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Abstract The precipitation evolution was studied experimentally and numerically
during aging of as-cast heat resistant steel at 700, 800 and 900 °C. Thermo-Calc
result showed a good assessment of the non-equilibrium phases for as-cast HK40
steels in comparison to the experimental results. In contrast, the
Time-Temperature-Precipitation diagram for the M,3C¢ precipitation calculated
with PRISMA showed a good agreement with the experimental growth kinetics
precipitation for the steel after aging at 700, 800 and 900 °C.
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Introduction

Heat-resistant type steels are used usually in the as-cast condition and they were
developed to be used at high temperatures of 700-900 °C for prolonged times. This
exposure may cause the deterioration of microstructure [1]. For instance, HK40 and
HP40 steels are examples of heat resistant steels which have been applied to fab-
ricate different industrial components [2]. These components may failure because of
creep damage, metal dusting creep fatigue and the presence of brittle phases, among
other causes [3-5]. The microstructure changes usually occurs during heating of
these steels [4]. Several works [6, 7] have been conducted to study the
microstructure evolution in this steel. Thermo-Calc softwares [8] have been utilized
successfully to analyze not only the phase stability in the equilibrium and
non-equilibrium (as-cast) conditions, but also the precipitation kinetics in different
alloys at the service temperatures. PRISMA software permits to calculate
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numerically the growth kinetics of precipitation and the precipitation results can be
summarized in Time-Temperature-Precipitation TTP diagram. Thus, the purpose of
the present work is to analyze microstructural and numerically the formed phase in
two heat-resistant steels, HK40 and the precipitation evolution during the isother-
mal aging at 700, 800 and 900 °C for different times.

Experimental Procedure

The chemical composition of the HK40 steel is shown in Table 1. Specimens of
approximately 10 X 10 x 10 mm were cut from the cast ingot. These specimens
were aged at 700, 800 and 900 °C for times up to 2000 h in an electric tubular
furnace. The as-cast and aged specimens were prepared metallographically, etched
with Kalling etchant, and then observed with both light (LM) and scanning electron
(SEM) microscopes. Energy-Dispersive X-ray (EDX) analysis was used to deter-
mine the chemical composition of some precipitates in the steel specimens. Some
specimens were also analyzed by X-Ray Diffraction (DRX) with Cr Ka radiation.

Precipitate size was determined using SEM micrographs with a commercial
software installed in a PC. A Thermo-Cal and PRISMA analyses were conducted
for the phase formation and precipitation of HK40 [9].

Results and Discussion

Microstructural Characterization of Precipitation

Figure 1 shows the SEM micrographs of the microstructure evolutions for HK40
steel aged at 700, 800 and 900 °C for times up to 1500 h. SEM micrograph of
as-cast steel indicates the presence primary carbides in the interdendritic zones and
dendrites of the austenite matrix This primary carbides show an interlamellar
morphology because they are formed by a eutectic reaction, as will be explained
later. XRD diffractogram is shown in Fig. 2 for as-cast steel and it indicates the
presence of XRD peaks corresponding to the austenite matrix and M,C; carbides.

The aging process causes the precipitation of secondary carbides in the austenite
matrix. These carbides have a cuboid morphology at the beginning of aging and it
changes to rectangular plates with aging time. These plates show a crystallographic
alignment with the austenite matrix [10]. The size of precipitates increases with
aging time and temperature, as shown in Fig. 3. The coarsening process of

Table 1. .Che.:micatly el Steel C Mn Si Cr Ni Nb |Ti
composition in wire ob steel "0 (040 150 | 1.60 2500 | 2000 |- |-
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Fig. 1 SEM micrographs of the aged at 700, 800 and 900 °C for different times

secondary carbides is notorious during aging at 800 and 900 °C for long aging
times. The decrease in the density of precipitates is clearly observed for these cases.
Figure 5 shows the variation of radius to cube versus aging time having a linear
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dependence which suggests that the coarsening of secondary carbides is a
diffusion-controlled process as predicted by the Lifshitz-Slyozov-Wagner theory
[11]. The primary carbides are observed to be gradually dissolved with aging time.
XRD diffractograms for the specimens aged at 800 and 900 °C for 1500 h, as
shown in Fig. 3, which indicates that the precipitates correspond to M,;C¢ carbides
for both specimens.

