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Abstract: Standard heat treatment of martensitic stainless steel consists of quenching and tempering.
However, this results in high strength and hardness, while Charpy impact toughness shows lower
values and a large deviation in its values. Therefore, a modified heat treatment of 0.1C-13Cr-3Ni
martensitic stainless steel (PK993/1CH13N3) with intercritical annealing between Acl and Ac3 was
introduced before tempering to study its effect on the microstructure and mechanical properties
(yield strength, tensile strength, hardness and Charpy impact toughness). The temperatures of
intercritical annealing were 740, 760, 780 and 800 °C. ThermoCalc was used for thermodynamic
calculations. Microstructure characterization was performed on an optical and scanning electron
microscope, while XRD was used for the determination of retained austenite. Results show that
intercritical annealing improves impact toughness and lowers deviation of its values. This can be
attributed to the dissolution of the thin carbide film along prior austenite grain boundaries and
prevention of its re-occurrence during tempering. On the other hand, lower carbon concentration in
martensite that was quenching from the intercritical region resulted in lower strength and hardness.
Intercritical annealing refines the martensitic microstructure creating a lamellar morphology.

Keywords: martensite; stainless steel; intercritical annealing; impact toughness; mechanical properties

1. Introduction

Stainless steels contain at least 11% Cr. Because of the passivating chromium oxide
film formation they exhibit good corrosion resistance and are therefore widely used in
the industrial sector, from the automotive and aerospace industries to food and material
processing lines [1]. Stainless steels are classified into different categories according to
their microstructures, namely ferritic, austenitic, duplex, martensitic and precipitation
hardening. The different microstructures of stainless steels possess different properties
that have been extensively studied [2-5]. Stainless steel microstructures depend mainly on
the chemical composition, especially chromium and nickel [6,7]. Chromium increases the
stability of ferrite, while nickel is the main austenitic stabilizer. However, both elements
substantially improve hardenability that can lead to martensite formation.

Martensitic stainless steels (MSS) are Fe-Cr-C alloys which typically contain 12-17 wt%
Cr, 04 wt% Ni and 0.1-1.0 wt% C (C < 0.015 wt% for the supermartensitic grades) [2].
Alloying elements like Mo, V, Nb, Al and Cu are added for the enhancement of specific
properties, for example Mo improves the pitting corrosion resistance [8]. MSS combine
good corrosion resistance of the high chromium content and high hardness of marten-
site, which is mainly determined by the carbon content. They exhibit good ductility,
even at high strengths, excellent impact toughness, and resistance to wet abrasion and
cavitation [1,7,9,10]. However, MSS have the lowest corrosion resistance among stainless
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steels, due to chromium and molybdenum restrictions, which are needed for full austeniti-
sation during the heat treatment process. Martensitic stainless steels Fe-Cr-Ni with low
carbon and nitrogen contents do not possess especially high hardness, compared to carbon
steels. They are used in medicine, power generation and petrochemical industries for the
components of water turbines, and for equipment in oil and gas industries [11-14].

Heat treatment of martensitic stainless steels includes austenitisation, followed by
quenching, where the transformation of austenite into martensite occurs. However, strength
and toughness improvement can be achieved with intercritical annealing in the temperature
range between Acl and Ac3, where martensite partially transforms to austenite. At the
same time, austenite stabilizing elements, such as carbon, nickel, manganese and nitrogen,
are partitioned into the austenite [15-17], which transforms back to martensite upon
subsequent cooling. The result is a lamellar morphology which leads to a grain refinement
effect, according to the Hall-Petch equation. This results in material strengthening, since
the dislocation-movement is hindered during plastic deformation, because of reduction in
the dislocation mean free path. Even more, finer grain sizes also increase toughness, which
is of great importance since strength and toughness are normally inversely related [18,19].

