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Abstract: Tempering is an important process for T/P92 ferritic heat-resistant steel from the viewpoint of microstructure control, as it facili-
tates the formation of final tempered martensite under serving conditions. In this study, we have gained deeper insights on the mechanism
underlying the microstructural evolution during tempering treatment, including the precipitation of carbides and the coarsening of martensite
laths, as systematically analyzed by optica microscopy, transmission electron microscopy, and high-resolution transmission electron mi-
croscopy. The chemical composition of the precipitates was analyzed using energy dispersive X-ray spectroscopy. Results indicate the for-
mation of M3C (cementite) precipitates under normalized conditions. However, they tend to dissolve within a short time of tempering, owing
to their low therma stability. This phenomenon was substantiated by X-ray diffraction analysis. Besides, we could observe the precipitation
of fine carbonitrides (MX) aong the didocations. The mechanism of carbon diffusion controlled growth of M»3Cg can be expressed by the
Zener' s equation. The movement of Y -junctions was determined to be the fundamental mechanism underlying the martensite lath coarsening
process. Vickers hardness was estimated to determine their mechanical properties. Based on the comprehensive analysis of both the micro-
structural evolution and hardness variation, the process of tempering can be separated into three steps.
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stedl) by the addition of 1.8wt% W and the reduction of Mo

content from 1wt% to 0.5wt% results in the formation of

T/P92 steel with enhanced stress rupture strength [3—-4].
Tempering treatment is an important process in T/P92

1. Introduction

Ferritic heat-resistant 9wt%—12wt% Cr steels have been

widely used in power plants operated under supercritical or
ultra-supercritical conditions owing to their ability to with-
stand high temperatures, good creep resistance properties,
excellent heat conductivity, low therma expansion coeffi-
cient, and high performance-cost ratio [1-2]. Recently,
Cr-W gtedls have attracted great attention as a potential d-
ternative to conventiona Cr-Mo (P91) steels, from the
viewpoint of reduced radioactivation of fusion components.
Furthermore, Cr-W steels are considered to be promising
structural materials owing to their excellent high-tempera-
ture performance compared with traditional Cr—Mo stedls.
Besides, modification of T/P91 stedl (modified 9Cr-1Mo
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steel to obtain suitable microstructure and mechanica per-
formance [5-6]. Thus far, several studies have analyzed the
tempering behavior of T/P92 [7-10], particularly, during
long-term tempering treatment. Nevertheless, very few re-
ports have analyzed the early stages of the tempering proc-
ess. According to the study reported by Caron, the marten-
sitic sub-structure of Fe-0.2C steel is more defined upon
rapid tempering a 690°C for 0.28 s; besides, carbides tend
to precipitate, despite the extremely short tempering time
[11]. These results suggest that the tempering process might
take place even within avery short time. As the T/P92 steel
is a more complex system with a lower carbon content
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compared with Fe-0.2C stedl, tempering behavior during
the early stages in the former is expected to be different
from that in the latter. To this end, this work aims to study
the structure evolution in T/P92 steel during the early stage
of the tempering process, including the precipitation behav-
ior and martensite lath coarsening.

2. Experimental procedures

The experimental material was supplied by Tianjin Pipe
Corporation, and its chemical composition is provided in
Table 1. The raw material was first hot rolled at 950°C to
form a pipe, followed by air-cooling to room temperature.
To increase the heating and cooling rates, the samples were
cut into small sheets with the dimension 10 mm x 10 mm X
0.3 mm. The heat treatment performed in this study is as
follows. Firstly, the sheets were austenitized at 1050°C for
1800 s in a vacuum furnace, followed by air-cooling (nor-
malizing) to room temperature. Subsequently, the samples
were tempered at 650°C for various durations from 10 to 3.6
x10°s.

