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Abstract

The impact of various heat treatment procedures on microstructure, dis-
location density, hardness, tensile characteristics, and impact toughness of
P92 steel was examined in the current experiment. The martensitic micro-
structure and average microhardness of 463 HV 0.2+ 8 HV 0.2 of the normal-
ized steel were prevalent. A tempering procedure was carried out at 760 °C for
a range of 2 hours to 6 hours. Additionally, an X-ray diffraction examination
was carried out, and the results were used to determine the dislocation den-
sity. The normalized sample was characterized by a high dislocation density.
The dislocation density was decreased by tempering of normalized samples.
With an increase in tempering time, the effect of the treatment coarsened the
grains, precipitates, and decreased the area fraction of precipitates. After tem-
pering, MX, M,,C,, and M,C; types precipitates were found to have pre-
cipitated, according to energy dispersive spectroscopy and x-ray diffraction re-
search. The ideal tempering period was determined to be 4 hours at a
tempering temperature of 760 °C based on the microstructure and mechanical
characteristics. Steel that was tempered at 760°C for 4 hours had a yield
strength of 472 MPa, an ultimate tensile strength of 668.02 MPa, and an elon-
gation of 26.05 %, respectively.
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TABLE 1 Chemical composition of as received P92 steel.
Elements C Mn Ni Cr Mo
P92 steel 0.09 0.39 0.18 8.94 0.41

1 | INTRODUCTION

It is imperative to design and produce new heat-resistant
steels so that the power plants can run at high temper-
ature and pressure in order to enhance the efficiency of
the thermal power plants and safeguard the environ-
ment by lowering the emission of carbon dioxide gas
[1-4]. Because of their weak resistance to creep and oxi-
dation, standard chromium-molybdenum steels are not
favored for such working circumstances. Because of its
outstanding physical and mechanical qualities, creep
strength enhanced ferritic P92 steel is regarded a viable
material for such applications [5]. With a low thermal
expansion coefficient, strong oxidation resistance, high
thermal conductivity, and outstanding creep strength,
P92 steel has excellent mechanical qualities [6, 7]. This
class of steel is mainly used for fabrication of compo-
nents where the operating temperature and pressure are
in range of 580°C to 625°C and 250 bar to 300 bar, re-
spectively [8, 9]. By increasing the alloying element com-
position to 1.5% tungsten, 0.005% boron, and lowering
the molybdenum level to 0.5%, the P92 steel was created
to increase the creep strength of P91 steel, particularly at
high temperatures [10-14]. A 30% hike in high temper-
ature strength of P92 steel over P91 due was due to the
solid solution strengthening by tungsten, stabilization of
martensite lath structure by M,,C, precipitates and inter
lath MX type precipitates. The presence/formation of
such precipitates depends on temperature and soaking
time of normalizing and tempering [15]. In study of the
effect of normalizing and tempering parameter on me-
chanical properties of P92 steel, the tempering time was
the most significant factors effecting elongation as com-
pared to normalizing temperature and time [16]. In pres-
ent study, the effect of tempering time on microstructure
and mechanical properties of the P92 steel was inves-
tigated. A quantitative measurement of microstructural
parameters like size and fraction of precipitates, grain
size and dislocation density have been made. Effects of
microstructure on tensile properties and impact tough-
ness have been discussed.

