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Abstract: As-cast HK40 steel was aged at 700, 800, or 900°C for times as long as 2000 h. Microstructural characterization showed that the 
primary M7C3 carbide network contained a substantial content of manganese, in agreement with the microsegregation of manganese calcu-
lated by Thermo-Calc using the Scheil–Gulliver module. The dissolution of primary carbides caused the solute supersaturation of austenite 
and subsequent precipitation of fine M23C6 carbides in the austenite matrix for aged specimens. During prolonged aging, the carbide size in-
creased with increasing time because of the coarsening process. A time–temperature–precipitation diagram for M23C6 carbides was calcu-
lated using the Thermo-Calc PRISMA software; this diagram showed good agreement with the experimental growth kinetics of precipitation. 
The fine carbide precipitation caused an increase in hardness; however, the coarsening process of carbides promoted a decrease in hardness. 
Nanoindentation tests of the austenite matrix indicated an increase in ductility with increasing aging time. 
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1. Introduction 

Heat-resistant cast steels are designed to be used at high 
temperatures; thus, microstructure degradation may occur 
after their prolonged service exposure at temperatures 
greater than 800°C [1−5]. For instance, HK40 steel, ASTM 
A-351 [6], has been used in the manufacture of different 
components for the oil, gas, thermal power, chemical, and 
petrochemical industries [1−9]. These components are sen-
sitive to failure because of creep damage, creep fatigue, 
σ-phase embrittlement, carburization, thermal shock, or 
high-temperature corrosion [4]. The microstructural changes 
that occur during heating of this steel are mainly responsible 
for most of these failures [2−3,7]. Therefore, several studies 
have been conducted to describe the microstructural changes 
in this type of steel [1−5,7−9]. Thermo-Calc [10] has been 
applied successfully to analyze the microstructural changes 
in different alloys at their respective service temperatures. 
Furthermore, Thermo-Calc enables us to calculate the ex-
pected phases, as well as their composition, for an alloy 

system not only in the equilibrium state but also in the 
non-equilibrium condition using the Scheil–Gulliver equa-
tion [10]. That is, the phases formed in the as-cast HK40 
steel can also be analyzed using this software. Thermo-Calc 
PRISMA [11] is a software program based on the Lan-
ger–Schwartz (LS) theory and the Kampmann–Wagner nu-
merical (KWN) model; this program has recently been used 
to analyze the precipitation process of different phases dur-
ing aging of steels and alloys [12]. This software enables 
researchers to obtain, for instance, the size, size distribution, 
number density, and the composition of precipitated phases 
as well as the time–temperature–precipitation (TTP) dia-
gram. Thus, the use of Thermo-Calc PRISMA would be a 
good alternative to complement the analysis of precipitation 
during isothermal aging of HK40 steel. 

As previously mentioned, the microstructural changes in 
aged HK40 steel are closely related to the deterioration of its 
mechanical properties. Recently, nanoindentation tests [13] 
have been demonstrated to be a good alternative to follow 
the change in mechanical properties due to the precipitation 
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evolution in steels under creep condition. Thus, the purpose 
of the present work is to analyze the precipitation evolution 
during isothermal aging at 700, 800, and 900°C for different 
periods of time and its effect on the mechanical behavior of 
as-cast HK40 steel. 

2. Experimental methodology 

The chemical composition of the as-cat HK 40 steel is 
shown in Table 1. The composition is consistent with the 
nominal one specified in ASTM standard A-351 [6]. Speci-
mens of approximately 10 mm × 10 mm × 10 mm were cut 
from the as-cast ingot. These specimens were aged at 700, 
800, or 900°C for times up to 2000 h in an electric tubular 
furnace. The as-cast and heat-treated specimens were pre-
pared metallographically, etched with Kalling’s reactant (5 g 
CuCl2, 100 mL HCl, and 100 mL ethanol), and then ob-
served by both optical light microscopy and scanning elec-
tron microscopy (SEM). Energy dispersive X-ray spectros-
copy (EDX) was used to determine the chemical composi-
tion of some precipitates in the steel specimens. Some spe-
cimens were also analyzed by X-ray diffraction (XRD) us-
ing Cu K radiation. The size of precipitates was deter-
mined from high-resolution SEM micrographs at 20000× 
magnification using commercial software installed on a per-
sonal computer. The Rockwell C hardness was measured for 
all of the specimens according to the standard procedure using 
a 1470 N load and a diamond indenter [14]. Some specimens 
were also tested with a commercialized indentation test ma-
chine under a load of 2 mN and for a duration of 12 s. 