During the intercritical annealing process of some martensitic stainless steels, reverted
austenite may be stabilized to a certain extent, even to room temperature, mainly due to the
chemical (partitioning of austenite stabilising elements) and mechanical (lamellar morphol-
ogy) stabilization [17,20-23]. This phenomenon was observed in Fe-13%Cr—4%Ni [24,25],
Fe-13%Cr—6%Ni [20,26,27], Fe-16%Cr-5%Ni [28], and Fe-13%Cr-7%Ni-3%5i [29] marten-
sitic stainless steels. Such a microstructure exhibits a prolonged plastic regime by transfor-
mation of austenite to martensite during plastic straining (TRIP effect) [20-22].

PK993 (Russian grade 1CH13N3) is a low carbon martensitic stainless steel with 0.08
to 0.15% C, 12.5 to 14.5% Cr and 2.2 to 3.0% Ni that is used in power generation [30].
The steel is similar to AISI410 but with added Ni [31]. A conventional heat treatment
consists of quenching and tempering. However, this heat treatment often results in a
large scattering of mechanical properties, especially the impact toughness. This means
that the impact toughness varies for more than 50% in the steel samples with the same
heat treatment, which may be unacceptable for some applications. Studies show that
specialised heat treatments like intercritical annealing and tempering, and even quenching
and partitioning, can improve the toughness of martensitic stainless steels [23,31-33]. The
aim of the present investigation was to study the effect of a modified heat treatment that
involves intercritical annealing, on the microstructural evolution and mechanical properties
of PK933 martensitic stainless steel with the focus on achieving the desired combination
of hardness (32-37 HRC), yield strength Rpg, (min. 880 MPa), tensile strength Rm (min.
1000 MPa) and Charpy impact toughness (min. 40 J) with lower scattering.

2. Materials and Methods

PK993 martensitic stainless steel conventional heat treatment consists of oil quench-
ing from 1000 °C/1 h and tempering at 540 °C/2 h. The chemical composition of the
MSS steel used in the study is given in Table 1. The thermodynamic equilibrium phase
composition was calculated with ThermoCalc (Thermo-Calc 2017a, Thermo-Calc Software
AB, Stockholm, Sweden) using the TCFES8.1 database. The carbon and sulphur contents
were analysed with TOFMS (time-of-flight mass spectrometer) LECO CS600 (Leco corpora-
tion, St. Joseph, MI, USA) while other elements were analysed by OES (optical emission
spectroscopy) ARL 3460 (ThermoFisher Scientific, Waltham, MA, USA).
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Table 1. Chemical composition of PK993.
C Si Mn P S Cr Ni Mo \% Cu
0.12 0.24 0.4 0.012 0.002 12.9 2.93 0.14 0.03 0.09
W Al B Ti Nb Co H (ppm) As Sb Sn
0.04 0.009 0.00066 0.001 0.004 0.02 45 0.006 0.004 0.007

Two sets of experimental heat treatments were carried out to attain the desired prop-
erties with a low scattering of the mechanical properties.

The first set of experiments was conducted in an electric resistance furnace without a
protective atmosphere. The samples for mechanical testing (¢ =20, 1 = 100 mm) underwent
conventional heat treatments which consisted of quenching in oil (mineral oil, room
temperature) and tempering (Q + T) at different temperatures 350, 400, 450, 500 and 540 °C
for 2 h. However, additional heat treatment with intercritical annealing was performed in a
TA DIL805A dilatometer (TA, New Castle, DE, USA) with a vacuum and an Ar atmosphere.
The protective atmosphere was used in the dilatometer to prevent oxidation of the small
dilatometry samples (¢ =4 mm, 1 = 10 mm). The heating rate was 2 °C/s and the cooling
rate was 10 °C/s (Ar blowing, for initial quenching and also for cooling from intercritical
annealing) to simulate the heating and cooling rates of the larger samples in the first
experimental set. Dilatometer samples were first quenched from 1000 °C (austenitized for
20 min and cooled to room temperature) and then annealed at intercritical temperatures
(Acy < T < Acs), namely, at 740, 760, 780 and 800 °C for 2 h; however, one sample was just
quenched from 1000 °C (above Acs).