Table 1. Chemical composition of the experimental T/P92
Stedl wt%

W C S Mn Ni C Mo Cu Al V. B Nb

1.77 0.09 0.42 0.40 0.20 8.95 0.33 0.03 0.016 0.18 0.0013 0.06

The microstructure of the samples was observed by opti-
cal microscopy (OM) and transmission electron microscopy
(TEM) (JEM-2100F). Thin foils for TEM observation were
prepared as the following. Firstly, the sample sheets were

mechanically polished to a thickness of 50 um using emery
paper, followed by double-jet dectrolytic polishing using
the solution of 5vol% perchloric acid-ethyl alcohol. The av-
erage width of the martensite laths and the average diameter
of the precipitates were estimated from TEM images. The
chemical composition of the precipitates was analyzed using
energy dispersive X-ray spectroscopy (EDS). The chemical
extraction was conducted in the solution containing 15vol%
HCI, wherein the matrix was dissolved under this condition,
leaving behind the precipitates [12]. Furthermore, the com-
position of the chemica extraction was analyzed by X-ray
diffraction (XRD) (Rigaku D/max 2500 v/pc with Cu
source). The Vickers hardness (1SO 6507-1:2005 Ed. 3) was
tested by applying aload of 0.49 N after mechanical polish-

ing.

3. Experimental results
3.1 Microstructure after the normalization process

The microstructure of T/P92 samples was observed by
OM and TEM, after normalizing at 1050°C for 1800 s. The
OM image of the sample shown in Fig. 1(a) indicates that
the microstructure after the normalization process is al
martensite which distributed within the parent austenite
grains. The martensite has an elongated lath structure with a
high density of didocations. The lath structure is composed
of packets, which are group of laths with almost the same
plane. The white dotted lines shown in Fig. 1(b) represent
the boundaries of packets, wherein small martensite laths are
distributed. The average width of the martensitic lathsis ap-
proximately (0.2 + 0.02) um.

[

Fig. 1. Microstructuresof T/P92 steel normalized at 1050°C for 1800 s (a) OM image; (b) TEM image.

After the normaizing process, needlelike precipitates
were observed in the matrix, which were identified as M3C
precipitates. The precipitation of M3C is reported to be typi-
ca of the normalization process [13-14]. Fig. 2 shows the
bright and dark field images of the region containing M;C

precipitates. The corresponding selected area electron dif-
fraction (SAED) pattern is shown in Fig. 2(b). It shows that
the nucleation of M3C is mainly homogeneous and does not
seem to depend on crystal defects, such as didocations and
grain boundaries [15].
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Fig. 2. TEM imagesof MC precipitatesin the sample after normalizing: (a) bright field image; (b) dark field image.

Fig. 3 shows the high-resolution transmission electron mi-
croscopy (HRTEM) image of a single needle-like MsC parti-
cle. The corresponding enlarged view of the particle clearly
shows the lattices. Fig. 4(a) shows the fast Fourier transfor-
mation (FFT) of the image, showing the crystalographic in-
dices and zone axis of M3C. Fig. 4(b) showsthe SAED pattern

of the matrix around this MsC precipitate, indicating the [111]
zone axis of the matrix. Using this, we determined the rela
tionship of [113],, .//[111], (. The chemica composition of
MC precipitates was andlyzed using energy dispersive X-ray
spectroscopy (EDS), as shown in Fig. 5, here M is Fe. In the
figure, the additional elements Cr and W are from the matrix.
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Fig. 3. HRTEM images of a single M3C particle: (a) morphology of a single M ;C particle; (b) enlarged image of the region shown
in (a).
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Fig. 4. Crystal faceindex and zone axis of M3C and the surrounding matrix: (a) FFT image of M3C; (b) SAED pattern of the sur-
rounding matrix.
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Fig. 5. EDS spectrum of the area around the M 5C precipitate.

3.2. Microstructural evolution during tempering

The microstructural evolution during tempering consists
of two parts, namely, the precipitation and growth of car-
bides, and the coarsening of martensite lath [11]. After the
normalization process, the martensite structure is supersatu-
rated at room temperature [16]. Therefore, when tempered at
high temperature, the carbides precipitate within the lath or
dong the boundaries of laths and parent austenite grains.
The microstructural evolution during tempering can be
clearly observed by OM, as shown in Fig. 6. After temper-
ing for 120 s, the boundaries of laths and parent austenite
become clear, as shown in Fig. 6(8). Increasing the temper-
ing time to 3600 (Fig. 6(b)) and 7200 s (Fig. 6(c)), carbides

(a)

precipitate significantly along the boundaries or within the
grains. Further prolonging the tempering treatment time to
3.6 x 10° s results in the precipitation of a large amount of
carbides, leading to the coarsening of grain boundaries (Fig.
6(d)).