Table 1.  Chemical composition of the HK40 steel   wt% 

C Mn Si Cr Ni S P Fe 

0.40 1.50 1.60 25.00 20.00 0.03 0.03 Bal.
 

3. Numerical methodology 

The Thermo-Calc software was used to carry out the 
non-equilibrium analysis of the solidification for HK40 steel 
based on the Scheil–Gulliver equation [10]. The data used in 
the calculations included the chemical composition reported 
in Table 1 and the thermodynamic database for steels [15]. 
This analysis predicts the phases present in the as-cast HK40 
steel as well as the degree of microsegregation in the austenite 
dendrites. In addition, the Thermo-Calc calculations of the 
pseudobinary and pseudoternary diagrams are useful for pre-
dicting the equilibrium phase after aging of the steel.  

The precipitation analysis for the as-cast HK40 steel was 
carried out using the Thermo-Calc (TC) PRISMA software. 

The simplified growth model was used in precipitation si-
mulations. The initial chemical composition for the precipi-
tation analysis was assumed to be that corresponding to the 
maximum microsegregation of the austenite dendritic struc-
tures calculated with TC using the Scheil–Gulliver equation. 
The concentrations of most of the alloying elements were 
slightly lower than their corresponding concentrations in the 
steel. The kinetic and thermodynamic data were acquired from 
the TC databases for steels [11,15]. The molar volumes of the 
matrix and the precipitate phases for the HK40 steel were also 
calculated from the TC databases. The reference values of in-
terface energy reported in the literature [16] between the auste-
nite σ-phase and the austenite M23C6 phase were 0.28 and 0.22 
J/m2, respectively. Homogeneous nucleation was assumed for 
the precipitation simulation in the austenite matrix, which is re-
ferred to as “bulk nucleation” in TC-PRISMA.    

The TC-PRISMA precipitation module [11] is based on 
the LS theory and uses the KWN method [12] to simulate 
the concomitant nucleation, growth, and coarsening of pre-
cipitates for multicomponent and multiphase alloy systems. 
The LS theory enables the time evolution of the particle size 
distribution, mean radius, and the number density to be pre-
dicted by solving the following equations: 
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Eq. (1) enables calculation of the apparent size distribu-
tion fa(R*,t), where R* is the critical radius and t is time. The 
LS theory considers the evolution of precipitates with mean 
radius LSR  larger than R*; b is a constant. Eq. (2) enables 
calculation of the number density NLS, whereas Eq. (3) fol-
lows the time evolution of mean radius LSR  as a function 
of nucleation rate and growth rate of precipitates, J[R*(t)] 
and ( )LSv R , respectively. δR* is the variation of critical 
radius R*. These equations are solved together with the con-
tinuity equation, Eq. (4), where cp is the precipitate compo-
sition, co is the matrix composition, and c  is the mean 
composition of the alloy.  

The critical radius R*, the nucleation rate J[R*(t)], and the 
growth rate ( )LSv R  are evaluated according to the static 
and dynamic nucleation and growth theories [12]. In the 
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case of modified Langer–Schwartz (MLS) theory, the equi-
librium solubilities are calculated using the linearized ver-
sion of the Gibbs–Thomson equation [12]. By contrast, the 
KWN method [12] uses a numerical algorithm to compute 
the evolution of size distribution f(R,t) with time. In this case, 
f(R,t) is subdivided into intervals [Rj+1, Rj] and nj particles. 
The dissolving particles with R > R* are considered to be-
long to the precipitating phase. Thus, the continuous time 
evolution of f(R,t) is split into discrete interval Δt, which 
causes small changes in radii R and results in matrix super-
saturation. This fact enables us to assume that the nucleation 
and the growth rates are constant during Δt. Thus, f(R,t) can 
be calculated reliably. This method accounts for the coar-
sening process without any special treatment. 