For the comparison, the second set of samples for mechanical testing was experimen-
tally heat-treated in an electrical resistance furnace without a protective atmosphere. The
modified heat treatment consisted of quenching in oil (mineral o0il, room temperature),
followed by intercritical annealing with quenching in oil and finally tempering (Q + I + T).
The annealing temperature and time conditions were chosen based on the results of the
dilatometry and ThermoCalc calculations.

Equilibrium transformation points Ae; and Aez were determined by ThermoCalc,
which was also applied for the thermodynamical calculation of phases present at tempera-
tures of intercritical annealing. While transformation points at non-equilibrium heating, i.e.,
Ac; and Acg, were determined by the tangent method. The dilatometry heating and cooling
rates were 1 °C/min. The Acs temperature signifies the end of the ferrite matrix transfor-
mation into austenite and chromium rich carbide, which still remain undissolved [13,32].

The samples from both sets of experimental heat treatments were tested for mechanical
properties. Yield strength (Rpg2), ultimate tensile strength (Rm) and elongation (A) with
an extensimeter (DIN50125 M16, sample type B) (ZwickRoell Z100 tensile test machine,
ZwickRoell, Ulm, Germany), Charpy V notch toughness (10 x 10 x 55) (Galdabini Impact
450, Galdabini, Cardano al Campo, Italy) were determined on tensile and Charpy samples.
Hardness was measured with Rockwell (Wilson Series 500, Buehler, Lake Bluff, Illinois),
Brinell (KB 3000 BVRZ Standalone hardness testing machine, KB Priiftechnik, Hochdorf-
Assenheim, Germany) and Vickers (ZwickRoell ZHV, ZwickRoell, Ulm, Germany). Three
samples were used for tensile test and impact toughness for each heat treatment. The
experimental setup is shown in Table 2.
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Table 2. Experimental setup.
No. T, 1 (0 T12 (°Q) Ty 3 (CO) Sample Type
3xtensile,
1 1000 - 350 3xCharpy
3xtensile,
2 1000 - 400 3xCharpy
3xtensile,
3 1000 - 450 3xCharpy
3xtensile,
4 1000 - 500 3xCharpy
3xtensile,
5 1000 - 540 3xCharpy
3xtensile,
6 1000 760 350 3xCharpy
3xtensile,
7 1000 760 400 3xCharpy
3xtensile,
8 1000 760 450 3xCharpy
3xtensile,
9 1000 760 500 3xCharpy
3xtensile,
10 1000 760 540 3xCharpy
11 1000 740 - dilatometer
12 1000 760 - dilatometer
13 1000 780 - dilatometer
14 1000 800 - dilatometer
15 1000 - - dilatometer

1'T, is austenitization temperature, 2 Ty is intercritical temperature (Ac; < Ty < Acs); 3 T4 is annealing temperature.

Standard deviation was calculated for the Charpy impact toughness values.

M

where 0 is the standard deviation, x; is an individual value of the impact toughness, 1 is
the mean value of impact toughness and N is the total number of values.

Samples for metallography were taken in the longitudinal direction and mounted
in a conductive Bakelite. After mounting the samples were ground from 220 to 1000 grit
size on SiC abrasive paper, then polished with diamond paste 3 to 1 um. For revealing
the microstructure the samples were etched with Vilella’s reagent (5 mL HCI + 2 g Picric
acid + 100 mL Ethyl alcohol) for 15 s.

Metallographic analysis and determination of prior austenite grain size according
to ASTM E112 was done by a light optical microscope Olympus DP70 (Olympus, Tokyo,
Japan). The electron microscopy was done by a ThermoFisher Scientific Quattro S field-
emission scanning electron microscope (ThermoFisher Scientific, Waltham, MA, USA). The
retained austenite content in the samples was analysed with a XRD Bruker D8 Advance
(Bruker, Billerica, MA, USA) using Rietveld PowderCell v.2.4.

