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The present work investigates the effects of thermal cycling heat treatment (TCHT) on microstructure and
mechanical properties of 13%Cr-4%Ni martensitic stainless steel (13-4MSS). As-received 13-4 MSS was
subjected to three different thermal cycling schedules by using a thermo-mechanical simulator (Gleeble
3800). The evolved microstructures were studied at three cycles for each thermal cycling schedule with the
help of optical, scanning electron microscopy, x-ray analysis, and transmission electron microscopy.
Hardness and notched tensile tests were conducted to further characterize the as-received and processed
specimens. This cyclic treatment raised the hardness to 413 HV (for TCHT at 950 °C) from 274 HV (for as-
received). A 42% (for TCHT at 950 °C) and 39% (for TCHT at 1050 °C) hike in ultimate tensile strength
(UTS) with a slight decline in ductility was observed as compared to the UTS and ductility of as-received
steel. The evolved microstructure, dislocation density, and the refinement of martensitic blocks attributed to
the enhanced hardness and UTS. The coarsening of laths (observed at 1050 °C) and bimodal lath structure

(observed at 950 °C) were also found to control the mechanical properties of the present steel.
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1. Introduction

13%Cr-4%Ni martensitic stainless steel (13-4 MSS) finds
wide application in hydropower industries due to its excellent
mechanical properties and corrosion resistance (Ref 1). Despite
the higher strength and corrosion resistance, modern engineer-
ing requires more superior properties. The mechanical proper-
ties and the process kinetics of the spheroidization of steels
strongly depend on the prior austenitic grain size (Ref 2). The
finer grain structure possesses higher strength and the coarser
the better ductility (Ref 3). Mostly, thermo-mechanical pro-
cessing treatments are used for the refinement of grains. These
techniques are quite difficult and costly due to the complexity
in the experimentation (Ref 4). The thermal cycling heat
treatment (TCHT), repeated heating and fast cooling around
critical temperature, has evolved a good alternative for better
refinement and improvement in mechanical properties, in past
decades. Thermal cycling was introduced several decades ago
for accelerating the kinetics of spheroidization of steel (Ref 5).
Thermal cycling can accelerate the process kinetics, and refine
the grains (Ref 6).

In the literature, a large number of studies have applied
TCHT on different grades of steel with the goal to refine grains
and enhance strength coupled with ductility. The TCHT of
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eutectoid steels helps in generating active cementite nuclei
through lamellar fragmentation and lamellar thickening, and
thereby accelerates the spheroidization kinetics of the pearlite
(Ref 7). Atomic diffusion is possible between two adjacent
lamellas (due to shorter diffusion distance) and plays an
important role in accelerating the kinetics (Ref 7, 8). The
spheroidization of the pearlite was done for eutectoid steel
while performing the TCHT with different parameters by many
researchers (Ref 6-12) and thereby obtaining a better combi-
nation of strength and ductility. The TCHT is not only limited
to eutectoid steel but other steels were also treated by this
treatment. Some studies conducted TCHT on the other plain
carbon steels, viz. 0.42 wt.% carbon steel (Ref 13), 0.16 wt.%
carbon steel (Ref 14), 1.24 wt.% carbon steel (Ref 15),
0.6 wt.% carbon steel (Ref 16), and 0.4 wt.% carbon steel
(Ref 17) to modify the microstructure and mechanical proper-
ties. These studies observed a similar spheroidization kinetics
(as in eutectoid steel) where the spheroidized fraction was
governed by the TCHT parameters used in different studies.

Different micro-alloyed steels were also thermally cycled to
hike strength without impairing the ductility. The low-carbon
alloy steels (0.12%C-0.5 Mn, and 0.08%C-0.5 Mn) (Ref 18),
maraging steels (13Ni-15Co-10Mo, 15Ni-25Co-7Mo, 18-Ni
maraging steel) (Ref 1), 50CrV4 steel (Ref 19), and Ti-V
micro-alloyed steel (Ref 20) were TCHT processed in order to
refine the grains and to obtain the increased strength coupled
with ductility. Austenitic stainless steels, being impassive to the
heat treatment, were thermally cycled to refine the grains in an
effective manner. Thermal cycling led to the formation of
ultrafine grains in AISI 340L (0.02 wt.% carbon) (Ref 21)
which increased the Y'S to four- to sixfold as per the Hall-Petch
relation. A similar effect was observed in the grain refinement
and mechanical property variations (Ref 3, 22). These intro-
duced a bimodal structure in which ultrafine grains were
embedded in the original micro-sized grain matrix.
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The work on the TCHT of 13-4 MSS has not been addressed
in the available literature. It is an attempt to modify the
microstructure and improve the mechanical properties of 13-4
MSS by reducing the amount of undesirable delta-ferrite and
refining the martensitic blocks by conducting TCHT. Three
schedules of TCHT have been conducted on 13-4 MSS at three
temperatures 850, 950, and 1050 °C, respectively. A detailed
characterization of the evolved microstructure through TCHT is
done by using optical microscopy, scanning electron micro-
scopy, transmission electron microscopy and x-ray analysis.
The concerned improvement in mechanical properties is
discussed in light of the evolved microstructure and refinement
of martensitic blocks.