4. Results  

4.1. As-cast HK40 Steel 

The equilibrium pseudobinary Fe–Cr phase diagram was 
calculated using TC for HK40 steel [14]; the result is shown 
in Fig. 1. This figure shows the equilibrium phases using the 
TC nomenclature. In the case of the Cr content of HK40 
steel, 25wt%, the liquid phase is present until approximately 
1370°C and then a slow cooling induces the formation of 
the austenite phase, which coexists with the liquid. Further 
cooling promotes the disappearance of the liquid and the 
subsequent formation of M7C3 carbide. This result suggests 
that the following eutectic reaction occurs: L → austenite + 
M7C3. As cooling progresses, M23C6 carbide, which is noto-
rious, forms via a precipitation reaction: austenite → auste-
nite + M23C6. The austenite phase accompanied by M23C6 
remains present at temperatures less than approximately 
1200°C as the M7C3 carbide disappears. Finally, the σ-phase 
is also formed by a precipitation reaction: austenite → aus-
tenite + σ. Thus, the expected equilibrium phases are auste-
nite, M23C6, and σ at low temperatures for this steel.  

Fig. 2 shows an SEM micrograph of the as-cast HK40 
steel; its microstructure consists of austenite phase dendrites 
along with interdendritic regions composed of a carbide 
network. The network average size is approximately 25 μm. 
The XRD pattern of the as-cast specimen is shown in Fig. 3. 
The XRD peaks correspond to the austenite matrix and 
M7C3 carbides. The presence of these phases is consistent 
with the predicted phases shown in the plot of temperature 
versus solid fraction calculated using the Scheil–Gulliver 
model of TC [10] (Fig. 4(a)). This model assumes that solid 
diffusion in the solid phase is sufficiently small to be consi-
dered negligible and that diffusion in the liquid is sufficiently 
fast for diffusion to be considered complete [10]. In this dia-

gram, the onset of solidification is marked by point A, with 
the formation of austenite on the line indicated by B. Point 
C corresponds to the start of M7C3 carbide formation, and 
point D corresponds to the start of ferrite composed main-
ly of Fe and Cr. In this analysis, the mass fraction of aus-
tenite phase is greater than 0.9 and the mass fraction of 
M7C3 is 0.03. The mass fraction of ferrite is approx-
imately 0.01. The low mass fraction of ferrite appears to 
be the reason that it was not detected in the XRD pattern 
in Fig. 3. 

 
Fig. 1.  Equilibrium pseudobinary Fe–Cr phase diagram for 
HK40 steel. 

 
Fig. 2.  SEM micrograph of the as-cast HK40 steel. 

 
Fig. 3.  XRD pattern of the as-cast HK40 steel. 
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Fig. 4.  Plot of temperature vs. solid fraction (a) and Mn content for the austenite phase (b), as determined by Thermo-Calc, in the 
as-cast HK40 steel.  

Fig. 5 shows the SEM image and the corresponding 
EDX-SEM elemental mapping images for the as-cast spe-
cimen. These images confirm the presence of chromium 
carbides and the existence of nickel in the austenite den-
drites. An interesting point is that manganese is also present 
in the interdendritic zone formed by chromium M7C3 car-
bides and austenite. The chemical element microsegregation 
of the as-cast alloy was also analyzed using the 
Scheil–Gulliver model module in TC. The manganese mi-
crosegregation from a low to a high content is observed in 
the austenite dendrite from its center (the first solid to be 
formed from point A to point C in Fig. 4(b)) to the dendrite 
extreme (the last part of the solid formed during solidifica-
tion in this figure). Other elements such as carbon and 

chromium show the same microsegregation behavior. A re-
markable point is that nickel microsegregation is not ob-
served in the austenite dendrite and its concentration in the 
carbides decreased. Fig. 4(b) also indicates that manganese 
is concentrated in the network of carbides (the region from 
point C to D), which is in agreement with the manganese 
distribution shown in Fig. 5. This carbide network, also 
known as primary carbides, has been reported [2−3] to be 
formed by a eutectic reaction, as previously discussed. That 
is, the liquid phase retains the manganese lost from the den-
drite during solidification and then solidifies into a mixture 
of the austenite phase and M7C3 carbides. This process ap-
pears to result in manganese being trapped in the interden-
dritic zone during the solidification process.  