3. Results
3.1. Thermodynamic Modelling

The ThermoCalc analysis (Figure 1b) showed that the Ael and Ae3 temperatures
are 625 and 758 °C, respectively. Full austenitisation temperature was determined to be
920 °C. The quasi binary phase diagram with the variation of the Ni in Figure 1a shows that
both Ae; and Aej; points are lowered with the increase of Ni. Therefore, the intercritical
annealing temperatures were chosen at 740, 760, 780 and 800 °C. The equilibrium amount
of austenite and its composition according to ThermoCalc is given in Table 3. The austenite
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1600

that was formed at intercritical annealing contains less carbon, chromium, molybdenum
and vanadium due to the stability of My3Cg carbides. MC-type carbides, mainly NbC and
MnS, are also present at the austenitization temperature, but the MC carbide content is
below 0.05%, while MnS does not play a significant role at such low S values. M3C¢-type
carbides are typical for steels with high Cr and low to medium C contents, especially
martensitic stainless steels like AISI410 and AISI420 [34,35].
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Figure 1. ThermoCalc thermodynamic calculations, (a) quasi binary Ni phase diagram with marked PK993 chemical
composition, (b) thermodynamically stable phases in PK993, calculated by ThermoCalc.

Table 3. Amount of austenite (wt%) and its composition (wt%) at intercritical annealing temperatures
calculated with ThermoCalc.

T/°C Y Fe C Si Mn Cr Ni Mo \'% Al

1000 100 83.23 0.12 0.24 0.4 12.9 293 0.14 0.030  0.009
800 98.45 8418  0.036 0.24 0.40 12.07 297 0.07 0.020  0.009
780 98.32  84.28  0.029 0.24 0.40 11.98 2.98 0.06 0.019  0.009
760 98.21 8436  0.022 0.24 0.40 11.91 2.98 0.05 0.018  0.009
740 71.01 8419 0.018 0.24 0.48 11.51 3.50 0.04 0.014  0.007

3.2. Dilatometry

The dilatometric analysis showed that the transformation temperatures Acl and Ac3
are 628 and 895 °C, respectively (Figure 2). During the intercritical annealing, partial
austenitization occurred during the two hour holding and martensite formation upon
cooling. However, the change in length during the isothermal holding was larger for the
lower intercritical annealing temperatures (Figure 3). The cut-off slopes at the annealing
temperatures indicate the continuation of the transformation to austenite, this means
that at 740 °C most of the transformation occurred during the annealing. The martensite
start temperatures were higher for the lower intercritical annealing temperatures, the
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highest were 345 °C for 740 °C and the lowest were 304 °C for 800 °C (Figure 4), while the
martensite start temperature for the initial quenching from 1000 °C was 240 °C.

100

80 - Ac=628°C 1C=89°7°C

60 + Heating

1 +1°C/s
40

20
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Figure 2. Dilatometry, Ac; and Acs point determination.
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Figure 3. Dilatation at different intercritical annealing temperatures.
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Figure 4. Dilatation curves upon quenching from different intercritical annealing temperatures with
martensite start (Ms) temperatures.

3.3. Mechanical Properties

The tensile strength and hardness measurements are presented Figure 5 and Table 4.
The tensile tests showed a substantial drop in both yield and ultimate tensile strength for
about 100 MPa in Rpg; and 300 MPa in Rm when intercritical annealing was conducted.
The hardness values also show significantly lower values.

) J T [ JRp02 Q+T I Rp0.2 Q++T || 20
1400 < [_JRmOQ+T [l Rm Q++T
] —B—AQ+T  —mE—AQ++T
= C 19
1200 4
w04 M 'm '‘'m | 4 L 18
T 1 =
o
= E0g |17 &
@ 1 ©
O 600 2
Z 1 L 16 2
400 |
| L 15
200
0 14

350 400 450 500 540
Tempering temperature [°C]