Si P Nb A% w Fe

0.11 0.01 0.06 0.18 1.59 Balance

2 | EXPERIMENTAL PROCEDURE

The cast and forged, creep strength enhanced ferritic
steel of grade P92 was used in this work. The chemical
make-up of base metal shoes 8.94% of chromium,
Table 1. The specimens had dimensions of
100 mmX25 mmx10 mm when they were cut and ma-
chined. The material was hot forged at 950°C in its origi-
nal form. The plates were first normalized at 1050 °C for
1 hour, then cooled with air. The normalized samples
were then given a tempering treatment at 760°C for a
range of 2 hours to 6 hours, followed by air cooling to
room temperature. Slices from each specimen were
made according to normal metallographic practice,
which involves polishing followed by an etching process
using villela reagent solution, for microstructural re-
search and hardness testing. A field emission scanning
electron microscope with energy dispersive spectroscopy
was used to characterize the specimens’ microstructural
characteristics under all the circumstances. The grain
size and precipitate size were measured using matlab
software using the line cut program in order to inves-
tigate the impact of tempering time on metallurgical pa-
rameters. Utilizing an x-ray diffractometer with Cuk, ra-
diation and a scan rate of 1° per minute, an investigation
of x-ray diffraction was carried out. The peaks with 26
values ranging from 20° and 120° were recorded and dis-
location density was calculated using Williamson-Hall
technique. Vickers hardness testing equipment (Omni-
tech- S. auto) was used to assess each specimen‘s hard-
ness at five separate points while applying a 200 g load
and a 10-second dwell period. The ASTM E-8 standard
was followed in the preparation of the tensile test speci-
mens for both the raw steel and all heat-treated con-
ditions. A vertical Instron (5982) tensile testing machine
with a strain rate of 3.33 10 *s™' was used for the tensile
testing. Three specimens were tested in each condition
and average value was reported in each condition. Sub-
size V-notch Charpy impact toughness specimens were
created in accordance with ASTM A370-17 in order to
inspect the impact toughness’ relationship with
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FIGURE 1 Schematic of prepared specimens a) tensile test
and b) Charpy impact toughness test.

tempering time, Figure 1. The reduction in area at the
fracture point was calculated from the tensile test speci-
mens that had broken. Using a field emission scanning
electron microscope, the fracture surface of the tensile
and impact specimens was further examined to show the
fracture surface topology.

3 | RESULTS AND DISCUSSION

3.1 | Microstructural study
3.1.1 | Asreceived and normalized
condition

Cast and forged P92 steel‘s microstructure in as received
state  primarily displayed martensitic structure,
Figure 2a. Low magnification did not allow for a clear
view of the prior austenitic grain boundaries. These
boundaries were clearly discernible and represented by
dotted lines in the field emission scanning electron mi-
croscope picture taken at higher magnification,
Figure 2b. Inside these boundaries, martensite laths took
the shape of lath packets that were spatially orientated
in a single direction. Energy dispersive x-ray spectro-
scopy investigation was carried out for the interlath area
and the prior austenitic grain boundaries, which re-
vealed roughly identical composition throughout the
previous austenitic grain boundaries and in the inter lath
area due to the precipitates’ disintegration, Figure 2c-e.
The material was in hot forged condition when it was re-
ceived, thus to achieve homogeneity in the steel‘s struc-
ture, it was normalized at 1050 °C for 1 hour.

The microstructure of the normalized steel had a lath
martensite structure, and it was comparable to the state
in which it was received, Figure 3. The martensite laths
were orientated in a single direction between the earlier

FIGURE 2 Micrographs of the P92 steel in as received
condition.
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FIGURE 3 Micrographs of the P92 steel in normalized
condition.

austenitic grain boundaries. Similar to the spatial
orientation seen in the received steel, the lath packets
were present in an extended zone. No M,,C, type precip-
itates was observed after normalizing because during
austenization all such precipitates get dissolved. [17].
However, closer observation by scanning electron micro-
scopy revealed few small particles in the inter lath re-
gion, Figure 3b. The energy dispersive spectroscopy
point analysis suggests that the particles present in the
inter lath region were niobium and vanadium rich MX-
type, Figure 3d. The austenizing temperature for com-
pletely dissolution of the M,;C¢ and MX type precipitates
are 940°C and 1200°C, respectively suggesting that all
the MX-type precipitates were not completely dissolve
during austenizing [18].
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3.1.2 | Tempered condition and effect of
tempering time

The P92 steel was subjected to air cooling after being
held at 760°C for 2 hours to 6 hours to temper it. The
micrographs of steel that has been tempered for two
hours had a tempered martensite microstructure with
precipitates along the grain boundaries and inter-lath
area, Figure 4a-b. Precipitates of the M,,C, type and the
MX-type were both found at the prior austenitic grain
boundaries and lath boundaries, respectively. Prior aus-
tenitic grain boundaries’ energy dispersive x-ray spectro-
scopy study revealed the presence of chromium, mo-
lybdenum and tungsten, which suggested M,;C, type
precipitates, Figure 4c. It was discovered that the average
sizes of the M,;C, and MX type precipitates were
187.27 nm £42 nm and 87.94 nm 429 nm.