2. Experimental Methods

2.1 Material

A grade of martensitic stainless steel, i.e., 13%Cr-4%Ni
martensitic stainless steel (13-4 MSS), is selected in this
research. The ASTM nomenclature for 13-4 MSS is ASTM
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A743 CA-6NM. Bharat Heavy Electricals Limited Haridwar,
India, has provided this material in the form of billets for
research purpose. The chemical composition of the as-received
(13-4 ASR) steel was examined with a Thermo Jarrell Ash
Spark Emission Spectroscope. 13-4 ASR composed of 0.07%
carbon, 13.51% chromium, 3.35% nickel, 0.64% silicon, 0.62%
manganese, 0.01% phosphorous, 0.02% sulfur, 0.06% copper,
and 0.32% molybdenum by weight in iron (Fe) matrix.

2.2 Thermal Cycling Heat Treatment

The cylindrical specimens having a length of 70 mm and a
diameter of 10 mm were prepared to perform thermal cycling
heat treatment (TCHT) on Gleeble® 3800. While performing
TCHT, a k-type thermocouple was spot-welded at the middle of
the specimen to record the live temperature of the steel
specimen. The TCHT schedules for all the three sets of TCHT
are shown in Fig. 1(a), (b) and (c) on program temperature
(PTemp) and time graph. Due to the reduced cooling rate near
the room temperature (RT), the actual temperature of the
thermocouple varied with a slightly different rate as shown by
the dotted lines in Fig. 1. This can be closely seen in the
zoomed area of Fig. 1(a). A similar type of cooling occurred in
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Fig. 1 Schematic diagram of cyclic heat treatment schedules for: (a) TCHT-850, (b) TCHT-950, and (c) TCHT-1050 specimens
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Fig. 1(b) and (c). In each cycle of TCHT set, heating was done
at a rate of 5 °C/s to a temperature (850, 950, and 1050 °C,
respectively) and held for 5 min at this temperature. Then, a
fast cooling of the specimens at a rate of 50 °C/s was done to
bring the specimens to room temperature. The specimens were
taken out from Gleeble after three cycles of each schedule. All
the characterizations were performed after conducting three
cycles. The TCHT performed at 850 °C is designated as TCHT-
850, at 950 °C as TCHT-950, and at 1050 °C as TCHT-1050.

2.3 Microstructural Characterization

The phase transformation and the evolution of the
microstructure of ASR and TCHT processed steel specimens
were characterized by optical, x-ray analysis, SEM and TEM
microscopy. Small specimens from the ASR billet and the
TCHT processed specimens were cut for the characterization.
To study the principal characteristics of thermal cycling heat
treatment, specimens were cut from exactly the halfway of the
specimen where the thermocouple was welded. These speci-
mens were flattened by using belt grinding. Further, the
specimens were polished with 320, 800, 1200, and 1500 grit
size emery papers. The paper polishing was followed by cloth
polishing with 0.5 um diamond paste. Villela’s reagent (having
composition 1 g picric acid + 5 mL HCI + 100 mL ethanol)
was applied to reveal the microstructure. A Lieca DMI 5000 M
Light Optical Microscope (LOM) was used to take the digital
images of microstructures. The scanning electron microscope
(SEM), FEI QUANTA 200 FESEM, was also used to take the
digital images of microstructures. For the TEM study, the thin
film was jet polished by twinjet polisher in a solution of 10%
HCIO,4 + 90% ethanol. The TEM was performed on Jeol JEM-
3200 FS high-resolution transmission electron microscope
(HRTEM) to visualize the dislocations.

Both ASR and TCHT processed specimens were analyzed
with x-ray diffraction. The x-ray diffraction (XRD) patterns
were recorded by using Rigaku Smartlab x-ray diffractometer
with CoKo radiation (wavelength (1) = 1.77 A). The patterns
were recorded for a 20 range of 30-120° at the rate of 2°/min
and analyzed by using X’pertHighScore Plus software with
PDF4 plugged in.

2.4 Mechanical Properties

The hardness of as-received (ASR) and TCHT processed
specimens was measured on a FIE VM50 Vickers hardness
tester. The tests were performed at 10 kg load with 15 s dwell
time. The specimens were polished as per standard metallo-
graphic techniques before performing the tests. For each
specimen (ASR and TCHT processed specimens), 10 readings

