormal grain growth 
can be observed in the suction-cast alloys during homogenization at 
1180 ◦C and the Nb homogeneity level increases. Therefore, the mi-
crostructures of LPBF and suction-cast alloys after homogenizations are 
quite different, indicating the manufacturing methods can also impact 
the phase transformations of Inconel 718 during continuous cooling 
processes after homogenization and such effect is worth of more dedi-
cated study. 

This work aims at a comprehensive evaluation of the phase 

transformation behaviors during continuous cooling processes of 
Inconel 718 alloys under different homogenization conditions and 
manufacturing methods. Alloys made by both LPBF and suction casting 
are subject to microstructure analysis and quenching dilatometry. The 
suction-cast alloys are chosen as a reference for comparison because 
they have comparative phase transformation behaviors during homog-
enization processes from AM alloys [13]. Microhardness of alloys after 
cooling is studied to help understand the microstructure-property cor-
relations under different cooling conditions. 

2. Experiments and computation 

2.1. Experiments 

The AM alloys were printed by an EOS M 290 machine using default 
build parameters, which are optimized for Inconel 718 by the EOS 
company. The build parameters can be found in [13]. The suction-cast 
alloys were made into small cylinders with a 40 mm-length and a 11 
mm-diameter through an ABJ-338 arc-melter made by Materials 
Research Furnace Inc. under an Argon atmosphere to avoid oxidation. 
The nominal compositions of these two alloys are close, with Ni- 
18.26Fe-18.87Cr-4.97Nb-2.97Mo-0.94Ti-0.46Al-0.03C-0.06Mn- 
0.23Co-0.05Cu-0.06Si (in wt%) for the AM alloys, and Ni-18.5Fe- 
18.3Cr-4.99Nb-3.04Mo-1.02Ti-0.55Al-0.051C-0.23Mn-0.39Co-0.07Cu- 
0.08Si (in wt%) for the suction-cast alloys, respectively. Both alloys were 

Table 1 
Sample notations and heat treatment conditions in the present work.  

AM samples (LPBF) Suction cast samples 

Sample notationa Homogenization Cooling rate, K/s Sample notation Homogenization Cooling rate, K/s 

AM20m-01 

1180 ◦C for 20 min 

0.1 AC20m-01 

1180 ◦C for 20 min 

0.1 
AM20m-1 1 AC20m-1 1 
AM20m-2 2 AC20m-2 2 
AM20m-5 5 AC20m-5 5 
AM20m-7 7 AC20m-7 7 
AM20m-10 10 AC20m-10 10 
AM20m-15 15 AC20m-15 15 
AM12h-01 

1180 ◦C for 12 h 

0.1 AC12h-01 

1180 ◦C for 12 h 

0.1 
AM12h-1 1 AC12h-1 1 
AM12h-2 2 AC12h-2 2 
AM12h-5 5 AC12h-5 5 
AM12h-7 7 AC12h-7 7 
AM12h-10 10 AC12h-10 10 
AM12h-15 15 AC12h-15 15  

a AM20m is used to note a set of alloys with the same homogenization (1180 ◦C for 20 min) but different cooling rates, and thus includes seven samples: AM20m-01, 
AM20m-1, AM20m-2, AM20m-5, AM20m-7, AM20m-10, and AM20m-15. The same way of notation applies to other alloys. 

Fig. 2. Phase stability prediction according to the Thermo-Calc database TCNI8. (a) Equilibrium step diagram of Inconel 718; (b) nonequilibrium step diagram of 
Inconel 718. 
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sectioned by EDM wire cutting into cuboids with a dimension of 4 × 4 ×
10 mm for dilatometry measurements. The length (10 mm) of the cu-
boids of AM alloys is along their build direction. 

The cuboid samples were subject to dilatometry with an S-type 
thermocouple. For each alloy, two groups of samples were further 
divided with respect to different homogenization conditions, i.e., 
1180 ◦C for 20 min and for 12 h, respectively. Samples of each group 
were then put into a quenching dilatometer (DIL805A, TA company) for 
the homogenization and subsequent cooling processes to room tem-
perature. The temperature measurement error limit is ±1 ◦C in this 
study. The cooling rates were 0.1, 1, 2, 5, 7, 10, and 15 K/s. The sample 
notations and heat treatment conditions in the present work are sum-
marized in Table 1. It should be pointed out that, the samples to be 
homogenized for 12 h were firstly encapsulated into quartz tubes with 
backfilled Argon and were then homogenized into the furnace at 
1180 ◦C for 11 h. These 11-h homogenized samples were then quenched 
into ice-water and put into the dilatometer for the remaining 1-h ho-
mogenization at 1180 ◦C. This can improve the efficiency of the heat 
treatment and avoid a long-time experiment in the dilatometer. The 
continuous cooling processes with different rates were conducted on 
these samples subsequently. 

By checking the similarity of the obtained dilatation curves, typical 
as-cooled samples were selected from each group for microstructure 
characterization. These samples were polished using metallographic 
methods for SEM (scanning electron microscopy, Zeiss Sigma 500 VP, 
Carl Zeiss AG) and EDS (electron dispersive spectroscopy, Oxford In-
struments plc) characterizations. The samples were also etched using a 
solution of 50 mL C3H6O3 + 30 mL HNO3 + 2 mL HF to reveal the ex-
istence of Nb-rich γ′′ and γ’ phases [30]. Vickers hardness testing was 
performed using a Leco LM-800 tester under a 50 gf load for 10 s. 

2.2. Model-prediction of phase stability 

In order to understand the phase stability in Inconel 718, the equi-
librium and nonequilibrium step diagrams of Inconel 718 are plotted by 
Thermo-Calc software using the TCNI8 thermodynamic database, as 
shown in Figs. 2(a)&(b), respectively. Since the γ′′ phase is a metastable 
phase and can transform into the δ phase after long-time aging processes 
[31,32], the nonequilbrium step diagram of Inconel 718 was calculated 
by suspending the formation of the δ phase to predict the formation of 
γ′′, whereas all other calculation parameters are the same with the 
equilibrium step diagram. According to the model-prediction, the NbC 
carbide is stable up to 1300 ◦C and can co-exist with γ during homog-
enization at 1180 ◦C. δ and γ’ are the stable phases from Fig. 2(a).The 
calculated step diagrams can guide the precipitation analysis from 
dilatometry measurements. 