The microstructural evolution in tempered samples was
further observed using TEM (Fig. 7). In case of the sample
tempered for only 10 s, MxCs carbides are precipitated
along the lath boundaries and parent austenite grain bounda-
ries, as shown in Fig. 7(a). This suggests that the M,3Cq pre-
cipitation takes place immediately at the beginning of tem-
pering treatment. In the samples tempered a 650°C for 10
and 120 s (as shown in Fig. 7(b)), needle-like M5C carbides
are formed in addition to M »Cs, as shown by arrows. When
tempered for 3600 s, there is a significant increase in the
width of the laths and the size of MCs, in addition to the
disappearance of M3C, as shown in Fig. 7(c). Tempering for
up to 3.6 x 10° s (Fig. 7(d)) results in the formation of equi-
axed grains with low didocation density, owing to the re-
covery and recrystallization of martensite. Besides, the sam-
ple tempered for 3.6 x 10° s shows fine carbonitrides (MX)
aong the didlocations, whereiit is easy for MX to precipitate
because of low nuclegtion activation energy (shown by the
arrows in Fig. 7(d)). These dispersed fine MX can provide
significant pinning effect to obstruct the dislocation gliding,
thereby resulting in the strengthening of performance [17].

i

Fig.6. OM imagesof T/P92 steel tempered at 650°C for different time: (a) 120's; (b) 3600 s; (C) 7200's; (d) 3.6 x 10°s.
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Fig. 7. TEM imagesof T/P92 steel tempered at 650°C for different time: (a) 10's; (b) 120s; (c) 3600 s; (d) 3.6 x 10°s.

Fig. 8 shows the HRTEM images of the MxCg precipi-
tate, clearly revedling the lattice pattern. Fig. 9 shows the
FFT image of Fig. 8(b) and the SAED pattern of the matrix
around this M »xCg precipitate. The result indicates the rela
tionship of [011],, .¢//[001], .

Fig. 10 shows the HRTEM images of MX with the size
of approximately 50 nm. The FFT image of Fig. 10(b) and
the SAED pattern of the matrix around this MX precipitate
ae shown in Fig. 11. From this, the relationship
[111],,, //[113], (. can be determined. Fig. 12 shows the

chemical composition of M»Cs and MX, as determined
from the EDS analysis. The resultsindicate that M in M3Ce
ismainly Cr, and MX represent (Nb,V)(C,N). Note that, the
additional elements Fe, W and Mo in Fig. 12(a), and Fe and
Crin Fig. 12(b) are from the matrix.

4. Discussion
4.1. Dissolution of M3C

After normalization, M3C precipitates have been found in

o s el o

Fig.8. HRTEM images of M,3Cg: (a) morphology of a single M xCg particle; (b) enlarged image of theregion shown in (a).
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Fig. 9. Crystal face index and zone axis of M »Cg and the surrounding matrix: (a) FFT image of M ,3Cg; (b) SAED pattern of the
surrounding matrix.
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Fig. 11. Crystal faceindex and zone axis of MX and the surrounding matrix: (a) FFT image of MX; (b) SAED pattern of the sur-
rounding matrix.

the matrix. However, MsC precipitates can be typicaly dis- tempering was determined by performing the XRD analysis
solved within short tempering time because of their low of the extracted chemical, as shownin Fig. 13. In case of the
thermal stability [18]. The composition of carbides during sample tempered at 650°C for 30 s, the main composition is
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Fig. 12. EDS spectra of theregions around the M ,3Cg precipitate (a) and the M X precipitate (b).
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Fig. 13. XRD patterns of the chemical extracted from T/P92
stedl after tempering at 650°C for different time: (a) 30 s; (b)
300s.

MxsCs. In addition, we could observe a small peak of MsC at
260 = 43.3°. Upon tempering at 650°C for 300 s, the peak
corresponding to M;C disappears, indicating that M;C pre-
cipitates have been dissolved.