 
 

Fig. 5.  SEM image (a) and the cor-
responding EDX-SEM elemental map-
ping images of Cr (b), Mn (c), Ni (d),
and Fe (e) for the as-cast HK40 steel. 
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4.2. Aged HK40 steel 

The evolution of precipitation is shown in Figs. 6(a)–6(c) 
for the as-cast HK40 steel heated at 800°C for different 
times. Two events are clearly observed. The first event cor-
responds to the dissolution of the carbide network, which 
causes a supersaturation of solutes in the austenite matrix. 
According to the semiquantitative EDX analysis of the 
M7C3 carbides, as shown in Table 2, the carbon and chro-
mium contents tend to decrease and increase, respectively, 
with increasing aging time, which suggests carbon supersa-
turation of the austenite matrix. Furthermore, the chemical 
composition of the M7C3 carbide gradually approaches to 
the experimental and TC calculated compositions of the 
M23C6 carbide, as also shown in Table 2. This trend suggests 
the transformation of M7C3 → M23C6, and this transforma-
tion appears to be the reason why peaks associated with 
M7C3 are not observed in the XRD pattern in Fig. 7. The 
second event is the precipitation of fine carbides from the 
solute-supersaturated austenite solution, which are known as 
secondary carbides. This precipitation event is in agreement 

with the previously discussed phase transformations in the 
equilibrium pseudobinary Fe–Cr phase diagram (Fig. 1). 
The morphology of the secondary carbides is mainly cuboid 
along with some thin plates that exhibit preferential  
alignment with the austenite matrix. These morphology and 
orientation relationships have been reported [17] to occur 
during the precipitation of M23C6 carbides in the austenite 
matrix as a result of the low-coherency elastic-strain energy 
in these crystallographic directions. Furthermore, a 
cube–cube orientation between these phases has been re-
ported to occur in these steels [17]. In the present work, 
similar orientation and morphology results were observed 
in specimens aged at the other two temperatures. The vo-
lume fraction of precipitation was slightly higher (9vol%) 
in the specimens aged at 700°C than in those aged at 800 
and 900°C (8vol% and 7vol%, respectively), in good 
agreement with the TC calculated equilibrium values, 
which range from 7.4vol% to 7.8vol%. This higher volume 
fraction for the specimen aged at 700°C is attributable to 
its greater driving force for precipitation and, thus, its  

 

Table 2.  Experimental and Thermo-Calc (TC) calculated chemical compositions of carbides          wt% 

Carbide Aging time / h C Cr Fe Ni Mn 

M7C3 
0 13.7 52.1 27.6 6.6 0.3 

1000 9.7 70.5 17.2 2.6 0.2 

M23C6 
1000 9.3 66.1 20.1 4.25 0.28 

TC equilibrium value 5.6 78.9 13.5 1.9 0.7 
 

Fig. 6.  SEM micrographs of the as-cast
HK40 steel aged at 900°C for different
times: (a) 50 h; (b) 500 h; (c) 1500 h. 
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Fig. 7.  XRD pattern of the as-cast HK40 steel aged at 700°C 
for 1500 h. 

faster nucleation rate [12] compared with those of the spe-
cimens aged at 800 and 900°C. In addition, SEM observa-
tions of the precipitation process indicate that the coarsen-
ing of precipitates occurs during aging at all three investi-
gated temperatures. Furthermore, the growth kinetics of 
precipitate coarsening is faster with increasing aging tem-
perature, which is attributable to an increase in atomic dif-
fusivity [12]. 

The XRD pattern of the as-cast HK40 steel after aging at 
700°C for 1500 h is shown in Fig. 7. This pattern indicates 
that the precipitated carbide phase in the austenite matrix 
corresponds to M23C6 carbides; the presence of M7C3 car-
bides was not detected. This result is in good agreement 
with the TC calculated amounts of equilibrium phases as a 
function of temperature (Fig. 8), which indicates that the 
equilibrium phases are mainly M23C6 and austenite for this 
steel at 800 and 900°C. The σ-phase is also present at 700°C. 
In addition, the EDX analysis results for the M23C6 precipi-
tates show mainly the presence of chromium, iron, and car-
bon (Table 2). Furthermore, the SEM analysis of the preci-
pitates indicates that both the cuboid and thin-plate carbides 
exhibited the same approximate chemical composition, 
which confirms that both precipitate morphologies corres-
pond to the M23C6 carbides. No formation of the σ-phase 
was detected in the specimens aged at 700, 800, or 900°C 
for times as long as 2000 h. This result appears to be related 
to the higher interfacial energy (0.28 J/m2) between the σ 
and austenite phases compared with that between the M23C6 
and austenite phases (0.22 J/m2) [16], which requires a 
higher driving force to decrease the activation energy for 
nucleation [12]. Thus, the precipitation of M23C6 carbides 
precedes that of the σ-phase. This fact also suggests that the 
nucleation of the σ-phase would be easier at aging tempera-
tures less than 700°C because of an increase in the driving 
force. 