2.3. Simulation of precipitation kinetics 

As will be discussed later in section 4, the δ phase is found to be the 
main precipitate during continuous cooling and its precipitation is 
impacted by Nb homogeneity in the matrix. In order to understand the 
underlying physics of the δ phase formation observed in experiments of 
this work, precipitation simulation is performed to qualitatively validate 
the effects of Nb homogeneity in the matrix near NbC carbides on the 
CCT diagrams. The simulation is conducted on the TC-PRISMA module 

implemented in the Thermo-Calc software using the TCNI8 and MOBNI4 
databases. The simulation parameters are summarized in Table 2, where 
a lower Nb content of 4.99 wt% (i.e., 3.14 at.% Nb) and a higher 
nucleation site number of 3E22 m− 3 are used to simulate the condition 
of high Nb homogeneity similar to sample AM20m; whereas a higher Nb 
content of 6.00 wt% (i.e., 3.79 at.% Nb) and a lower nucleation site 
number of 3E21 m− 3 are used to simulate the condition of low Nb ho-
mogeneity similar to the case of alloy AM12h. It is noteworthy that the 
Nb contents for simulation (3.14 at.% and 3.79 at.%) were arbitrarily 
chosen to represent the experimentally determined Nb contents of 3.0– 
5.1 at.% as shown in Fig. 6. This will ensure the simulation results to be 
representative for more prevalent circumstances. A model system Ni-Fe- 
Cr-Nb-Mo instead of the actual Inconel 718 alloy is considered to 
improve the simulation efficiency. This will still gain enough insights 
into the multiphysical influence, particularly Nb homogeneity, on the 
CCT diagram of Inconel 718 under different homogenization conditions. 
The detailed discussion about the simulation results will be given in 
section 4.3.3. 

3. Key equations in classical nucleation and growth theory 

The classical nucleation theory is applied in this work to gain insights 
into the mechanisms of phase transformations during cooling processes. 
The determination of the nucleation rate Nr in this work is based on the 
classical nucleation theory [33,34]. Assume the nucleation process is 
steady, Nr is expressed as 

Nr = Zβ*N0exp
(

−
ΔG*

kBT

)

(1)  

where Z is the Zeldovich factor, which gives the probability of a nucleus 
to form a new phase, β* is the attachment rate of atoms to the critical 
nucleus, N0 is the number of potential nucleation sites of the δ phase, 
ΔG*is the nucleation barrier, kB is the Boltzmann constant, T is tem-
perature. From the expressions of Z and β* [35], at a certain temperature 
and given a certain phase in an alloy, the two factors can be considered 
as constants. Hence, according to Eq. (1), both increased N0 and 
decreased ΔG*can enhance the nucleation rate Nr. 

In addition to the nucleation rate, Nr, the growth rate can also affect 
the precipitation kinetics. The growth rate of the δ particle Jr is 
expressed by [36]: 

Jr =
ΔXNb

0

2
(
XNb

δ − XNb
e

)

(
D
t

)
1
2 (2)  

of which ΔX0
Nb = X0

Nb − Xe
Nb is the supersaturation of Nb in the matrix, 

X0
Nb is the Nb concentration in the matrix, Xe

Nb is the Nb equilibrium 
concentration in the matrix adjacent to the δ particles. Xδ

Nb is the Nb 
concentration in equilibrium δ phase, D, and t are the interdiffusion 
diffusivity of Nb and diffusion time, respectively. Since the δ phase is an 
intermetallic with the formula of Ni3Nb, and local equilibrium in the 
interface is assumed [36], the concentrations of Nb in the δ phase and 
the γ matrix can be considered as constants. Therefore, the diffusivity of 
Nb, D, is independent of composition and can be regarded as a constant 
under a certain temperature. According to Eq. (2), it is deduced that 
when the supersaturation ΔX0

Nb increases, the growth rate Jr is 
increased. 

During phase transformation analysis in this work, we apply the 
above equations to comprehend how the Nb homogeneity in the matrix 
around NbC carbides influence the nucleation site N0, nucleation barrier 
ΔG*, the supersaturation ΔX0

Nb to determine their effects on precipita-
tion kinetics. 

Table 2 
Parameters of the δ phase precipitation simulation for validating the effects of 
Nb homogeneity.  

Conditions Composition, wt% Nucleation sites, /m3 

High Nb homogeneity 
(e.g., AM20m) 

Ni-18.26Fe-18.87Cr-2.97Mo 
-4.99Nb 

3E22 

Low Nb homogeneity 
(e.g., AM12h) 

Ni-18.26Fe-18.87Cr-2.97Mo 
-6.00Nb 

3E21  
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4. Results and discussions 

4.1. Microstructure characterization and dilatometry analysis 

The CCT diagrams are determined through the combined micro-
structure and dilatometry analysis. The microstructure was character-
ized to investigate the phase transformations that occur during cooling, 
and the signals obtained from dilatation curves can be interpreted 
accordingly. The analysis of sample AM12h-5 is taken as an example, as 
shown in Fig. 3. The SEM micrograph (Fig. 3(a)) on the longitudinal 
plane parallel to the build direction of sample AM12h-5 shows block- 
shaped NbC carbides and needle-shaped δ precipitates form along the 
grain boundaries of γ matrix. Neither γ′′ nor γ’ phase is observed in the 

etched sample AM12h-5, as their precipitation was suppressed by the 
fast cooling. 

The starting and ending temperatures of phase transformations 
during continuous cooling are determined by the dilatometry analysis. 
As indicated by Fig. 3(b), the dilatation is plotted as a function of tem-
perature. The slope changes in the dilatation curve represent the 
occurrence of phase transformations. Because of the small fraction (less 
than 1% in total) of the precipitates formed during cooling processes, the 
slope change of dilatation in this work is small, which may reduce the 
accuracy of the measurement of phase transformation temperature. 
Hence, the phase transformation temperatures are evaluated to correlate 
the inflection points which represents the slope change of the dilatation 
curve. The inflection points locate in where the first derivative of the 

Fig. 3. Microstructure characterization and dilatometry analysis of sample AM12h-5. (a) SEM micrograph on the longitudinal plane of AM12h-5. (b) Dilatation curve 
of sample AM12h-5 and its first derivative curves for determining the inflection points of phase transformations for (c) NbC ending; (d) δ starting; and (e) δ ending. 