Figure 5. Yield strength (Rpg), tensile strength (Rm) and elongation (A) of Q+ Tand Q + I+ T
specimens at different annealing temperatures.
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Table 4. Hardness measurements.
. ° Q+T Q+I+T
Tempering (*C) HB HRC HV HB HRC HV
350 410 £ 10 411+11 418 £12 336 £ 9 331+13 351 +£12
400 410+ 8 42.0+0.5 420 £ 8 333 £8 32.8+0.9 344 + 10
450 422 +8 42707 433 £ 10 335+ 5 33.7£0.2 346 £ 5
500 418 £10 418+1 421 £10 306 £3 30.8+0.5 318 £ 4
540 324+3 334+0.3 333+5 280 + 2 25.7+£0.1 296 + 3
The results of Charpy impact toughness are very scattered after the conventional Q + T
treatment. Except for the steel tempered at 450 and 500 °C, the conventional Q + T treatment
show a substantially larger deviation than modified Q + I + T treatment. Q + I + T samples
tempered at 450, 500 and 540 °C have also a higher impact toughness than conventional
heat treatment. The results are presented in Table 5.
Table 5. Charpy impact toughness.
. Q+T Q+I+T
Temopermg Standard
(] 1 2 3 Average Deviation 1 2 3 Average St. Dev
350 116 182 155 151 33.2 153 147 165 155 9.2
400 155 180 108 147.7 36.6 151 138 135 141.3 8.5
450 66 72 71 69.7 3.2 133 118 111 120.7 11.2
500 60 37 61 52.7 13.6 143 144 112 133 18.2
540 33 35 52 40 104 163 166 168 165.7 2.5

A small amount of retained austenite was found in the Q + T samples (0.5 vol%),
while there was no retained austenite in the intercritically annealed samples. The increased
nickel content can lead to retained austenite formation in martensitic stainless steels [36].
The light optical microscopy did not reveal any prior-austenite grain refinement during the
intercritical annealing, the prior austenite grains were estimated to be between 5 and 6 for
all samples (ASTM standard).

3.4. Microstructure

The micrographs reveal a martensitic structure in all samples; however, the martensitic
structure is finer in the intercritically annealed samples. A comparison between the Q + T
and Q + I + T samples annealed at 540 °C is shown in Figure 6.

Figure 6. Cont.
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g . T

Figure 6. Optical micrographs of the Q + T (1000 + 540 °C) and Q + I + T (1000 + 760 + 540 °C) samples.

The scanning electron microscopy of the Q + T and Q + I + T samples revealed a
difference in the carbide precipitation and numerous smaller martensite lath packets in
the intercritically annealed samples (Figure 7). The tempering carbides are elongated and
perpendicular to each other in the Q + T samples, while they are smaller and less elongated
in the Q + I + T samples (Figure 7). The Q + T samples also have a thin continuous
carbide film along the prior-austenite grain boundaries, while the carbides have coarsened
and grown larger in the intercritically annealed samples (Figure 7). Furthermore, during
intercritical annealing, carbide precipitation also occurred along the martensite laths;
however, these carbides are coarser than the tempering carbides and are stable at 760 °C.
The sample that was not intercritically annealed, only quenched from 1000 °C, revealed that
a thin carbide film forms along the prior-austenite grain boundaries during the quenching;
however, no carbides were observed within martensite laths (Figure 8). Additionally, local
intergranular corrosion appeared on the grain boundaries during etching (Figure 8a).

Scanning electron microscopy of the dilatometer intercritically annealed samples
revealed that differently shaped carbides form along the martensite laths/austenite nucle-
ation sites. Thin elongated carbides form along these former martensite laths during the
annealing at 740 °C, while they start to coarsen and form stringers at 760 °C (Figure 9). A
further increase of the annealing temperature causes an increased formation of stringer
carbides along the former laths and round carbides on the prior austenite grain bound-
aries. At the highest intercritical annealing temperatures, i.e., 780 °C and 800 °C, it can
be seen that martensite habitus start to disappear locally and equiaxed ferrite grains can
be observed.
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Figure 7. SEM images of (a), (c) Q + T (1000 + 450 °C) and (b), (d) Q + I + T (1000 + 760 + 450 °C) samples; SEL
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Figure 8. A thin carbide film on the grain boundaries in the sample quenched from 1000 °C (a) lower magnification,
(b) higher magnification of the carbide film; SEL
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Figure 9. Microstructures of samples annealed at different intercritical temperatures; SEI. (a) 740 °C (b) 760 °C (c) 780 °C
(d) 800 °C.
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4. Discussion