L=70 mm

were taken and the average of the 10 readings along with the
standard deviation is reported. The micro-hardness of individ-
ual phases in all specimens was measured by using a UHL
VMHT micro-hardness tester with 50 g load and 15 s dwell
time. For micro-hardness, five readings were taken for each
phase and the average value along with standard deviation is
reported. A gap of minimum 5 times the diameter of the
indenter was maintained between any two indentations during
both macro and micro-hardness measurements. The notched
tensile tests were conducted at room temperature to study the
tensile properties of the ASR and TCHT processed specimens.
The notched tensile specimens were selected due to the limited
length of the TCHT processed zone (zone of interest) of the
TCHT processed specimen in Gleeble. The geometry of the
notched tensile specimen is shown in Fig. 2 (Ref 23, 24). The
total length of the specimen was 70 mm with 10 mm diameter.
The length of the zone of interest was 10 mm. The minimum
diameter in the notched areca was 6 mm, and the radius of the
notch was 3 mm. All tensile tests were performed on a Tinius
Olsen H75KS tensile testing machine for both ASR and TCHT
processed specimens. The cross-head speed in the tensile tests
was kept 0.6 mm/min. Three samples for each condition were
tested, and the average value is reported. In the notched tensile
test, load versus extension data were recorded. Then, the
calculations for UTS and ductility were done by measuring the
diameter of the specimen after fracture and applying Eq 1, 2, 3,
and 4 as mentioned in the text (Ref 25, 26). The digital images
of the fractured surface of the tensile tested specimens were
taken on FEI QUANTA 200 FESEM to analyze the mode of
fracture.

3. Results

3.1 Microstructure Examination

Optical and SEM micrographs of the as-received and TCHT
processed specimens are shown in Fig. 3 and 4, respectively.
The optical micrograph of the as-received 13-4 MSS comprises
the blocks of martensitic laths and the elongated colonies of
delta-ferrite as shown in Fig. 3(a). The fraction of &-ferrite is
small and indicated by arrows in Fig. 3(a). The packets of the
lath martensite and ferrite phases can be closely examined in
the SEM image in Fig. 4(a). The presence of a small amount of
retained austenite in between the laths was observed from the
SEM micrograph (Fig. 4a). This was neglected in the calcu-
lation of volume fractions of martensite and delta-ferrite.
Further, it can also be observed that the size of packets and
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Fig. 2 Schematic geometry of the notched tensile specimen
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Fig. 3 Optical micrographs having lath martensite packets and d-ferritic features observed in: (a) 13-4 ASR, (b) TCHT-850, (c¢) TCHT-950, and
(d) TCHT-1050 specimens

Fig. 4 SEM images demonstrating the dissolution of martensite and the refinement of martensitic blocks along with the temperature of thermal
cycling in: (a) 13-4 ASR, (b) TCHT-850, (c) TCHT-950, and (d) TCHT-1050 specimens

blocks is large. These blocks are containing the laths of Both the volume fraction of delta-ferrite and the average size of
martensite. delta-ferrite were determined by quantitative metallography

The volume fraction measurement indicated that delta-ferrite (see Table 1). The present composition falls closer to the fully
is 12.5% and of martensite is 87.5% and is shown in Table 1. martensitic region in the Schaeffler diagram which verifies the
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Table 1 Variation of various microstructural features and the dislocation density of TCHT processed specimens

Specimen code

Features 13-4 ASR TCHT-850 TCHT-950 TCHT-1050
Volume fraction of & ferrite, % 125 £ 0.2 9.5+ 0.7 6.3 £ 0.05 5.5+ 0.37
Average grain size of o ferrite, mean + SD, um 25.10 £ 6.0 233 £ 3.16 2232 £ 0.14 20.98 £ 5.06
Block size, mean £+ SD, pm 29.5 £ 8.5 223 £ 4.5 16.7 £ 1.6
Dislocation density, 10> m~> 2.246 3.953 4.423 4.248
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Fig. 5 Calculated phase diagram for the present steel by using Thermo-Calc® software (in Figure, Y denotes FCC austenite phase, while L

denotes liquid phase)

fraction of phases present in Fig. 3(a) and 4(a). A similar
microstructure was observed in (Ref 1, 27) for the as-received
13-4 MSS.

The microstructure evolution due to TCHT at 850 °C for
three cycles is shown in Fig. 3(b) and 4(b). The optical
micrograph (Fig. 3b) indicates the presence of three regions in
the microstructure, fully dissolved martensite (FDM), partially
dissolved martensite (PDM), and slightly fragmented ferrite.
The PDM can be closely observed by the SEM image (Fig. 4b).
The packets of lath martensite (as in 13-4 ASR) got refined due
to TCHT which are designated as FDM in Fig. 3(b) and 4(b).
The FDM contributes almost 85% in the TCHT-850 microstruc-
ture. Being in the dominating amount, the FDM influences the
mechanical properties significantly for TCHT-850.

2482—Volume 29(4) April 2020

The calculated phase diagram for the present steel by using
Thermo-Calc® software is shown in Fig. 5. It can be seen from
Fig. 5 that the transformations of this steel start above 850 °C.
So, some fraction remained partially undissolved during TCHT
at 850 °C and formed PDM. The short duration (5 min)
holding during TCHT is the other reason behind the formation
of PDM. The fraction of PDM is very small and formed
adjacent to the boundaries of ferrite. The PDM is having
different mechanical properties (discussed in the coming sub-
section) than FDM and ferrite, but its influence on the bulk
properties is negligible. This is due to the presence of its small
amount. The volume fraction of delta-ferrite is slightly reduced
(from 12.5 to 9.5%) due to TCHT at 850 °C as compared to the
delta-ferrite of 13-4 ASR steel. The volume fractions of delta-
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ferrite (9.5%) and the average grain size of delta ferrite
(23.3 pm) are stated in Table 1.