Fig. 4. Effects of homogenization on the CCT diagrams of (a) AM alloys homogenized for 20 min and 12 h; and (b) suction-cast alloys homogenized for 20 min and 
12 h. The solvus temperature of the δ phase is predicted using the Thermo-Calc software TCNI8 database. Cooling rates in unit of K/s (from 0.1 to 15) are indicated in 
cooling curves superimposed to the CCT diagram plot. 
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dilatation curve reaches the maximal/minimal values, which can be 
determined by solving the zero points of the second derivative of the 
dilatation curve [37]. From Figs. 3(c)-(e), it can be seen from the 1st 
derivative curves of the dilatation curve of sample AM12h-5 that there 
are two inflection points for each curve segment indicating the NbC 
precipitation ending point, the δ precipitation starting point, and the δ 
precipitation ending point, respectively. It should be noted that, from 
Fig. 2(a), as the NbC is stable at 1180 ◦C with γ matrix, the formation of 
NbC carbides should have started during homogenization processes at 
1180 ◦C. The starting temperature of NbC carbides during the cooling 
process is not available, and only the ending temperature can be 
determined. Therefore, it can be deduced that for the starting of pre-
cipitation during the cooling process, the inflection point at higher 
temperature should indicate the phase transformation point since the 
dilatation slope should keep constant before the phase transformation 
happens; on the contrary, for the ending point of precipitation, the 
transformation point should be indicated by the inflection point at the 
lower temperature, because the dilatation slope should be a constant 
after the ending of the precipitation. 

In sample AM12h-5 (Fig. 3(b)), the ending temperature of NbC 
precipitation is determined to be 957 ◦C at which the second slope 
change occurs. Similarly, the first change of the slope at 877 ◦C is 
determined as the starting temperature of δ precipitation. The ending 
temperature of δ precipitation is determined as 764 ◦C. The phase 
transformation temperatures for the rest samples experiencing contin-
uous cooling are determined using the same methods. 

4.2. CCT diagrams of AM and suction-cast alloys 

Fig. 4 summarizes the experimental CCT diagrams of Inconel 718 
made by LPBF and suction casting after homogenization at 1180 ◦C with 
different durations. NbC and δ are the two major precipitates observed 
in samples after cooling. Since the signal of the γ′′/γ’ formation is un-
detectable in the dilatation curves, the CCT curves of γ′′/γ’ are not given 
in Fig. 4. This is distinctly different from the work by Garcia et al. [14], 
in which multiple phases (i.e., the Laves phase, the M(C, N) phase, the δ 
phase, and the γ′′/γ’ phases) were found to precipitate in sequence 
during cooling as shown in Fig. 1. One of the reasons for such a differ-
ence may be the large casting ingot (with a diameter of 530 mm) used in 
Garcia’s work, of which the segregation of Nb should be much higher 
than that in the present work due to the slow cooling rate. The higher Nb 
segregation degree caused faster precipitation kinetics for the phases 
such as the γ′′/γ’. The formation of the Laves phase during the cooling 
process in [14] remains a question because it usually forms during the 
solidification process [12,13] and no evidence of their formation during 
the solid-solid phase transformations has been reported to the best of the 
authors’ knowledge. 

In this work, the solvus temperature of the δ phase in the suction-cast 
alloys is calculated to be 1034 ◦C by the TCNI8 database, and it is used to 
represent the δ solvus temperature for both AM and suction-cast alloys 
as they have identical compositions. The solvus temperature of 1034 ◦C 
is the formation temperature of the δ phase at equilibrium and thus is the 
highest limitation that the starting temperature of the δ phase can tend 
to approach at extremely slow cooling rate. Therefore, it is set as the 
limitation that the starting temperature of the δ phase can reach on the 

Fig. 5. Effects of manufacturing methods on the CCT diagrams of (a) AM & suction-cast alloys homogenized for 20 min; and (b) AM and suction-cast alloys ho-
mogenized for 12 h. The solvus temperature of the δ phase is predicted using the Thermo-Calc software TCNI8 database. Cooling rates in unit of K/s (from 0.1 to 15) 
are indicated in cooling curves superimposed to the CCT diagram plot. 

Table 3 
Comparison of the effects of homogenization durations on the CCT characteristics of the δ phase.  

Experimental information Phase formation and growth analysis CCT diagram characteristics 

Samplea Homogenization time Nb homogeneity Nucleation 
potency 

Growth rate Supercooling Starting 
temperature 

Formation range Critical cooling rateb 

AM20m 20-min Higher + Higher + Lower – Larger + Lower – Smaller – Highest +
AM12h 12-h Lower – Lower – Higher + Smaller – Higher + Larger + Lowest – 
AC20m 20-min Lower – Lower – Higher + Smaller – Higher + Larger + Medium ○ 

AC12h 12-h Higher + Higher + Lower – Larger + Lower – Smaller – Medium ○  

a AM20m and AM12h are homogenized samples manufactured by laser powder bed fusion, AC20m and AC12h are homogenized samples manufactured by suction 
casting. 

b Critical cooling rate are rough values reading from the evaluated CCT diagram based on experimental data. 
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CCT diagrams (Figs. 4(a) & (b)). 
According to Fig. 4, the phase transformation ending curves of NbC 

show a small difference in all CCT diagrams. These curves tend to lower 
temperature with a slower cooling rate because the longer heating du-
rations from a slow cooling rate can promote the precipitation of NbC 
more sufficiently. However, a remarkable difference between CCT 
curves of δ phase in the alloys under different homogenization durations 
can be observed (Fig. 4). It should be pointed out that although the δ 
phase was observed in sample AM20m-15, no phase transformation 
signals can be detected by dilatometer, which can be because of the little 

phase fraction formed. Therefore, the CCT curve of alloy AM20m is 
extrapolated to the cooling rate of 15 K/s (Fig. 4(a)). Moreover, the 
manufacturing methods are also found to influence the CCT diagrams of 
the δ phase, as shown in Fig. 5. These findings indicate that the ho-
mogenization and manufacturing conditions can have significant effects 
on the phase transformation of the δ phase during continuous cooling. 
Such effects will be discussed in detail in the following sections. 

Fig. 6. Nb concentration contour diagrams indi-
cating the Nb homogeneity in the vicinity of NbC 
carbides of different alloys after homogenization at 
1180 ◦C (AM: additive manufacturing, AC: suction 
casting). (a) AM20m, an alloy made by LPBF with 
homogenization for 20 min; (b) AM12h, an alloy 
made by LPBF with homogenization for 12 h; (c) 
AC20m, an alloy made by suction casting with ho-
mogenization for 20 min; (d) AC12h, an alloy made 
by suction casting with homogenization for 12 h. 
Dashed black squiggles profile the NbC carbides. The 
Nb concentration contour maps are developed using 
the EDS point identification with a grid size of 10 ×
10 μm.   