In the present research, the effect of intercritical annealing of PK993/1CH13N3 marten-
sitic stainless steel was studied. The thermodynamic analysis showed that Ae; (625 °C)
and Aejs (758 °C) transformation points have been lowered, due to the increased Ni content.
The Ac; transformation point during slow non-equilibrium heating (1 °C/s) is 628 °C,
which is in very good agreement with the calculated value. In contrast the measured Acs
value is much higher (895 °C) than the calculated value. The presence of equiaxed ferrite
in the 800 °C sample (Figure 9) proves that the Ae; temperature is too low. Nonetheless,
this means that the ferrite content during intercitical annealing is very low, close to zero,
and cannot be detected by XRD. The share of austenite in the intercritical « + y region
starts to increase rapidly after about 660 °C (Figure 1b). The first intercritically annealed
sample at 740 °C therefore contains the least amount of austenite and subsequently the
least carbon in the austenite. The continuous transformation of ferrite to austenite during
annealing is visible in Figure 3, especially when annealing at 740 °C, and is expressed by
the cut-off peak. The majority of the transformation to austenite occurred at the annealing
temperature at 740 °C, while the transformation to austenite was practically already over
when annealing at 800 °C. This is visible from the vertical lines on the graph in Figure 3.
The large difference in dilatation during annealing at 740 °C is due to the bigger relative
difference between the BCC and FCC volumes at lower temperatures. The increasing
annealing temperature has a significant effect on the solubility of carbon in austenite, this is
evident in the different martensite start temperatures. The lowest Ms was 345 °C for 740 °C,
it gradually increased to 304 °C for 800 °C, while the samples quenched from 1000 °C had
Ms at 240 °C (Figure 3).

After quenching from 1000 °C in oil, the samples were additionally intercritically
annealed at 760 °C, which was followed by tempering. The microstructure and mechan-
ical properties (Rp, Rm, hardness and Charpy impact toughness) were compared to the
conventional Q + T heat-treated samples.

The results of intercritical annealing between Ac; and Acz show that partial, i.e.,
second, austenitization, which is accompanied by a slight partitioning of alloying ele-
ments [37]. The austenite formation and subsequent quenching refined the microstructure
of the steel; however, this was not expressed in noticeable prior austenite grain size reduc-
tion but in the formation of a lamellar morphology, which consists of a tempered martensite
matrix with the newly formed martensite lamellas upon subsequent cooling of the reverted
austenite from the intercritical temperatures. The martensite itself consists of smaller laths.
Microstructure analyses also showed that intercritically annealed samples have smaller and
more homogeneously distributed carbides without a thin carbide film along prior austenite
grain boundaries that was observed in the conventional Q + T heat-treated samples.

Nevertheless, the finer martensite morphology was found to have a profound effect
on the homogeneity of mechanical properties, mainly on the scattering of the impact
toughness values which were substantially lower (Figure 10) than in the case of Q + T
samples. Moreover, the values of Charpy impact toughness of Q + I + T samples were
higher in three samples (450, 500 and 540 °C) and approximately the same in two (350
and 400 °C). This improvement in Charpy impact toughness results can be attributed to
intercritical annealing, which, first dissolved and second, prevented the re-formation of
thin carbide layers on the prior austenite grains during tempering. Namely, thin carbide
layers along PAGB have a detrimental effect on toughness and they are also responsible
for the scattering of the impact toughness values in the quenched and tempered samples.
However, Chakraborty et al. have attributed the 500-570 °C embrittlement to the formation
of Fe-rich carbides, which were not analysed in this study, but would also be affected by
the intercritical annealing [35].
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Figure 10. Charpy impact toughness for Q + T and Q + I + T samples at different tempering temperatures.

The highest impact toughness values for the Q + T samples were obtained at the
lowest tempering temperatures, i.e., 350 and 400 °C, while the lower impact toughness
values were obtained at higher tempering temperatures 450-540 °C. This indicates that
the thickening of the carbide film during tempering has the greatest effect on the lowering
of the toughness. However, even at high impact toughness values (150 J), the standard
deviations for the Q + T are around 30 J, while the Q + I + T standard deviations at such
impact toughness values are below 10 J (Figure 10). It is most noteworthy that this results
in unreliable impact toughness values throughout the material.