The microstructure evolution due to TCHT at 950 °C for
three cycles is shown in Fig. 3(c) and 4(c). The optical
micrograph (Fig. 3c) indicates the presence of two regions in
the microstructure, fully dissolved fine martensite (FDFM), and
slightly fragmented ferrite. The TCHT temperature of this
schedule (i.e., 950 °C) lies in the austenization region as
verified by the calculated phase diagram of the present
composition in Thermo-Calc® software (Fig. 5). So, the
packets of lath martensite got refined to a larger extent and
possess a more refined lath morphology. The refined lath
morphology in TCHT-950 steel is designated as FDFM as
shown in Fig. 3(c) and 4(c). The FDFM comprises more
uniformly distributed and closely packed martensitic laths as
compared to other specimens. Figure 4(c) shows the SEM
image of FDFM. From the SEM image, it can be observed that
some blocks contain long martensitic laths along with the
blocks and packets having fragmented martensitic laths. This
condition may also be studied in an analogy to bimodal lath
structure where fragmented laths exist along with long laths.
The bimodal structure has been proven to have better
mechanical properties than normal unimodal structure (Ref
28). Further, it can also be noted that no fraction of the PDM
phase is observed in the TCHT-950. The fraction of martensitic
content in the microstructure, i.e., FDFM rose up to almost 94%
due to TCHT at 950 °C. So, the bulk properties can be
approximated with the properties of FDFM. Delta-ferrite in the
case of TCHT-950 decreased to 6.3% and remained almost
50%, and 30% lesser than the corresponding phase of 13-4
ASR, and TCHT-850 steel (as in Table 1), respectively. Due to
its deleterious effect on hardness, delta-ferrite is not desired,
while martensite (here FDFM) is a desirable phase because of
its high hardness. So, the reduction in undesirable J-ferrite
phase and evolution of FDFM is a major achievement of this
TCHT schedule.

The microstructure evolution due to TCHT at 1050 °C for
three cycles is shown in Fig. 3(d) and 4(d). The optical
micrograph (Fig. 3d) indicates the presence of two regions in
the microstructure, fully dissolved martensite (FDM), and
fragmented ferrite. At the higher temperatures (1050 °C), grain
coarsening occurs through the movement of grain boundaries
(Ref 29). Although the refinement of blocks occurred, the laths
inside fragmented blocks got thickened. So, the laths in FDM
phase of TCHT-1050 are present in slightly coarser form as
compared to other specimens studied in the present research.
The thickened laths and refined blocks can also be viewed from
the SEM micrograph, i.e., Figure 4(d). The other reason behind
this may be the cooling from higher temperature (1050 °C) as
can be interpreted from the continuous cooling transformation
diagram (CCT) (Ref 30). Moreover, the FDM is non-uniformly
distributed as can be seen in Fig. 3(d). The FDM in TCHT-
1050 contributes 94.5% in the microstructure. The amount of §-
ferrite phase is more or less of the same order as in the case of
TCHT-950 steel but is 56%, and 42% lesser than the
corresponding phase of 13-4 ASR and TCHT-850 steel (as in
Table 1), respectively. The average grain size of the ferrite
declined slightly as can be seen from Table 1.

The XRD analysis also verifies the presence of different
phases for both as-received and TCHT processed specimens.
Figure 6(a), (b), (c) and (d) shows the x-ray diffractograms. The
XRD pattern for the as-received (13-4 ASR) specimen, shown
in Fig. 6(a), indicates the presence of ferrite (BCC) and
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martensite (BCT) and austenite (FCC) which verifies the
presence of d-ferrite phase, martensitic phase, and retained
austenite phase, respectively. The lower intensities of all the
peaks of austenite confirm a negligible amount of retained
austenite phase in the 13-4 ASR. A small fraction of retained
austenite was also observed in the concerned SEM micrograph.
Due to the low carbon content in the present steel, the BCT
structure of martensite approached the BCC structure (BCT =
BCC). Hence, most of the peaks for ferrite and martensite
overlap in XRD patterns. Similar peaks for 13-4 MSS, except
the austenite peaks, have also been observed by other
researchers (Ref 27).

In XRD patterns of TCHT-850 specimen, the austenite
peaks have disappeared due to TCHT as shown in Fig. 6(b)
which indicates that the TCHT-850 specimen does not contain
the retained austenitic (FCC) phase. The peaks of martensite
indicate the presence of BCT martensitic phase, while the peaks
of the ferrite phase indicate the presence of BCC 6-ferrite phase
in TCHT-850 and other specimens. Figure 6(c) shows the
selected XRD peaks for TCHT-950 and Fig. 6(d) for TCHT-
1050.

The intensities of the d-ferrite peaks are getting reduced due
to TCHT from TCHT-850 onwards indicating the reduction in
the amount of d-ferrite in TCHT-850, TCHT-950, and TCHT-
1050. The ferritic peaks of (211) from TCHT-950, and (310)
from TCHT-950 and TCHT-1050 got disappeared. The over-
lapping of ferrite and martensite peaks takes place for all the
TCHT processed specimens.