 

Fig. 8.  Amount of all equilibrium phases calculated by 
Thermo-Calc for the HK40 steel. 

5. Discussion 

5.1. Precipitation kinetics 

The simulation of precipitation in the aged HK40 steel 
was conducted using the software TC-PRISMA. The simu-
lation results indicate that the M23C6 precipitates are only 
formed in the austenite matrix during aging at 700, 800, or 
900°C for up to 2000 h, as previously explained. Although 
the TC software calculated the amounts of equilibrium 
phases as a function of temperature, as shown in Fig. 8, the 
results also indicate the presence of σ-phase at 700 and 
800°C. This fact is in good agreement with the previously 
discussed experimental results. TC-PRISMA enables us to 
calculate the precipitate mean radius variation with time 
using the KWN method. That is, the mean radius of par-
ticles is increased gradually with each Δt increment in 
time and then the software assesses whether the mean ra-
dius is larger than the critical radius for that time. If not, 
the particles are allowed to continue growing. In the con-
trary case, the particles are dissolved. This KWN method 
enables the simultaneous analysis of the nucleation, 
growth, and coarsening of precipitates. The calculated 
variation of M23C6 carbide precipitates’ radius r with the 
aging time is shown in Fig. 9 for the HK40 steel aged at 
900°C for different interfacial energies between the ma-
trix and the carbides (i.e., 0.15, 0.25, 0.28, and 0.30 J/m2). 
Additionally, the experimental results for the carbide 
equivalent radius are also included in this figure for aging 
at the same temperature and different times. The mean ra-
dius curves corresponding to the interfacial energies of 
0.15, 0.25, and 0.28 J/m2 are in the coarsening stage from 
100 to 2000 h because the plot of logarithm of radius vs. 
logarithm of time produces a straight line with a slope of 
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approximately 1/3; however; the mean radius curve for 
0.30 J/m2 clearly exhibits a plateau, which indicates that 
the precipitate growth stops and, thus, that the coarsening 
stage has not yet been reached [18]. As evident in Fig. 9, 
the experimental values are closer to the precipitate 
growth kinetics for the interfacial energy of 0.25 J/m2, 
which is in good agreement with the energy values re-
ported in the literature [16]. Thus, this energy value was 
used in subsequent calculations. Notably, the evolution of 
the experimental mean radius with time for M23C6 preci-
pitates corresponds to the coarsening stage and follows 
the modified Lifshitz–Slyosov–Wagner (LSW) theory for 
diffusion-controlled coarsening [12]. That is, the cube 
value of the equivalent radius of precipitates shows a li-
near relation with aging time, in good agreement with the 
exponent of 1/3 calculated by the TC-PRISMA simula-
tion. 

 

Fig. 9.  Plot of mean radius r versus aging time t calculated by 
TC-PRISMA. 

The TTP diagram calculated by TC-PRISMA is shown in 
Fig. 10 for the precipitation of the M23C6 carbide and 
σphases in the austenite matrix. The start curve for bulk 
nucleation was calculated for a minimum volume fraction of 
0.001. The fastest growth kinetics of precipitation occurs 
during aging at approximately 875°C. According to the TTP 
diagram of this steel, the growth kinetics of precipitation is 
faster for aging at 900°C than at 800 or 700°C. The slowest 
kinetics corresponds to the aging at 700°C. Fig. 10 also 
shows the micrographs corresponding to the precipitation 
evolution in the as-cast HK40 steel aged at 700, 800, or 
900°C for 50, 150, or 1500 h. The largest experimental pre-
cipitate size and the lowest precipitate volume fraction cor-
respond to aging at 900°C. Conversely, the smallest size and 
highest volume are for aging at 700°C. This behavior is at-
tributable to the higher force driving for nucleation during 

aging at 700°C, which promotes a higher nucleation rate and, 
thus, a higher volume fraction of precipitates, whereas the 
slower atomic diffusion causes slower growth-coarsening 
kinetics, resulting in a smaller precipitate size. The contrary 
effect—faster diffusion and coarsening occurs in the case of 
aging at 900°C.  