Fig. 7. Illustration of the effects of Nb homogeneity in the matrix near the NbC particles on precipitation kinetics of the δ phase (taking alloys AM20m and AM12h as 
an example). 
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4.3. Effects of homogenization on the δ phase transformation upon 
cooling 

4.3.1. Nb homogenization in alloys 
According to Fig. 4, Table 3 summarizes the influence of homoge-

nization on the phase transformation starting temperature, phase for-
mation range, and critical cooling rate (as defined in Fig. 1(a)) of the 
CCT curves of the δ phase. Long (12− h) and short (20-min) homogeni-
zation times have opposite effects on the characteristics of CCT curves. 

As summarized in Table 3 and Fig. 4(a), when comparing two AM 
alloys, i.e., AM20m and AM12h, the CCT curve of alloy AM20m has a 
lower starting temperature and a smaller formation range of the δ phase, 
but higher critical cooling rate. However, such effects of homogeniza-
tion time on the starting temperature and the formation range of 
suction-cast alloys are reversed, as shown in Table 3 and Fig. 4(b). It 
should be noted that the difference in critical cooling rates between two 
suction-cast alloys, AC20m and AC12h, are found to be negligible based 
on the cooling rates tested in the current study. 

Although the determined CCT diagrams by Garcia et al. [14] are 
distinctly different from this work, the homogenization condition clearly 
shows a significant impact on the solid-solid phase transformation 
during continuous cooling. In addition, Zhao et al. [13] found the Nb 
homogeneity degrees in the vicinity of NbC particles in Inconel 718 can 
vary with different manufacturing methods and homogenization con-
ditions. The Nb homogeneity evolution was measured in [13] and 
replotted in Fig. 6. As shown in Fig. 6, for the AM alloys, the Nb ho-
mogeneity will decrease with extended homogenization durations 
(Figs. 6(a)&(b)), whereas in the suction-cast alloys, the Nb homogeneity 
will increase during homogenization with longer time (Figs. 6(c)&(d)). 
As the major element of the δ phase, Nb content and its homogeneity 
level in the matrix can affect the nucleation and precipitation kinetics of 
the δ phase. 

Fig. 7 takes the comparison between alloys AM20m and AM12 as an 
example to illustrate the way Nb homogeneity affecting the precipita-
tion kinetics. As shown in Fig. 7, the homogenized sample AM20m has 
higher Nb homogeneity than sample AM12h, thus each Nb atom in 
sample AM20m shares the same probability of becoming a potential 
nucleation site, which increases N0, and the nucleation rate Nr in Eq. (1) 
rises accordingly. Nevertheless, the relatively high Nb homogeneity 
around the nuclei leads X0

Nb in Eq. (2) to be low as the concentration 
fluctuation of Nb will be negligible. The supersaturation ΔX0

Nb in Eq. (2) 
is hence reduced, resulting in a decrease in the growth rate. Therefore, 
the δ phase formation in alloy AM20m during continuous cooling pri-
marily depends on the nucleation process while limited by the growth 
process. It is noteworthy that, some other defects, such as dislocations or 
stacking faults, can also act as the heterogeneous nucleation sites during 
isothermal phase transformations [38] for the precipitates since the 
nucleation barrier can be effectively reduced and the diffusion of the 
solute atoms can be promoted. However, in the present work, the 
continuous cooling processes offer the driving force for the nucleation 
and limit the diffusion of the atoms, which is different from the case in 
isothermal phase transformations. Therefore, it can be presumed that 
the effect of defects on the phase transformations during continuous 
cooling processes is probably not as important as that in the isothermal 
phase transformations, and it is reasonable to apply a homogenous 
nucleation mechanism for analysis. Nevertheless, the influence of de-
fects on the athermal precipitation kinetics needs more dedicated study, 
while it is out of the scope of the current work. 

4.3.2. Analysis based on classical nucleation and growth theory 
From Eq. (1), the nucleation rate Nr can be significantly influenced 

by the nucleation barrier ΔG*, which can be reduced through obtaining 
an increased supercooling during the nonequilibrium cooling process. In 
alloy AM20m, the starting temperature of the CCT curve of δ is found to 
be lower than that in AM12h, as shown in Table 3 and the CCT diagram 
in Fig. 7. It indicates that the alloy AM20m has a larger supercooling 

degree during cooling when the δ phase starts to form, which is bene-
ficial to the nucleation process. This may be because of the low Nb su-
persaturation in this alloy, with which a larger supercooling should be 
achieved to provide enough nucleation driving force to decrease the 
nucleation barrier. In addition, when the cooling rates for AM20m 
become faster, the supercooling of δ precipitation further increases with 
a higher driving force for nucleation. Because the precipitation in alloy 
AM20m mainly depends on the nucleation process, a higher cooling rate 
can hence promote nucleation by offering a higher nucleation driving 
force to reduce the nucleation barrier, making the nucleation easier. 
This allows the δ phase to form at high cooling rates, which explains the 
higher critical cooling rate observed for the δ phase in alloy AM20m 
(Table 3 and Fig. 7). In contrast, since the growth process of the δ phase 
is limited in alloy AM20m during cooling, the precipitation process 
finishes faster, leaving a relatively smaller formation range (Table 3 and 
Fig. 7). 

In alloy AM12h, as can be seen in Fig. 7, due to the lower Nb ho-
mogeneity, the number of potential nucleation sites N0 is less, as the Nb 
atoms close to the center of the Nb-rich area are more likely to become 
the nucleation sites. However, the local supersaturation around the 
nuclei can be higher. The growth process becomes the promoting factor 
of the precipitation, while the nucleation process limits the phase 
transformation. The precipitation kinetics of δ depends more on the 
precipitate growth in alloy AM12h during cooling. Under such circum-
stances, a small supercooling degree is beneficial to the diffusion of 
solute atoms during the growth process. Accordingly, in experiments, 
the CCT curve of the δ phase in alloy AM12h has a smaller supercooling, 
leading to a higher starting temperature comparing with that in alloy 
AM20m. The growth process in alloy AM12h can also last a longer time, 
and the formation range is thus larger (Table 3). In addition, when the 
cooling rates become higher in alloy AM12h, the phase transformation 
will be suppressed due to the diffusion of solute atoms is retarded, 
causing a lower critical cooling rate of 7 K/s (Table 3 and Fig. 7). 