3.2 Mechanical Properties

3.2.1 Hardness. The results of micro-hardness for the
individual phases present in the various specimens and the bulk
material macro-hardness are shown in Fig. 7. The as-received
13-4 MSS possesses the lowest hardness (274 HV) due to the
coarse martensite and relatively higher volume fraction of soft
delta ferrite. The presence of retained austenite also decreases
the hardness (Ref 31). Being the major constituent, martensite
is largely responsible for the bulk hardness in all the specimens.
The micro-hardness of the martensite phase (331 HV) is also
the lowest in 13-4 ASR. This is due to the coarser martensite
which causes a reduction in hardness (Ref 32).

The TCHT increased both micro- and macro-hardness for all
the TCHT processed specimens. A substantial rise in the micro-
hardness of the martensitic phase (411 HV) and the bulk
hardness (382 HV) was observed for TCHT-850 specimen. This
is due to the martensitic refinement through the TCHT and the
formation of FDM. In TCHT-850 specimen, the PDM phase
adjacent to the O-ferrite phase was also observed which is
having slightly lower micro-hardness (356 HV) than FDM
martensite. This may also be responsible for lowering the bulk
hardness of TCHT-850, but the amount is so less that the effects
on bulk hardness are negligible. By increasing the TCHT
temperature (i.e., 950 °C), the refinement in the martensitic
laths accelerated and the formation of FDFM took place. This
resulted in higher micro-hardness (429 HV) and bulk hardness
(413 HV) of TCHT-950. The decrease in the soft delta-ferrite
fraction in TCHT-950 is also responsible for this rise in
hardness along with the martensitic refinement and formation of
FDFM. An increase in micro-hardness of the delta-ferrite phase
(243 HV) for TCHT-950 was also observed as compared to the
delta-ferrite phase (230 HV) of TCHT-850. The micro-hardness
of martensite in TCHT-1050 specimen increased in a similar
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Fig. 6 X-ray diffractographs for as-received and TCHT processed specimens: (a) 13-4 ASR, (b) TCHT-850, (c) TCHT-950, and (d) TCHT-

1050 specimens
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fashion (437 HV) and attained the highest value among all the
specimens. But the bulk hardness (398 HV) declined slightly as
compared to TCHT-950 specimen.

The micro-hardness of the martensitic phase for all the
TCHT specimens increased due to the refinement of the
martensite blocks. This increased with the temperature of the
TCHT schedule, but the rate of increase declined. A 24% hike
in micro-hardness of martensite is observed in TCHT-850 than
the counterpart of 13-4 ASR (Fig. 7). This hike is increased to
32% in the case of TCHT-1050. The bulk hardness is a function
of micro-hardness of its dominant phase (i.e., martensite), and
the amounts of retained austenite and delta-ferrite present in it.
The hardness increased for all TCHT processed specimens as
compared to 13-4 ASR specimen because the retained austenite
was not observed in TCHT processed specimens. The highest
bulk hardness with a hike of 50% was observed in TCHT-950.
The hardness results obtained in this study are well above the
results obtained in the other studies [343 HV (Ref 33) and 386
HV (Ref 34)] in the literature.
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Fig. 8 Variation of tensile properties (ultimate tensile stress (UTS),
and ductility) in various specimens due to cyclic thermal treatment

3.2.2 Tensile Properties. The normalized tensile properties
for all the specimens are presented in Fig. 8. It is important to
note that the tensile properties presented here are converted
from notched tensile properties obtained through the notched
tensile test. The shape correction factor (G) was utilized to
convert the notched tensile properties to engineering tensile
properties according to the Eq 1, 2, 3, and 4 as in (Ref 25, 26).
In these equations, &rpe is logarithmic strain, €gnee is engi-
neering strain, R, d and d; are notch radius, initial diameter in
notch and diameter after fracture, respectively (Fig. 2), and
€max 1S logarithmic strain at maximum load. The ¢, and g, are
notched and un-notched tensile strengths, respectively. The
properties obtained are different from the un-notched tensile
test engineering stress and engineering strain and may bear an
error of 5-10% (Ref 35).

d
&Tre = 21n <d_f)

ETrue = ln(l + SEngg)

(Eq 1)
(Eq 2)

2
G= |:1.007 + 0.18777 (%) —0.01313 (%) ] (1.053 — 0.53¢max)

(Eq 3)

On

Oun = 6 (Eq 4)

The as-received specimen (13-4 ASR) possesses the least
UTS (923 MPa) and a moderate ductility (27%). The presence
of soft delta-ferrite and the coarser martensite are responsible
for its high ductility and low UTS. In TCHT processed
specimens, the UTS increased significantly with a small
decrease in ductility. The UTS results follow a similar trend
as the bulk hardness. Most of the heat treatments increase the
strength properties at the expense of ductility (Ref 36). But this
cycling treatment enhanced the strength properties without a
significant decrease in ductility. The TCHT-850 specimen
attained a higher UTS (1267 MPa) and slightly lesser ductility
(20%) than the counterpart of 13-4 ASR.
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In TCHT-950, the highest UTS (1317 MPa) and ductility
(25%) were observed as compared to the counterpart of TCHT-
850. This could be due to the absence of PDM in TCHT-950. In
addition to this, the absence of retained austenite and reduced
fraction of d-ferrite phase also contributed to the increased
UTS. Moreover, the FDM (almost 95%) is present as FDFM (in
a more refined state than earlier cases) which is harder as per
the Hall-Petch strengthening relation.