On the other hand, the tensile strength and hardness in the intercritically annealed
samples are lower in comparison to the Q + T sample. This is due to the formation of the
new martensite that contains less carbon, which is bonded to stable M»3Cg¢ carbides.

The highest hardness values obtained in the Q + I + T were 33 HRC, while the Q + T
gave values up to 42 HRC. Since the requirements for hardness were 32-37 HRC, only one
heat treatment in Q + T (540 °C) and three in the Q + I + T (350, 400 and 450 °C) qualified.
The impact toughness criteria above 40 J then further eliminated Q + T at 540 °C. The
Q + I + T samples have a weaker response to tempering than the Q + T samples, in terms
of impact toughness and hardness, due to the lower value of carbon in the martensite, that
forms after intercritical annealing.

The downside of the intercitical annealing is the fact that austenite contains less
carbon, namely, at an intercritical temperature of 760 °C that is only 0.022% C and therefore
it possesses lower hardness after quenching. With the increasing intercritical annealing
temperature, Ostwald ripening occurs; however, at 780 °C and more pronounced at 800 °C
martensite habitus start to disappear locally and equiaxed ferrite crystal grains are formed
in the microstructure. This is due to the high temperatures and the thermodynamic stability
of both austenite and ferrite. The driving force for the recrystallization prevails over the
pinning action of carbide particles on the low-angle lath boundaries that results in lath
replacement with more equiaxed ferrite grain boundaries and thus, some carbide stringers
can be observed within polygonal ferrite crystal grains.

Due to the softening effect of the equiaxed ferrite, the heat treatments with intercritical
annealing at 780 °C and above were excluded from further experiments. On the other hand,
the intercritical temperature of 740 °C was estimated to have insufficient austenitisation that
resulted in an insufficient decomposition of the carbide film. Carbide precipitation along
the prior austenite grain boundaries and martensite laths is typical for high temperature
tempering [38].
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In all the Q + I + T samples retained, austenite was not detected. Martensite start
temperature is higher in the case of intecritically annealed samples and increases with
the lowering of intercritical temperatures. This is due to lower concentrations of carbon
and chromium, which are bonded in stable chromium-based carbides (M»3Cg) in second
austenite during partial austenitisation between Ac; and Acs. However, with increasing
temperature the carbides slowly dissolve in austenite. Therefore, the sample that was
quenched from 1000 °C has the lowest Ms.

The results of the mechanical testing have shown that the intercritical quenching
decomposes the deleterious thin carbide film that forms during quenching from 1000 °C,
but at the cost of lower tensile strength and hardness.

We can also predict that the presence of the carbide film increases the chance of inter-
granular corrosion, as indicated by pronounced boundary etching on Figure 8a. Therefore,
the Q + I + T heat treatment could improve the corrosion resistance. However, additional
analysis and experiments have to be conducted.

5. Conclusions

In the present work the effect of intercritical annealing on the mechanical proper-
ties and evolution of the microstructure of PK993/1CH13N3 martensitic stainless steel
was studied.

The conventional (Q + T) heat treatment results in a formation of a carbide film on the
prior austenite grain boundaries that has a detrimental effect on the impact toughness and
causes a large deviation in its values. However, the resulting hardness and tensile strength
values are high and do not deviate as much.

The modified (Q + I + T) heat treatment was developed to counter the detrimental
effect of the carbide film. During the modified treatment the film is dissolved and its for-
mation during tempering is prevented. The new heat treatment also refines the martensitic
microstructure, which shows a lamellar morphology which consists of tempered martensite
and newly formed martensite. The microstructure is more homogeneous and has a finer
carbide distribution.

The modified heat treatment resulted in higher and less scattered impact toughness
values. The drawback is in the lower hardness and tensile strengths, due to a lower carbon
concentration in new martensite. No retained austenite was detected.
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