The microstructure of steel that has been tempered
for 4 hours and 6 hours was found to be similar to the
previous tempered condition, Figure 5a-b. High magnifi-
cation micrographs were used to quantify the grain size
under each tempering circumstance. It was discovered
that the grain size grew as the tempering time increased.
For 2 h tempering time, the grain size was 20.06 um =+
7.8 um which increased to 26.62um=+13.6 um for
6 hours tempering time, Figure 6. X-ray diffraction anal-
ysis also suggests the formation of all these precipitates
in various heat-treated condition, Figure 7.

The size and percentage of the precipitates were
measured using high magnification micrographs. For the
steel that was tempered for two hours, the sizes of the
coarse precipitates (M,,Cq-type) existing at the previous
austenitic grain boundaries and the fine precipitates
(MX-type) present in the matrix area were 187.2 nm+
42nm and 87.9 nm=+29 nm, respectively. The magni-
tude of precipitate size increase was extremely

4
Full Scale 2549 cts Cursor: 0.000

FIGURE 4 Micrographs of the P92 steel in normalized and
tempered (1050°C 1 h /760°C 2 h) condition.

considerable for the first 4 hours of tempering and
afterwards was comparatively low, indicating that the
maximum tempering was accomplished in those 4 hours
at 760°C tempering temperature, Figure 8a. With longer
tempering times, the precipitate size likewise grew,
reaching sizes of 2264 nm=+30nm and 104.8 nm+
29 nm after 6 hours. The area fraction of the precipitates
was calculated using Image J software, and it was dis-
covered that it decreased with an increase in tempering
time, Figure 8b. Grain coarsening was considered to be
the cause of the decline in precipitation area fraction
over time. Grain coarsening reduces the grain boundary
area available for precipitation.

3.2 | X-ray diffraction line profile
analysis

X-ray diffraction pattern for various heat-treated con-
ditions was used for further analysis, Figure 7. Using this

FIGURE 5 Showing scanning electron microscope
micrograph in normalized and tempered condition for: a) 4 h and
b) 6 h (inset showing the higher magnification view of the
precipitates at the grain boundaries).
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FIGURE 7 X-ray diffraction plots: (a) as received base metal,
(b) normalized at 1050°C, (c) tempered at 760°C for 2 h, (d)
tempered at 760 °C for 4 h and (e) tempered at 760 °C for 6 h.
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FIGURE 8 Variation of a) precipitate size and b) fraction of
precipitate with tempering time.

x-ray diffraction data the peak broadening was
calculated for various peaks and the normalized peak in-
tensity plot corresponds to plane (211) were used,
Figure 9. Williamson-Hall method was used to calculate
the crystallite size and the micro-strain value using
Equation 1

Pcosd = 0’#9/1 + 4 &sinf (1)

where, 3 is the full width at half maximum (FWHM) for
the various peaks. The slope and intercept of the curve

Normalized
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FIGURE 9 X-ray diffraction line profile with normalized
peak intensity for P92 steel in various heat treatment conditions.
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FIGURE 10 Williamson-Hall plot for various heat treatment
conditions of P92 steel samples.

Bcos® versus 4sin® yields the micro strain (¢) and
crystallite size (D) values, respectively, Figure 10.

Based on these values, the dislocation density was
calculated using the following Equations

P = (pD X ps)l/z (2)
o= 1 ®
p— B @

where k=67 and b is the Burgers vector for body cen-
tered cubic iron, and, pp is the dislocation density
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TABLE 2 Calculated dislocation density by x-ray diffraction patterns in various heat treatment conditions.

Material state Heat treatment

Normalized 1050°C, 1 h*
Normalized & tempered 760°C 2 h**
Normalized & tempered 760°C 4 h**
Normalized & tempered 760°C 6 h**

Dislocation density

Microstructure p [10® m™?)
Martensite 1.687
Tempered martensite 0.977
Tempered martensite 0.856
Tempered martensite 0.851

* Followed by air cooling; ** Preceded by normalizing and followed by air cooling

TABLE 3 Tensile properties of the material in various heat treatment conditions.