A moderate ductility (21%) and higher UTS (1287 MPa)
were observed for the TCHT-1050 steel. This is due to the
presence of slightly coarser FDM. The coarse martensite offers
a lower hindrance to the dislocation motion (Ref 37). TCHT-
950 possesses the highest UTS which is 42% higher than the
counterpart of 13-4 ASR. It shows a 2% reduction in ductility
than the counterpart of 13-4 ASR. TCHT-1050 possesses a 39%
hike in UTS (1287 MPa) and a 22% decline in ductility (21%)
than the counterparts of 13-4 ASR. The combination of UTS
and ductility (1317 MPa, and 25%) is better than the other
studies [1015 MPa and 26% (Ref 27), 1018 MPa and 20% (Ref
33), 1103 MPa and 13% (Ref 34), and 840 MPa and 22.6%
(Ref 38)] reported in the literature.

3.2.3 Fractography. The fractographs of the notched
tensile tested specimens are shown in FESEM micrographs in
Fig. 9(a), (b), (c) and (d). The fractograph of the as-received
(13-4 ASR) (as shown in Fig. 9a) demonstrates a mixed-mode
of fracture and exhibits dimples in the major region indicating a
ductile fracture. The dimples are irregular in size and shape. A
minor region of the fractograph also exhibits cleavage facets
which favor brittle fracture. The ductile fracture features (i.e.,
dimples) in the martensitic laths region dominated the fracture
mechanism of the steel. It can be observed from Fig. 9(a) that
the dimples are large in number but smaller in size when
compared to the fractographs of other specimens. Large
dimples are developed by the coalescence of micro-voids in
the martensitic region of the specimen. Due to the increased
load, the coalescence of micro-voids takes place and the
cavities get enlarged and undergo a large plastic deformation to
form large dimples. The size of dimples can be taken as a
measure of ductility (Ref 39). The fracture features of the
fractograph explain the ductility of the ASR steel and verify the
results of a good ductility of 27% as discussed earlier.

The FESEM fractograph of the specimen subjected to
TCHT at 850 °C, i.e., TCHT-850 steel, is shown in Fig. 9(b)
which exhibits cleavage facets along with some irregular-sized
dimples. In this steel, cleavage fracture might have occurred in
the FDM region and dimples in PDM and delta ferrite regions.
As can be seen from the fractograph, the cleavage facets
fracture dominated for this specimen. This is characterized by a
somewhat brittle fracture. The fracture morphology favors the
decreased ductility (20%) which is 26% lower than the 13-4
ASR specimen.

The FESEM fractograph of the specimen subjected to
TCHT at 950 °C, i.e., TCHT-950 steel, is shown in Fig. 9(c)
which exhibits large and irregular shape and size dimples in the
major region along with some cleavage facets. The dimples
generated in this specimen are lesser in number but bigger in
size as compared to 13-4 ASR specimen. This can be
characterized for superior ductility which is 25% higher than
TCHT-850. The evolved bimodal lath structure and raised
fraction of uniformly distributed martensite as refined FDM
(almost 95%) caused the fracture with significant plastic
deformation.
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Fig. 9 SEM fractographs of notched tensile tested specimens observed in: (a) 13-4 ASR, (b) TCHT-850, (c) TCHT-950, and (d) TCHT-1050

specimens

The FESEM fractograph of the specimen subjected to
TCHT at 1050 °C, i.e., TCHT-1050 steel, is shown in Fig. 9(d)
which exhibits cleavage facets (river-like pattern) and staircase
cleavage facets. The fractograph also reveals a few irregularly
shaped dimples. The cleavage facets are characterized by brittle
fracture. A mixed mode of fracture mechanism can be
witnessed in Fig. 9(d). The cleavage facets are the dominating
features in this specimen, thereby causing somewhat brittle
fracture as compared to 13-4 ASR and TCHT-950 specimens.
The concerned fractograph verifies the reduced ductility results
(21%) for this steel.

3.3 Block Size Analysis

The present thermal cyclic heat treatment improved the
mechanical properties significantly. The substantial enhance-
ment in hardness and UTS for TCHT-950 and a slight decline in
hardness and UTS for TCHT 1050 directed us to further
investigate the mechanism at the block level. The blocks were
identified based on the misorientation angle smaller than 10.53°
(Ref 40) and drawn on a separate sheet. The FESEM images for
13-4 ASR, TCHT-950, and TCHT-1050 and their correspond-
ing blocks are shown in Fig. 10(a), (b), (c), (d), (¢) and (f). The
block boundaries were drawn manually and may bear some
errors. The refinement in the blocks was verified by visual
inspection of Fig. 10. The block sizes calculated by using
quantitative metallurgy are stated in Table 1.