4.2. Precipitation of M ,3Cg during tempering

The nucleation of elongated M»;Cs occurs aong the lath
and parent austenite grain boundaries. It is typicaly hetero-
geneous, with the critical nucleation size as small as several
nanometers [19]. Once new nucle are formed, these nuclea

tion sites are no longer used for the formation of other nuclei.
This leads to the rapid reduction of nucleation rate with time.

On the other hand, for MxCg precipitation, of which the
phase transformation is determined by solute saturation, the
solute concentration of the micro-region is reduced after the
formation of new nuclei. Thisresultsin the rapid increase of
critica nucleation energy, and thus a significant decrease in
nuclestion rate.

The M,3Cq precipitate is a stable phase, which typicaly
exists during long term tempering. Besides, M43Cs precipi-
tates dispersed along the laths and grain boundaries endow
T/P92 steel with good mechanical properties by blocking the
movement of boundaries. However, the growth of MxCs

will take place during the high temperature tempering after
nucleation. The 3-dimensiona growth controlled by carbon
diffusion can be described by the Zener equation [20]:

d =, (D)2 D
where dis the average diameter at time t, D is the diffusion
coefficient, and o3 is a dimensionless time-independent
growth coefficient. According to the hypothesis proposed by
Zener, a3 depends on the degree of supersaturation, which is
a function of the concentration of solute elements in both
M2Cs and the matrix [21]. Generally, diffusion coefficient
D can be described by the Arrhenius equation:

D=D, exp(_Qd j

RT @)

where Dy is the temperature-independent constant, Qg is the
diffusion activation energy.

For the diffusion of Cin ferrite, D, =6.2x10" m¥/sand
Q, =800 kJwere obtained from previous work [22].

The measured average diameter of M,Cg and the fitted
curve using Eq. (1) are shown in Fig. 14. The fitted curve
and the experimental data are basically consistent, indicating
that Eq. (1) is suitable for the description of M3Cg growth.
The experimentally measured growth rate is rather sow, as
shown in Fig. 14. This indicates that the precipitation of
M2Cs is not only controlled by the diffusion of C but also
the substantial elements, such as Cr, since the diffusion ac-
tivation energy of Cr is much higher than that of C [23].

4.3. Coar sening of martensite laths during tempering

The recovery process, which includes the decrease of
dislocation density and the evolution of morphology of lath
structure, takes place markedly during tempering, as shown
in Fig. 7. The evolution of lath structure morphology is
caused by the movement of lath boundaries, which is driven
by the strain accumulated from the martensitic transforma-
tion. Table 2 shows the change in the measured width of
martensite laths after normalization and tempering treatment.
It shows that the width of martensite laths increases con-



L.Q. Xu et al., Precipitation behavior and martensite lath coar sening during tempering of T/P92 ferritic heat-resistant steel 445

tinuoudly as a function of tempering time. Besides, it can be
observed that the increase of lath width takes place signifi-
cantly during the early stage of tempering treatment, but this
tends to slow down, upon prolonging the tempering time. It
indicates that a large amount of strain is generated during
the martensitic transformation that provides large driving
force for the movement of lath boundaries during the early
stage of tempering treatment. The observed reduction in the
increase rate of lath width with prolonged tempering time
can be attributed to the following two factors: (1) the strain
reduces gradually, thereby lowering the driving force for the
movement of boundaries; (2) the movement of lath bounda-
riesis obstructed by the pinning effect of precipitates.

85
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Fig. 14. Fitted curve and experimental data of the diameter of
M23C6.

Table2. Martendgtelath width at different tempering time

Temperingtime/ s Averagelath width / pm
0 0.20
6x 10" 0.25
6x 10 032
1.8x10° 0.35
36x10 0.38
36x10° 040

Previous studies have performed in situ anaysis of the
movement of lath boundaries [24]. The velocity of the
movement of lath boundaries depends on their inherent
characterigtics, such as the misorientation and the difference
of strain on both sides of each boundary. Since the strain
does not distribute homogeneoudy in the lath structure, lath
coarsening exhibits heterogeneity during the tempering
treatment.