For the suction-cast alloys AC12h and AC20m, a similar explanation 
on the difference of the CCT curves can be applied. As can be seen in 
Figs. 6(c)&(d), Nb homogeneity increases with longer homogenization 
durations, so the alloy AC12h has a higher Nb homogeneity than alloy 
AC20m. According to the analysis above, for the suction-cast alloys 
homogenized for 20 min, the growth process dominates the precipita-
tion process of δ phase, while for the suction-cast alloys homogenized for 
12 h, the nucleation process dominates the precipitation kinetics of δ 
phase. This is opposite to the case in the AM alloys, as shown in Table 3. 

Fig. 8. Precipitation simulation of the δ phase for the qualitative validation of 
Nb homogeneity effects on the CCT diagrams. AM12h and AM20m represent 
the conditions of low Nb homogeneity and high Nb homogeneity, respectively. 
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4.3.3. Analysis based on precipitation simulation 
Fig. 8 is the simulated CCT diagram of the δ phase performed using 

TC-PRISMA. It shows that the low Nb homogeneity in the alloy, similar 
to AM12h, has higher starting temperatures and a lower critical cooling 
rate than the condition like AM20m with high Nb homogeneity. The 
simulation results agree reasonably well with the experimental obser-
vation shown in Fig. 4(a). This proves that the Nb homogeneity can 
affect the CCT diagrams of the δ phase in the way depicted by Fig. 7. It is 
noted that the difference of formation range observed in experiments 
(Fig. 4(a)) is not reflected by the simulation. This may be because the 
whole precipitation system in the precipitation simulation is considered 
as homogeneous (either for the case of 4.99 or 6.00 wt% Nb). Therefore, 
the simulation cannot manifest the difference of diffusion processes 
caused by different Nb supersaturations between AM12h and AM20m. 
However, in practical, the lower Nb homogeneity in sample AM12h 
increases the supersaturation of Nb around NbC carbides, leading to a 
higher driving force and thus allowing Nb to diffuse more sufficiently at 
a relatively lower temperature to form δ. 

In summary, with the same manufacturing method, the homogeni-
zation durations can affect the phase transformation behaviors of the δ 
phase during continuous cooling processes. This effect is achieved by 
varying the Nb homogeneity. For the AM alloys, extending the homog-
enization duration leads to the reduction of Nb homogeneity, making 
the precipitation kinetics of δ phase depends more on the growth pro-
cess, yet for the suction-cast alloys, the extension of homogenization 

durations results in an increase in Nb homogeneity, and the precipita-
tion kinetics mainly depends on nucleation process. 

4.4. Effects of manufacturing methods on the CCT diagrams of the δ 
phase 

The manufacturing methods are also found to influence the precip-
itation of the δ phase in the alloys subject to the same homogenization 
durations. As shown in Figs. 5(a)&(b) and listed in Table 3, with the 
same homogenization duration of 20 min (Fig. 5(a)), the CCT curve of δ 
phase in the AM alloy (AM20m) has a lower starting temperature, 
smaller formation range, but higher critical cooling rate compared with 
the suction-cast alloy (AC20m). However, under homogenization for 12 
h (Fig. 5(b)), the AM alloy (AM12h) has a higher starting temperature, 
larger formation range, but a lower critical cooling rate than the suction- 
cast alloy (AC12h). 

Such a difference can be readily explained through the Nb homo-
geneity analysis similar to Section 4.3. Figs. 6(a)&(c) indicate alloy 
AM20m has a higher Nb homogeneity than alloy AC20m; therefore, it 
can be inferred that the nucleation process is the main factor contrib-
uting to the precipitation of δ phase in alloy AM20m. The supercooling 
degree in alloy AM20m should thus be large to provide sufficient 
nucleation driving force, which causes the reduction of starting tem-
perature and increased critical cooling rate, as listed in Table 3. Mean-
while, the growth rate in AM20m is limited, attributed to a lower Nb 

Fig. 9. Vickers hardness testing results of continuously cooled Inconel 718 samples after homogenization at 1180 ◦C with 20 min or 12 h: (a) alloy AM20m; (b) alloy 
AM12h; (c) alloy AC20m; (d) alloy AC12h. AC means the alloys are prepared using suction casting and AM is noted for the samples prepared by LPBF. 
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supersaturation, which leads to the smaller formation range. The effects 
of manufacturing methods on the CCT curves of samples homogenized 
for 12 h listed in Table 3 can be interpreted in the same way. 

In general, with the same homogenization durations, the 
manufacturing methods can influence the precipitation kinetics of the δ 
phase during continuous cooling by generating different Nb homoge-
neities. For the short duration of homogenization (20 min), the AM alloy 
has a higher Nb homogeneity, and the precipitation kinetics of the δ 
phase depends more on the nucleation process, yet the Nb homogeneity 
is lower in the suction-cast alloy, and the precipitation is more depen-
dent on the growth process. The circumstances for long durations of 
homogenization (12h) are reversed. 

4.5. Effects of cooling rates on microhardness 

Microhardness of alloys after continuous cooling is investigated by 
Vickers microhardness testing, and the results are presented in Fig. 9. 
For the tested alloys, as illustrated in Figs. 9(a)-(d), the cooling rates of 
1– 15 K/s result in comparable hardness values (229.5 HV0.05 to 272.1 
HV0.05) with the as-homogenized samples. However, the hardness 
values achieved in the samples cooled at 0.1 K/s are evidently higher. 
Sample AM20m-01 exhibits the highest hardness of 421.1 HV0.05, 
whereas the hardness values of the rest three samples cooled at 0.1 K/s 
vary from 349.8 HV0.05 to 402.8 HV0.05. This indicates some significant 
microstructure differences among these samples. 

Since the samples cooled at 0.1 K/s all have relatively high hardness 
(Fig. 9) compared to other samples cooled at higher cooling rates, these 
samples are etched for microstructure observation. In the etched mi-
crostructures, a large number of δ precipitates can be found to form 
along grain boundaries in all these samples, as seen in the subfigures of 
Figs. 10(a)-(d). Moreover, the appearance of subgrain boundaries is 
observed in all samples with a cooling rate of 0.1 K/s (Fig. 10). Such 

subgrain boundaries are not observed in the samples cooled at higher 
rates, e.g., in samples AC20m-5 and AM20m-5 (Fig. SI-1), which implies 
they may be related to the high hardness in the samples cooled at 0.1 K/ 
s. The subgrains probably form through the tangling of dislocations, 
which are generated through the loss of coherency of δ/γ phase 
boundaries during the precipitation of the δ phase [39,40]. The δ par-
ticles can further pin the subgrain boundaries and regard their move-
ment. As a result, small subgrains form due to the δ precipitation, and 
the hardness is elevated accordingly. Conversely, precipitation of the δ 
phase is more limited at cooling rates faster than 0.1 K/s, so the sub-
grains are less likely to form. This explains the lower hardness obtained 
in the rest as-cooled samples. 