As stated earlier, the prior austenite grain size (PAGS)
strongly controls the mechanical properties of the steels (Ref 2).
In the case of lath martensite, the microstructure is composed of
three-level hierarchy—packets, blocks, and laths (Ref 41).
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Many studies postulated that the sizes of packets and blocks are
linearly dependent on the size of PAGS (Ref 42). Also, the
block size is considered equivalent to grain size (Ref 41, 42).
From this, it can be concluded that the block size controls the
mechanical properties significantly. The average block size was
plotted against the temperature of TCHT and mechanical
properties (hardness, and UTS) to further investigate the
correlation between block size and mechanical properties.
Figure 11 shows the relations of block size, hardness, and UTS
to the temperature of thermal cycling. Firstly, it can be observed
that the block size decreases as the temperature of thermal
cycling increases. As the temperature is the only variable
among TCHT schedules, the temperature increment is stated
here. Secondly, hardness and UTS vary in a similar trend which
first increases and then decreases slightly as the temperature
increases. The average block size decreases continuously.

3.4 Dislocation Density

The dislocations significantly influence the mechanical
properties. So, the quantification of the dislocation density
was performed for a better understanding. Dislocation densities
calculated from XRD results for as-received and TCHT-
processed specimens are shown in Table 1. The grain size
was calculated by Scherrer’s relation (Ref 43), and the
dislocation density was calculated by using the Williamson—
Smallman equation (Ref 44). From Table 1, it can be seen that
the dislocation density increased in a rapid way for the
processed specimens. The dislocation density became almost
double in the case of TCHT-950 (4.423 x 10'° m™2) than in
13-4 ASR (2.246 x 10" m ?). A small decrease in dislocation
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Fig. 10 Drawn block boundaries illustrating the refinement due to cyclic thermal treatment observed in: (a) FESEM image of 13-4 ASR, (b)
FESEM image of TCHT-950, (c) FESEM image of TCHT-1050, (d) block boundaries of 13-4 ASR, (e) block boundaries of TCHT-950, and (f)

block boundaries of TCHT-1050 specimens
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Fig. 11 The variations of hardness, UTS, and block size along with the temperature of cyclic treatment in 13-4 ASR, TCHT-950, and TCHT-

1050 specimens

density was also observed in the case of TCHT-1050
(4.248 x 10" m™?) as compared to the counterpart of
TCHT-950.

The attempt was also made to visualize the dislocation
density through transmission electron microscopy. The bright-
field (BF) transmission electron micrographs are shown in
Fig. 12. The dotted white lines indicate the martensite laths.
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The symbol of triangle depicts the dislocation region on the
micrograph. The TEM micrograph for 13-4 ASR is shown in
Fig. 12(a) which illustrates the dislocations in the lath marten-
site structure. Figure 12(b) shows the BF TEM micrographs for
TCHT-1050 specimen which reveals that the fully dissolved
martensite (FDM) of TCHT-1050 specimen consists of highly
dislocated regions in the micrograph. The TEM micrographs
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A
Dislocations

Fig. 12 Bright-field TEM micrographs of (a) 13-4 ASR, and (b) TCHT-1050 specimens

are in good agreement with the results of calculated dislocation
densities.

4, Discussion

The martensite structure can be strengthened by the
following five mechanisms: (1) carbide precipitation strength-
ening (Ref 42), (2) solid solution strengthening (Ref 45), (3)
high-angle boundary hardening (Ref 41), (4) increase in
dislocation density (Ref 46), and (5) microstructure (Ref 47).
The present study is based on the microstructural strengthening
and the strengthening due to the increase in the dislocation
density of the lath martensite.

Generally, hardness is a function of carbon content in the
material but for a fix carbon content, and the hardness can be
varied by controlling the microstructure and the dislocation
density. The microstructural parameters which influence the
hardness are: (1) amount of delta-ferrite (Ref 47), (2) amount of
retained austenite (Ref 48, 49), (3) block size (Ref 32, 41), (4)
amount of martensitic content (Ref 47), and (5) lath size (Ref
50). Delta ferrite absorbs very less amount of carbon due to
lesser carbon solubility in delta ferrite (Ref 47). So, delta ferrite
is soft and ductile and its amount decreases the bulk hardness.
Due to its deleterious effect, delta-ferrite is not desired. The
amount of retained austenite deteriorates the hardness due to
the following two reasons: (1) retained austenite itself is soft
and tough and (2) it removes the carbon atoms from the
martensite because of its higher solubility and softens the
martensite matrix (Ref 51). The block size is considered
equivalent to the conventional grain size (Ref 41), and the
block boundaries hinder the motion of dislocation (Ref 52).
While taking the hardness, the motion of dislocations occurs to
deform the material. So, the lesser the block size, the more the
block boundaries and the more the hindrance to the motion of
dislocation and hence the more the hardness. The martensite
phase consists of hard martensitic laths and hence a desired
phase. The carbon atoms present in the martensite phase
segregate on the lath boundaries which increase the dislocation
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density (Ref 53). The lath size is generally explained by the
width of the lath. As stated earlier, the segregated carbon atoms
on the lath boundaries increase the dislocation density. The
dislocation density varies almost inversely with the lath size
(width) (Ref 37). So, the larger the lath size, the lesser the
dislocation density and hence the lesser the hardness/strength.