Yield strength Tensile strength Elongation Reduction in area
Material state (MPa) (MPa) (%) (%)
As received (S —1) 1020.0 1534.20 20.25 50.16
Normalized (S —2) 980.0 1413.77 22.49 58.42
(T 1033K 2h AC) 485.0 691.68 23.38 59.22
(T 1033K 4h AC) 472.0 668.02 26.05 61.86
(T 1033K 6 h AC) 467.0 657.09 25.87 66.76
owing to crystallite size and p, is the dislocation density 550
due to strain broadening. After tempering heat treat-
ment, the dislocation density was shown to decrease due 500 1 {
to the decomposition of martensite and aggregation of _450{ & $
carbide precipitates, Table 2. The tempering period had a = 490.0 HV 4
negligible impact on dislocation density, though. » 400 it
Q
-E 350 -
2
3.3 | Mechanical characterization 2 300+ -
= 250 ? 4 $
Micro-hardness, tensile, and V-notch Charpy impact 236.9 HV 22710 v
tests were used to describe the mechanical character- 200+ ' 220.3HV
istics under various heat treatment conditions. Base met- o0 Y o\ o o\
. . ) . . c-,\e,“e e\\\ie \“'%*O'L“\ \“3:0 AN V\%:(,G(\\
al‘s hardness in as-received condition was discovered to

be 490 HV 0.2+15 HV 0.2, Figure 11. Since the base
metal was initially in a hot forged state, as was pre-
viously mentioned, a greater hardness was observed due
to the untempered lath martensitic microstructure. The
hardness in the normalized condition was comparatively
lower than the as-received condition having microhard-
ness value of 463 HV 0.24+8 HV 0.2. The untempered
martensitic structure and solid solution strengthening of
the alloying elements in the matrix owing to dissolution
of the precipitates resulting from austenization done at
1050°C were related with the high hardness. The hard-
ness value saw a dramatic shift after the tempering pro-
cedure. The hardness value was seen to decrease with
longer tempering times in the tempered condition after
normalization. The hardness was 236.9 HV 0.2+6 HV
0.2 for the first two hours of tempering and fell to 220.3
HV 0.2+7 HV 0.2 as the six hour of tempering ap-
proached. The rise in precipitate size and area fraction

(=) WS o Q
et @ @& ®
Material state

FIGURE 11 Variation in micro-hardness for various heat
treatments.

and the decrease in dislocation density with sub-grain
formation are responsible for the decrease in hardness
with the time of tempering [19].

Base metal and steel were subjected to the room tem-
perature tensile test under all heat treatment conditions.
For the as-received condition, the tensile strength, yield
strength, elongation, and area reduction were
1534.2 MPa, 1020 MPa, 20.2%, and 50.1%, respectively.
Normalized steel has tensile and yield strengths of
1413.7 MPa and 980 MPa, respectively. After tempering,
a sizable change in the mechanical characteristics was
seen, Table 3. Tensile strength and elongation were
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691.6 MPa and 23.3%, respectively, during a 2 hour
tempering treatment. The following factors can be used
to explain this considerable change: Due to the for-
mation and coarsening of the precipitates, solid solution
strengthening elements such as molybdenum and tung-
sten, among others, diffused into the precipitates during
tempering. Additionally, recovery during tempering in-
volved the destruction and rearrangement of dislocations
as well as the growth of sub grain structure [20]. As dis-
cussed in the previous section, the dislocation density in
the normalized condition was 1.687x10" m > and after
tempering treatment, it was reduced to 0.851x10"° m >
for 6 hours tempering time, Table 2. Additionally, the
tensile and yield strengths fell and the percentage of
elongation rose with the length of tempering up to
4 hours, after which only a little change was seen. The

1600 -
1400 -
g
= 1200 -
&2 1000 H
g
@ 800
f2)
=
g B00 -
£ —_— A i -1
5 400 NS rem:leved (s-1)
& —— Normalized (S-2)
L 200 4 —— NAT (T1033 K- 2h- AC)
—— N&T (T1033 K- 4h- AC)
0 —— NA&T (T1033 K- Bh- AC)
¥ T 1

T 1
0 5 10 15 20 25 30
Engineering strain (%)

FIGURE 12 Showing Engineering stress vs strain diagram in
various heat treatment condition.
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(T 1033 K 4h AC)
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Normalized & tempered
(T 1033 K 2h AC)

Normalized
($-2)

As received
(S-1)

FIGURE 13 Tensile test specimens after testing in various
conditions.

maximum tempering can therefore be completed in
4 hours at a tempering temperature of 760°C. As pre-
viously mentioned, extended tempering times coarsen
the precipitates, which reduces their capacity to operate
as a dislocation barrier, which in turn, causes the materi-
al‘s tensile strength and yield strength to diminish.