Moreover, the precipitation strengthening due to γ′′/γ’ formation 
could be one of the reasons that cause the sample AM20m-01 to have the 
highest hardness among all the samples cooled at 0.1 K/s (Fig. 9). As 
shown in Fig. 10(a), a trace of γ′′/γ’ nuclei is observed in sample 
AM20m-01, although their dilatation signals may be too weak to be 
detected. Geng et al. [23] reported that the γ′′ precipitation was 
observed at cooling rates between 0.1– 20 K/min (0.0017– 0.33 K/s), 
which is consistent with the observation in sample AM20m-01. How-
ever, in Figs. 10(b)-(d), no γ′′/γ’ nuclei can be observed in samples 
AM12h-01, AC20m-01, and AC12h-01. Hence, the occurrence of γ′′/γ’ 
nuclei can explain the highest hardness in sample AM20m-01 among all 
samples cooled at 0.1 K/s. The exclusive precipitation of γ′′/γ’ in sample 
AM20m-01 is probably due to the homogenized alloy AM20m has the 
largest amount of Nb dissolved into the matrix, since the least amount of 
Nb-rich phases, i.e., Laves_C14 and NbC carbides, was found in this alloy 
[13]. Consequently, it leads to a higher Nb concentration in the γ matrix 
of sample AM20m-01 compared with other homogenized alloys shown 
in Fig. 10 and makes the γ′′/γ’ precipitate readily. 

Fig. 10. SEM micrographs on etched Inconel 718 samples cooled at 0.1 K/s: (a) sample AM20m-01; (b) sample AM12h-01; (c) sample AC20m-01; (d) sample 
AC12h-01. 
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5. Conclusions  

(1) The CCT diagrams of AM and suction-cast Inconel 718 alloys after 
homogenizations at 1180 ◦C for 20 min and 12 h are established 
based on microstructure characterization and dilatometry anal-
ysis. Both NbC carbide and δ phase are found to precipitate 
during the continuous cooling processes in all alloys at appro-
priate cooling rates.  

(2) Homogenization durations as well as manufacturing methods can 
affect the phase transformation behaviors, i.e., the starting tem-
perature, the precipitation formation range, and the critical 
cooling rate of δ phase during cooling, by changing the Nb ho-
mogeneity in the matrix near NbC particles. The precipitation 
kinetics of the δ phase during cooling depends more on the 
nucleation process in alloys with higher Nb homogeneity, while 
the growth process is predominant in alloys with lower Nb 
homogeneity.  

(3) Compared with the samples cooled at higher rates, 0.1 K/s 
cooling rate can achieve the highest hardness in all alloys with 
different homogenization durations and manufacturing condi-
tions. This is probably due to the formation of subgrains as a 
result of the abundant precipitation of the δ phase. Compared 
with other samples cooled at 0.1 K/s, the hardness of the sample 
AM20m-01 with higher Nb homogenization is further increased 
due to the presence of γ′′/γ’ nuclei.  

(4) This work indicates that the ad-hoc design of post-heat treatment 
for microstructure engineering of AM alloys becomes essential. A 
careful analysis of microstructure influenced by cooling processes 
is critical for the heat treatment design of AM alloys.  

(5) Generally, this study implies that homogenization and 
manufacturing conditions can influence phase transformations 
during continuous cooling in alloys with more prominent 
elemental microsegregation and sluggish diffusion. Such effects 
can be achieved by the modification of elemental homogeneity in 
the alloys, which will further affect the kinetics of nucleation and 
growth processes. However, such effects are presumed not to be 
critical in alloys with fast diffusion or diffusionless phase trans-
formations, more insightful investigations regarding the impact 
factors on continuous cooling process of these alloys are desired.  

(6) During phase transformation modeling, the CCT diagram may not 
be the best choice to integrate with other thermal modeling 
simulations to understand the microstructure evolution of 
Inconel 718 alloys in additive manufacturing with cyclic heating 
and cooling. 
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[4] T. Trosch, J. Strößner, R. Völkl, U. Glatzel, Microstructure and mechanical 
properties of selective laser melted Inconel 718 compared to forging and casting, 
Mater. Lett. 164 (2016) 428–431, https://doi.org/10.1016/j.matlet.2015.10.136. 

[5] D. Zhang, Z. Feng, C. Wang, W. Wang, Z. Liu, W. Niu, Comparison of 
microstructures and mechanical properties of Inconel 718 alloy processed by 
selective laser melting and casting, Mater. Sci. Eng. A 724 (2018) 357–367, https:// 
doi.org/10.1016/j.msea.2018.03.073. 

[6] P. Han, Additive design and manufacturing of jet engine parts, Engineering. 3 
(2017) 648–652, https://doi.org/10.1016/J.ENG.2017.05.017. 

[7] S.J. Hong, W.P. Chen, T.W. Wang, A diffraction study of the γ′′ phase in INCONEL 
718 superalloy, Metall. Mater. Trans. A. 32 (2001) 1887–1901, https://doi.org/ 
10.1007/s11661-001-0002-4. 

[8] Y. Huang, T.G. Langdon, The evolution of delta-phase in a superplastic Inconel 718 
alloy, J. Mater. Sci. 42 (2007) 421–427, https://doi.org/10.1007/s10853-006- 
0483-z. 

[9] S. Azadian, L.Y. Wei, R. Warren, Delta phase precipitation in inconel 718, Mater. 
Charact. 53 (2004) 7–16, https://doi.org/10.1016/j.matchar.2004.07.004. 

[10] W.J. Sames, K.A. Unocic, R.R. Dehoff, T. Lolla, S.S. Babu, Thermal effects on 
microstructural heterogeneity of Inconel 718 materials fabricated by electron beam 
melting, J. Mater. Res. 29 (2014) 1920–1930, https://doi.org/10.1557/ 
jmr.2014.140. 