All these microstructural parameters and dislocation density
can be controlled by the processing conditions. The present
cyclic thermal treatment varied these microstructural parame-
ters and dislocation density in an appropriate fashion. The base
material (13-4 ASR) consists of relatively higher amounts of
delta-ferrite, retained austenite, and hence a lesser amount of
martensite as can be seen from Fig. 3, 4, and Table 1. The
block size is largest as can be observed from Fig. 10 and
Table 1. So, the hardness and micro-hardness are lesser than the
TCHT processed steels. The retained austenite diminished and
delta ferrite deteriorated in all the processed specimens which
consequently increased the martensitic content in the steel. The
refinement in the block size can be verified by Fig. 10 and
Table 1. The first four parameters favored the increase in
hardness in all the TCHT processed specimens. From Fig. 7
and 11, it can be observed that the hardness increases up to
950 °C (i.e., TCHT-950) and then decreases slightly for TCHT-
1050. In this slight decrement for TCHT-1050, the fifth
parameter (i.e., lath size) might have played a dominant role.
It can be visually inspected form Fig. 4 and 10 that there is no
significant difference in lath sizes for TCHT-850 and TCHT-
950. But the lath sizes for TCHT-1050 is much coarser than
other conditions. This statement is based on visual inspection of
FESEM images only. The quantitative assessment of lath sizes
was not done in this study. More carbon atoms segregated on
the lath boundaries probably due to the refinement of laths and
consequently higher dislocations might have accumulated in
TCHT processed specimens. The coarser laths in TCHT-1050
have decreased the dislocation density slightly. The strength-
lath size correlation is in good agreement with other studies
(Ref 50). However, some studies did not observe this behavior
(Ref 42). The calculated dislocation density (Table 1) and the
visual inspection of highly dislocated TEM micrographs
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(Fig. 12) also favored the results of hardness and tensile
properties.

The microstructural parameters discussed for hardness
influenced the ultimate tensile strength (UTS) in a similar
fashion. Previous studies have agreed on the fact that the block
boundaries act equivalent to grain boundaries in the Hall-Petch
strengthening relation (Ref 41, 42, 52). This relation is verified
for UTS in the present study. Moreover, the amounts of retained
austenite, delta-ferrite, and the martensitic content supported
the obtained results. Similar to the hardness, the lath size comes
into the picture for deteriorating the UTS of TCHT-1050
slightly. All the five microstructural parameters supported the
results which can be observed from Fig. 4, 10, and Table 1.

The ductility of the present steel depends on the amounts of
retained austenite and delta-ferrite, block size, and laths size but
in reverse fashion than hardness and UTS. The amount of delta-
ferrite has more control on the ductility (Ref 47) than the other
parameters. This is due to the fact that delta-ferrite deforms
prior to the martensite matrix while accommodating the
induced strain due to applied stress (Ref 54). This helps the
larger plastic deformation of the bulk material and thereby
increases the ductility. In the present study, the amount of delta-
ferrite decreased from 12.5% (for 13-4 ASR) to 5.5% (for
TCHT-1050) as the temperature of cycling increased (see
Table 1). So, 13-4 ASR possesses a higher ductility than TCHT
processed specimens as can be observed from Fig. 8. The
bimodal lath structure and larger block size probably attributed
to the increased ductility of TCHT-950 than other TCHT
processed specimens. Due to the higher ductility of the 13-4
ASR, the fractograph (Fig. 9a) consists of dimples on the major
area. The fractographs of TCHT processed specimens (Fig. 9b,
¢ and d) consist of a mixed-mode of fracture.

5. Conclusions

The thermal cycling heat treatment (TCHT) was performed
on 13%Cr-4%Ni martensitic stainless steel at three different
temperatures (viz. 850, 950, and 1050 °C) for three cycles on
Gleeble® 3800 and the following conclusions are made:

e The cyclic treatment possessed a fraction of undissolved
martensite as PDM in TCHT-850 specimen. A bimodal
lath structure was observed in TCHT-950. While perform-
ing TCHT at the higher temperature (1050 °C), the coars-
ening of laths occurred in TCHT-1050 specimen.

e XRD spectra demonstrated the overlapped peaks of delta-
ferrite and martensite due to the low carbon content in the
present steel. The reduced intensities of the peaks indi-
cated a decrease in the amount of delta-ferrite for the
TCHT processed specimens.

¢ The martensite blocks got refined from 29.5 pm (for 13-4
ASR) to 16.7 pm (for TCHT-1050), and the fraction of
delta ferrite reduced from 12.5% (13-4 ASR) to 5.5%
(TCHT-1050). The dislocation density increased substan-
tially for the processed specimens. These factors were
found to influence the mechanical properties of the speci-
mens.

e The martensitic phase of TCHT-1050 specimen possessed
the highest micro-hardness (437 HV). The bulk hardness
was highest for TCHT-950 (413 HV). The highest UTS of
1317 MPa and ductility of 25% were achieved by TCHT-
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950. The TCHT-950 specimen obtained the best combina-
tion of UTS, hardness, and ductility among all the speci-
mens.

¢ This cyclic treatment (TCHT) is found to be a better route
to improve the mechanical properties (UTS, hardness, and
ductility) than the other methods addressed in the litera-
ture.
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