The EDS-SEM element mapping images of the steel in the condition of as-cast
and aged at 700 °C for different times is shown in Fig. 4. This figure shows clearly
that the primary carbides are mainly composed of Cr; however, the presence of Mn
is also noted. The chemical composition of secondary carbides is not clearly dis-
tinguished in Fig. 4. Nevertheless, SEM-EDS analysis reveals that are mainly
composed of Cr and Fe.
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Fig. 4 EDS-elemental mapping for the as-cast steel and aged at 700 °C for different times
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The previous characterization results point out that the secondary M,3Cq car-
bides are formed by the following precipitation reaction:
Y= v+ MxCe (1)

That is the formation of M,3C¢ precipitates is useful to increase the creep
strength of the steel when is in-service operation at high temperatures.
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Thermo-Calc and PRISMA Analysis

The analysis of solidification for the steel was carried out based on the
Scheil-Guiliver equation [8]. This analysis permits to determine the
non-equilibrium phases formed during the alloy solidification. For instance, Fig. 6
shows the plot of temperature against the mole fraction of all phases. This figure
indicates that the first solid phase is the austenite (FCC_AI1#1 in Thermo-Calc
designation) dendrites and subsequently the primary carbide M;Cj; is formed fol-
lowing the eutectic reaction: L — vy + M5Cs. Furthermore, Themo-Calc predicts
that the eutectic reaction takes place at approximately 1260 °C which is in good
agreement with the literature [6]. The presence of this lamellar microconstituent is
also observed in as-cast steel, Fig. 1. Thermo-Calc also shows that the carbides are
not only formed by C, but also Mn content is also present which is in agreement
with Fig. 4. As the temperature decreases, Fig. 6 shows that the M23C6 can pre-
cipitate from the supersaturated austenite matrix. The delta ferrite phase (BCC_A2)
can also be present at low temperatures in a low volume fraction. This phase was
not detected by XRD analysis of Fig. 2.

Figure 7 shows the equilibrium isoplethic or pseudobinary Fe-Cr phase diagram
calculated by Thermo-Calc. This diagram shows clearly that the y austenite and
M,5C¢ carbides (FCC_A1#1 and M23C6) are the equilibrium phases expected for
the steel composition at temperatures between 700 and 900 °C. These phases are
consistent with the phases detected in the steel aged at 800 and 900 °C for 1500 h.
This also confirms the precipitation reaction, as described previously.

TC-PRISMA [8, 12] enables us to calculate the Time-Temperature-Precipitation
TTP diagram of M,3C¢ carbide precipitation for this steel. The chemical compo-
sition of the austenite phase was calculated by Thermo-Calc using the Scheil
module. This is very close to that of the real alloy composition. Additionally, the
interfacial energy between y and M,;Cg was considered to be about 0.23 J/m?,
according to the literature [12].
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TC-PRISMA solves numerically the equation of the modified Langer-Schwartz
theory [11] which consider that the nucleation, growth and coarsening of precipi-
tates is concomitant. The solution can be completed using the N-model of Kapmann
and Wagner [11]. The precipitation was considered to be a homogeneous nucleation
process (bulk nucleation). TTP diagram is presented in Fig. 8 which indicates that
the nucleation and growth kinetics of M23C6 precipitation in the austenite matrix
occurs more rapidly at about 880 °C which is consistent with SEM microstructure
of Fig. 1 which shows a faster kinetics of precipitation at about 900 °C than that of

the other two temperatures, 700 and 800 °C.
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Conclusions

Thermo-Calc analysis of as-cast HK40 steel assessed correctly the non-equilibrium
formed phases. These are mainly M,C; carbides and austenite. Aging treatment at
temperatures of 700, 800 and 900 °C for different times promoted the precipitation
of M,3C¢ in the austenite matrix. PRISMA calculated TTP diagram for the M»3Cq
precipitation is consistent with the SEM observations of the aged steel.
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