Additionally, it was found that as tempering time was
extended from 2 hours to 4 hours, the percentages of
elongation and decrease in area went from 23.38% and
59.22% to 26.05% and 66.85%, respectively, Figure 12.
However, after 4 hours, no discernible change was seen
Figure 13. The cracked surface was revealed using field
emission scanning electron microscopy examination. In
the as received state, fractured surface had a significant
number of radial outward-moving fractures known as
splitting [21]. Very small dimples were seen in a detailed
inspection of the cracked surface in addition to a few mi-
cro holes and cleavage facets, Figure 14a, b. Very few
tiny fractures were visible at the surface of the tensile
test specimen in its normalized state, Figure 14c. When
viewed under a microscope, the fractured surface dis-
played a mixed form of fracture with tear ridges, micro-
cracks, and a minor percentage of dimples, Figure 14d.
After tempering, ductile dimples served as the primary
distinguishing feature of the shattered surface. It was
shown that when tempering time rose, the percentage of
dimples also increased, Figure 15b, c.

For all heat treatment settings, the Charpy V-notch im-
pact toughness test was used to quantify impact toughness.
The P92 steel has a 34J and 40.5J hardness in its as-re-
ceived and normalized conditions, respectively. Due to the
existence of lath martensitic microstructure, the toughness
is low under these circumstances. Toughness was de-
termined to be substantially greater (72J to 7717J) after

Cracks

FIGURE 14 Fractured surface morphology of P92 steel after
tensile testing for: (a-b) as received base metal and (c-d)
normalized at 1050 °C.
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TABLE 4 Charpy V-notch impact toughness for as received base metal and different heat treatment condition.

Tempered condition (760 °C)

As received Normalized
Material state base metal (1080°C, 1 h) 2h 4h 6h
Toughness (J) 34 40.5 72 76 77

FIGURE 15 Fractured surface for P92 steel after tensile
testing for conditions tempered at 760 °C for (a) 2 h, (b) 4 h and (c)
6 h tempering time.

tempering than the as-received condition (3417J). Impact
hardness increased from 72J to 76J with 2hours to
6 hours increase in tempering time, Table 4.

Apart from the microcracks and cleavage facets, very
few dimples were visible in the material‘s as-received state,
Figure 16a. However, the fraction of dimples was increased
after normalization heat treatment, as the tensile test re-
sults showed relatively higher reduction in area as com-
pared to as-received condition, Figure 16b. After tempering
treatment, the fracture occurred in ductile manner having
micro voids and fine dimples at the fractured surface,
Figure 16c-e. However, the average dimple size was larger
for longer tempering time as compared to the short tem-
pering time.

4 | CONCLUSIONS

In the current investigation, different tempering times
were used during the heat treatment of P92 steel. Sum-
marizing the aforementioned research, the following
findings may be made:

e P92 steel‘s precipitation and microstructural stability
are affected by tempering time variation, and its yield
and tensile strength decrease as tempering time in-
creases.

. Dimples

Micro void

Dimpless

FIGURE 16 Fractured surface for P92 steel after toughness
testing for: (a) as received condition, (b) normalized condition, (c)
tempered for 2 h, (d) tempered for 4 h and (e) tempered for 6 h.

o According to the mechanical tests of the P92 steel, the
ideal tempering may be achieved after 4 hours at a
tempering temperature of 760°C. A tempering period
greater than 4 hours has no discernible impact.

o With longer tempering times, the hardness value and
strength decreased because to the drop in area fraction
and rise in precipitate size.

e In their as-received and normalized conditions, tensile
test specimens’ shattered surfaces show dimples along
with cleavage facets and tear ridges. However, during
the tempering procedure, only tiny dimples and mi-
cro-voids were seen, and it was discovered that the
size of the dimples grew larger as the tempering dura-
tion increased.
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