 
Fig. 10.  TTP diagram calculated by TC-PRISMA for M23C6 
precipitation. 

The start curve for the σphase precipitation is located at 
lower temperatures, 550 to 650°C, and corresponds to times 
longer than 20 h. In the calculated TTP diagram, the interfa-
cial energy was assumed to be 0.1 J/m2; however, the in-
crease in interfacial energy results in a shift of the start curve 
to longer times. The calculated volume fraction of the 
σphase is approximately 1.5% for aging at 600°C for 2000 h. 
The calculated TTP diagram suggests that the start of the 
σ-phase precipitation would occur at aging times longer 
than 2000 h at 700°C. 

5.2. Age hardening 

The evolution of the Rockwell C hardness as a function 
of aging time at 700, 800, or 900°C is shown in Fig. 11. An 
increase in hardness with time is observed in specimens for 
the three aforementioned aging temperatures, which is at-
tributed to the fine size of M23C6 carbide precipitates. Nev-
ertheless, the hardness for specimens aged at 900°C shows a 
rapid decrease in hardness for shorter times as a result of its 
faster coarsening process, as previously described. By com-
parison, the specimens heated at 700 or 800°C exhibited a 
decrease in hardness after longer aging times compared with 
the hardness of the specimen heated at 900°C. In addition, 
aging at 700°C promoted greater precipitation hardening 
because of the finer precipitation at this temperature. The 
behavior of precipitation hardening is in good agreement 
with the growth kinetics of M23C6 precipitation, as shown in 
Fig. 10.  
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Fig. 11.  Plots of Rockwell C hardness versus aging time for 
the HK40 steel at 700, 800, and 900°C, respectively. 

Fig. 12 shows the plots of load versus displacement of 
the nanoindentation test for the austenite matrix in the 
as-cast HK40 steel aged at 800°C for 0 (as-cast), 50, 500, or 
1500 h. The ductility (softness) of the austenite matrix in-
creases with the aging time despite the precipitation har-
dening, as shown in Fig. 11. The increase in ductility of the 
matrix appears to be associated with the loss of different so-
lutes from the austenite matrix during the different stages of 
the precipitation process: nucleation, growth, and coarsening. 
The nanoindentation results for the specimens aged at 
900°C show the same increase in ductility for shorter aging 
times, which is associated with the faster growth kinetics of 
precipitation at this temperature. Nevertheless, the nanoin-
dentation results show no clear tendency in the case of the 
specimen aged at 700°C, likely because of the higher vo-
lume fraction of fine precipitates dispersed in the austenite 
matrix.  

 

Fig. 12.  Plots of load versus displacement for the HK40 steel 
aged at 800°C for different times. 

6. Conclusions 

Precipitation analysis was carried out during the isother-

mal aging of the as-cast HK40 steel. The conclusions are 
summarized as follows: 

(1) The experimental and TC analyses of the aging 
process at 700, 800, and 900°C for times up to 2000 h in the 
as-cast HK40 steel show that the primary M7C3 carbide 
network was not only composed of iron, chromium, and 
carbon, but also manganese. The primary carbides were 
dissolved at the early stages of aging, which caused carbon 
solute supersaturation of the austenite matrix; thus, increas-
ing aging time promoted the precipitation of secondary 
M23C6 carbides. The chemical composition of M7C3 
changed during precipitation, and it became close to that of 
M23C6.  

(2) The TC-PRISMA calculated TTP diagram for M23C6 
carbides exhibited good agreement with the experimental 
precipitation growth kinetics.  

(3) The fine precipitation induced an increase in hardness 
with time, and prolonged aging caused the coarsening of 
precipitates, which promoted a decrease in hardness with 
increasing aging time.  

(4) The loss of solute content in the austenite matrix dur-
ing precipitation contributed to the increase in ductility, as 
detected in the nanoindentation tests. 
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