[11] M.J. Sohrabi, H. Mirzadeh, M. Rafiei, Solidification behavior and laves phase 
dissolution during homogenization heat treatment of Inconel 718 superalloy, 
Vacuum. 154 (2018) 235–243, https://doi.org/10.1016/j.vacuum.2018.05.019. 

[12] M. Rafiei, H. Mirzadeh, M. Malekan, M.J. Sohrabi, Homogenization kinetics of a 
typical nickel-based superalloy, J. Alloys Compd. 793 (2019) 277–282, https://doi. 
org/10.1016/j.jallcom.2019.04.147. 

[13] Y. Zhao, K. Li, M. Gargani, W. Xiong, A comparative analysis of Inconel 718 made 
by additive manufacturing and suction casting: microstructure evolution in 
homogenization, Addit. Manuf. 36 (2020), 101404, https://doi.org/10.1016/j. 
addma.2020.101404. 

[14] C.I. Garcia, A.K. Lis, E.A. Loria, A.J. DeArdo, Thermomechanical processing and 
continuous cooling transformation behavior of IN-718, Superalloys 1992 (1992) 
527–536, https://doi.org/10.7449/1992/Superalloys_1992_527_536. 

[15] W.M. Tucho, V. Hansen, Characterization of SLM-fabricated Inconel 718 after solid 
solution and precipitation hardening heat treatments, J. Mater. Sci. 54 (2019) 
823–839, https://doi.org/10.1007/s10853-018-2851-x. 

[16] W. Huang, J. Yang, H. Yang, G. Jing, Z. Wang, X. Zeng, Heat treatment of Inconel 
718 produced by selective laser melting: microstructure and mechanical 
properties, Mater. Sci. Eng. A 750 (2019) 98–107, https://doi.org/10.1016/j. 
msea.2019.02.046. 

[17] Y. Tian, D. McAllister, H. Colijn, M. Mills, D. Farson, M. Nordin, S. Babu, 
Rationalization of microstructure heterogeneity in INCONEL 718 builds made by 
the direct laser additive manufacturing process, Metall. Mater. Trans. A. 45 (2014) 
4470–4483, https://doi.org/10.1007/s11661-014-2370-6. 

[18] S. Malinov, Z. Guo, W. Sha, A. Wilson, Differential scanning calorimetry study and 
computer modeling of β ⇒ α phase transformation in a Ti-6Al-4V alloy, Metall. 
Mater. Trans. A. 32 (2001) 879–887, https://doi.org/10.1007/s11661-001-0345-x. 

[19] C. Radhakrishna, K.P. Rao, S. Srinivas, Laves phase in superalloy 718 weld metals, 
J. Mater. Sci. Lett. 14 (1995) 1810–1812, https://doi.org/10.1007/BF00271015. 

[20] I. Yadroitsev, P. Krakhmalev, I. Yadroitsava, Hierarchical design principles of 
selective laser melting for high quality metallic objects, Addit. Manuf. 7 (2015) 
45–56, https://doi.org/10.1016/j.addma.2014.12.007. 

Y. Zhao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.matchar.2022.111764
https://doi.org/10.1016/j.matchar.2022.111764
https://doi.org/10.1016/j.msea.2015.05.035
https://doi.org/10.1016/j.msea.2007.05.079
https://doi.org/10.1016/j.msea.2016.10.069
https://doi.org/10.1016/j.msea.2016.10.069
https://doi.org/10.1016/j.matlet.2015.10.136
https://doi.org/10.1016/j.msea.2018.03.073
https://doi.org/10.1016/j.msea.2018.03.073
https://doi.org/10.1016/J.ENG.2017.05.017
https://doi.org/10.1007/s11661-001-0002-4
https://doi.org/10.1007/s11661-001-0002-4
https://doi.org/10.1007/s10853-006-0483-z
https://doi.org/10.1007/s10853-006-0483-z
https://doi.org/10.1016/j.matchar.2004.07.004
https://doi.org/10.1557/jmr.2014.140
https://doi.org/10.1557/jmr.2014.140
https://doi.org/10.1016/j.vacuum.2018.05.019
https://doi.org/10.1016/j.jallcom.2019.04.147
https://doi.org/10.1016/j.jallcom.2019.04.147
https://doi.org/10.1016/j.addma.2020.101404
https://doi.org/10.1016/j.addma.2020.101404
https://doi.org/10.7449/1992/Superalloys_1992_527_536
https://doi.org/10.1007/s10853-018-2851-x
https://doi.org/10.1016/j.msea.2019.02.046
https://doi.org/10.1016/j.msea.2019.02.046
https://doi.org/10.1007/s11661-014-2370-6
https://doi.org/10.1007/s11661-001-0345-x
https://doi.org/10.1007/BF00271015
https://doi.org/10.1016/j.addma.2014.12.007


Materials Characterization 185 (2022) 111764

12

[21] X. Hu, A. Nycz, Y. Lee, B. Shassere, S. Simunovic, M. Noakes, Y. Ren, X. Sun, 
Towards an integrated experimental and computational framework for large-scale 
metal additive manufacturing, Mater. Sci. Eng. A 761 (2019), 138057, https://doi. 
org/10.1016/j.msea.2019.138057. 

[22] Y. Zhou, S. Chen, X. Chen, T. Cui, J. Liang, C. Liu, The evolution of bainite and 
mechanical properties of direct laser deposition 12CrNi2 alloy steel at different 
laser power, Mater. Sci. Eng. A 742 (2019) 150–161, https://doi.org/10.1016/j. 
msea.2018.10.092. 

[23] L. Geng, Y. Na, N.-K. Park, Continuous cooling transformation behavior of alloy 
718, Mater. Lett. 30 (1997) 401–405, https://doi.org/10.1016/S0167-577X(96) 
00225-X. 

[24] C. Slama, G. Cizeron, Étude du comportement structural de l’alliage NC 19 Fe Nb 
(Inconel 718), J. Phys. III (7) (1997) 665–688, https://doi.org/10.1051/jp3: 
1997148. 

[25] A. Niang, B. Viguier, J. Lacaze, Some features of anisothermal solid-state 
transformations in alloy 718, Mater. Charact. 61 (2010) 525–534, https://doi.org/ 
10.1016/j.matchar.2010.02.011. 

[26] J.W. Brooks, P.J. Bridges, Metallurgical stability of Inconel Alloy 718, in: 
Superalloys 1988 Sixth Int. Symp., The Metallugical Society, 1988, pp. 33–42. 