Moreover, the lath coarsening proceeds via the mecha
nisms associated with the movement of lath boundaries. Fig.
15 showsthe TEM image of martensite laths after tempering

a 650°C for 7200 s. Fig. 16 schematically illustrates the two
mechanisms underlying the lath coarsening process. The
TEM images indicate that some M,3Cq particles distribute in
arow in the matrix, as shown by an arrow in Fig. 15 ().
This row of MxCg particles suggests a trace of lath bound-
ary which, once present adong the row, disappears after
tempering. The disappearance of the lath could be attributed
to the recovery of didlocations and the recombination of two
adjacent lath boundaries caused by the movement. This is
the first mechanism (process A) of lath coarsening shown in
Fig. 16. However, there is no clear evidence to substantiate
the presence of the row of carbides in this experiment as
well as in previous work [25]. This implies that process A
may not be the predominant mechanism of lath coarsening.
On the other hand, the TEM image shown in Fig. 15(b) in-
dicates the formation of some Y-junctions, which are
formed via the interlacing of martensite laths. The move-
ment of these Y-junctions (process B) is considered to be
the fundamental process underlying the lath coarsening [25].
A great number of small angle Y -junctions that are formed
during normalizing can be observed in Fig. 1(b), which are
prepared for the lath coarsening during tempering. Upon
prolonging the tempering time, we could observe the forma-
tion of equiaxed grains, which could be attributed to the move-
ment of Y-junctions, as shown in Fig. 7(d). By then, strain
relaxation leads to lowering of the moving velocity of lath
boundaries, thereby slowing down the coarsening process.

4.4, Effects of microstructureon Vickershardness

The Vickers hardness test was applied to characterize the
effect of microstructure change on the mechanical properties
after tempering. The change of Vickers hardness as a func-
tion of tempering time is shown in Fig. 17. This curve ex-
hibits a constantly decrease with prolonging tempering time,
and it consists basically of three steps according to the slope,
as shown by dotted linesin the figure.

Accordingly, based on the comprehensive analysis of the
abovementioned results and the value of Vickers hardness,
the process of tempering can be separated into three steps.
The tempering process during the initial 10 to 120 s is de-
fined as the first step, where the Vickers hardness of the
samples was found to decrease rapidly. This could be as-
cribed to the significant coarsening of martensite laths dur-
ing the early stage of tempering. Here, the lath width is con-
sidered to be the critical factor determining the mechanical
performance [26]. The tempering process from 120 to 3600
sis defined as the second step, during which the coarsening
velocity of laths dows down as a result of low mobility of
lath boundaries, leading to a dow decrease of Vickers hard-
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ness. Finaly, the process of tempering from 3600 to 3.6 x
10° siis defined as the third step, during which the carbides
grow rapidly, together with the formation of equiaxed grains
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with low didocation density. And the decrease of Vickers
hardness is accelerated again because of the weak pinning
effect associated with the significant growth of M x»Cs.

Fig. 15. TEM imagesof T/P92 steel tempered for 7200 s: (a) mor phology of the M »xCg row; (b) mor phology of Y-junctions.
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Fig. 16. Schematic diagram of the recovery process. (a) before recovery; (b) after recovery (process A shows the recombination of
two boundaries, and process B shows the movement of Y-junctions).
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Fig. 17. Rdationship of Vickers hardness and tempering time.
5. Conclusions

(1) Needle-like M3C precipitated during air-cooling from
the austenitizing temperature to room temperature is an un-

stable phase. Thistends to disappear and will be replaced by
the precipitation of stable M »Cs. The tempering process, in-
cluding the precipitation of carbides, coarsening of marten-
site laths, and dissolution of didocation, takes place even
within avery short time at 650°C.

(2) Fine MX carbonitrides are observed along didoca
tions within martensite laths. The growth of M»Cg can be
described suitably by considering the carbon diffusion con-
trolled 3-dimensiona growth equation proposed by Zener.
The fundamental mechanism underlying the lath coarsening
process is the movement of Y -junctions, which occurs as a
result of the strain generated from the martensitic transfor-
mation. Upon prolonging the tempering time, the rate of lath
coarsening decreases because of the strain relaxation.

(3) The process of tempering can be separated into three
steps according to the comprehensive anaysis of micro-
structural evolution and the change of Vickers hardness.
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