[27] A. Oradei-Basile, J.F. Radavich, A current T-T-T diagram for wrought Alloy 718, in: 
E.A. Loria (Ed.), Superalloys 718, 625 and Var. Deriv., The Minerals, Metals & 
Materials Society, 1991, pp. 325–335. 

[28] L. Yang, K. Chang, S. Mannan, J. deBarbadillo, A new DTA approach for verifying 
precipitate solvus in Inconel Alloy 718, Superalloys 718, 625, 706 and Var. Deriv. 
(1997) 353–365. 

[29] X. Xie, C. Xu, G. Wang, J. Dong, W. Cao, R. Kennedy, TTT diagram of a newly 
developed nickel-base superalloy-Allvac® 718PlusTM, Superalloys 718, 625, 706 
and Derivatives 2005 (2005) 193–202, https://doi.org/10.7449/2005/ 
superalloys_2005_193_202. 

[30] ASTM International, ASTM E-407: standard practice for microetching metals and 
alloys, ASTM Int. 07 (2016) 1–22, https://doi.org/10.1520/E0407-07R15E01.2. 

[31] Z. Chen, R.L. Peng, J. Moverare, P. Avdovic, J.M. Zhou, S. Johansson, Surface 
integrity and structural stability of broached Inconel 718 at high temperatures, 
Metall. Mater. Trans. A. 47 (2016) 3664–3676, https://doi.org/10.1007/s11661- 
016-3515-6. 

[32] Y.T. Chen, A.C. Yeh, M.Y. Li, S.M. Kuo, Effects of processing routes on room 
temperature tensile strength and elongation for Inconel 718, Mater. Des. 119 
(2017) 235–243, https://doi.org/10.1016/j.matdes.2017.01.069. 

[33] K.C. Russell, Nucleation in solids: the induction and steady state effects, Adv. 
Colloid Interf. Sci. 13 (1980) 205–318, https://doi.org/10.1016/0001-8686(80) 
80003-0. 

[34] J. Svoboda, F.D. Fischer, P. Fratzl, E. Kozeschnik, Modelling of kinetics in multi- 
component multi-phase systems with spherical precipitates I: theory, Mater. Sci. 
Eng. A 385 (2004) 166–174, https://doi.org/10.1016/j.msea.2004.06.018. 

[35] Q. Zhang, S.K. Makineni, J.E. Allison, J.-C. Zhao, Effective evaluation of interfacial 
energy by matching precipitate sizes measured along a composition gradient with 
Kampmann-Wagner numerical (KWN) modeling, Scr. Mater. 160 (2019) 70–74, 
https://doi.org/10.1016/j.scriptamat.2018.09.048. 

[36] D.A. Porter, K.E Easterling, Precipitation Growth, in: Phase Transform. Met. Alloy., 
2nd ed., Chapman & Hall, 1992: p. 281. 

[37] S. Sridar, Y. Zhao, W. Xiong, Cyclic re-austenitization of copper-bearing high- 
strength low-alloy steels fabricated by laser powder bed fusion, Mater. Charact. 
166 (2020), 110437, https://doi.org/10.1016/j.matchar.2020.110437. 

[38] F. Theska, K. Nomoto, F. Godor, B. Oberwinkler, A. Stanojevic, S.P. Ringer, 
S. Primig, On the early stages of precipitation during direct ageing of alloy 718, 
Acta Mater. 188 (2020) 492–503, https://doi.org/10.1016/j.actamat.2020.02.034. 

[39] M. Sundararaman, P. Mukhopadhyay, S. Banerjee, Precipitation of the δ-Ni3Nb 
phase in two nickel base superalloys, Metall. Trans. A. 19 (1988) 453–465, https:// 
doi.org/10.1007/BF02649259. 

[40] T. Omori, T. Kusama, S. Kawata, I. Ohnuma, Y. Sutou, Y. Araki, K. Ishida, 
R. Kainuma, Abnormal grain growth induced by cyclic heat treatment, Science 341 
(2013) 1500–1502, https://doi.org/10.1126/science.1238017. 

Y. Zhao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.msea.2019.138057
https://doi.org/10.1016/j.msea.2019.138057
https://doi.org/10.1016/j.msea.2018.10.092
https://doi.org/10.1016/j.msea.2018.10.092
https://doi.org/10.1016/S0167-577X(96)00225-X
https://doi.org/10.1016/S0167-577X(96)00225-X
https://doi.org/10.1051/jp3:1997148
https://doi.org/10.1051/jp3:1997148
https://doi.org/10.1016/j.matchar.2010.02.011
https://doi.org/10.1016/j.matchar.2010.02.011
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0130
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0130
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0135
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0135
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0135
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0140
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0140
http://refhub.elsevier.com/S1044-5803(22)00046-8/rf0140
https://doi.org/10.7449/2005/superalloys_2005_193_202
https://doi.org/10.7449/2005/superalloys_2005_193_202
https://doi.org/10.1520/E0407-07R15E01.2
https://doi.org/10.1007/s11661-016-3515-6
https://doi.org/10.1007/s11661-016-3515-6
https://doi.org/10.1016/j.matdes.2017.01.069
https://doi.org/10.1016/0001-8686(80)80003-0
https://doi.org/10.1016/0001-8686(80)80003-0
https://doi.org/10.1016/j.msea.2004.06.018
https://doi.org/10.1016/j.scriptamat.2018.09.048
https://doi.org/10.1016/j.matchar.2020.110437
https://doi.org/10.1016/j.actamat.2020.02.034
https://doi.org/10.1007/BF02649259
https://doi.org/10.1007/BF02649259
https://doi.org/10.1126/science.1238017

	Phase transformations during continuous cooling in Inconel 718 alloys manufactured by laser powder bed fusion and suction c ...
	1 Introduction
	2 Experiments and computation
	2.1 Experiments
	2.2 Model-prediction of phase stability
	2.3 Simulation of precipitation kinetics

	3 Key equations in classical nucleation and growth theory
	4 Results and discussions
	4.1 Microstructure characterization and dilatometry analysis
	4.2 CCT diagrams of AM and suction-cast alloys
	4.3 Effects of homogenization on the δ phase transformation upon cooling
	4.3.1 Nb homogenization in alloys
	4.3.2 Analysis based on classical nucleation and growth theory
	4.3.3 Analysis based on precipitation simulation

	4.4 Effects of manufacturing methods on the CCT diagrams of the δ phase
	4.5 Effects of cooling rates on microhardness

	5 Conclusions
	Credit author statement
	Data availability
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary data
	References


