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Abstract

The present study was performed to investigate the influ-
ences of short-time austenitization on mechanical proper-
ties and transformation-induced plasticity (TRIP) in
austempered ductile iron. For this purpose, Cu—Ni—Mo-
alloyed ductile iron (DI) were poured into sand molds and
subsequently the DI samples were austenitized at 850 °C
for the duration of 15-30-60 min followed by holding in a
salt bath at an austempering temperature of 260 °C for
90 min. Characterization studies were carried out with
dilatometer, image analyses software, tensile test, hardness
test, XRD analysis, optical and scanning electron micro-
scopies. Findings revealed that as the austenitization time
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increased, carbon content of austenite (total of high carbon
and blocky) and bainitic ferrite cell size enhanced, and
phase volume fractions of transformation products of
austenite changed. Within this context, changes in the
mechanical properties were discussed. Optimum combi-
nation of strength and ductility and maximum TRIP effect
were determined in the shortest (15 min)-austenitized
sample. Accordingly, it was determined 15 min austeniti-
zation led to progression in the mechanical properties as
146 MPa and 0.6 % increment in the tensile strength and
total elongation respectively, compared to 60 min austen-
itized sample.
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Introduction

Austempered ductile iron (ADI) has been used in many
engineering areas, including automotive components, rail-
ways, agricultural machinery, and in other industries due to
its advantages such as being a favorable combination of
high strength and toughness, providing design flexibility,
low production cost, and relatively low density.'™ The
production of ADI is provided by a casting of ductile iron
(DI) alloyed according to the mechanical properties
requested and austempering process.

Chemical composition of a casting should be designed
precisely to acquire sound casting with high count of well-
shaped spheroids in a desired matrix without intercellular
carbides. In that regard, as much as amount of carbon
(C) and silicon (Si) have importance, main alloying ele-
ments copper (Cu), nickel (Ni), and molybdenum (Mo)
have impact on both mechanical properties and
microstructure especially for heavy section parts because
of enhancing austemperability (tendency to form ausferritic
structure).® The addition and amount of alloying elements
Cu, Ni, and Mo into ADI differ austemperability and
hardenability of ductile iron and is consequently reflected
in austempering kinetics and processing windows.®
Austenite stabilizers elements Cu and Ni having low
affinity to carbon retard the formation of carbide and
overlap process windows.” This accounts for their contri-
bution to ductility. And also, it was reported that Ni
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contents up to 1% (wt.) increased the tensile strength and
hardness, particularly for ADI with low ausferritic struc-
ture.® However, in the present literature, Cu has no
notable influence on tensile properties except progressively
increasing elongation with enhancing amount was
informed for ductile iron austempered at low tempera-
ture.”'° Mo being a ferrite stabilizer element is the stron-
gest element to improve the hardenability in ductile iron.
However, its amount over 0.3 % (wt.) cause to segregation
in eutectic cell boundaries together with inappropriate
matrix for austemperability and carbide formation.® It was
acknowledged that molybdenum rich carbides serve as
crack propagation paths in the earlier studies as well.'"'?

DI goes through two-stage phase transformations during the
austempering process. Austempering process of DI begins
with the heating of cast iron in the austenitization temperature
range, followed by rapid cooling in a salt bath at a temperature
between 250 and 400 °C. It is then held isothermally in this
range for a time required for the austempering reaction to
occur. In the first stage, austenite (y) transforms into bainitic
ferrite (o) and high-carbon austenite (tha)-l3

Y= %p + tha Eqn 1

In the second stage, high-carbon austenite decomposes into
carbide and ferrite ().

Yhea — ® + Carbide Eqn. 2
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The formation of carbide in the second stage degrades the
mechanical properties.'*' Therefore, in ADI, the optimum
properties are obtained between Stage I and Stage II. This
interval is called process window or useful range.'®'®

Volume fraction, morphology, and stability of austenite
(high carbon and blocky) are changed depending on
austempering variables, and together with bainitic ferrite,
they affect the mechanical properties significantly.'® >
Austenitization temperature and time are two critical fac-
tors having importance in determining mechanical prop-
erties of ADI just as other variables like chemical
composition, austempering time and temperature owing to
their effects on the carbon content of primary austenite.
Austenitization time determines the percentage of carbon
dissolved in the austenite which in turn, affects primarily
transformation kinetics and accordingly rate of phase vol-
ume fraction, phase morphology.”>** Gorny et al.*
reported a similar assessment that the holding time during
austenitization affected the carbon saturation in austenite,
and this increase occurred most extensively at the initial
stage of austenitization.

The austenitization temperature and time should be selec-
ted to enable sufficient carbon transfer from the graphite
nodules (or other carbon resources like pearlite, ferrite) to
the austenite matrix.”>>’ As the carbon solution process is
both time and temperature-dependent,”® while low
austenitization temperatures enhance the driving force for
the transformation of austenite®® and lead to refinement in
the structure, decreasing austenitization time shows the
same trend on the driving force, resulting in attractive
mechanical properties.'*” Another advantage of short-
time austenitization is undoubtedly the production cost of
ADL

In a study by Batra et al.,** it was acknowledged that the
austempered structure consisted of bainitic ferrite and high
carbon austenite and its carbon content was non-uniform
when austempered after 90 min of austenitization at
850 °C of ten mm thickness sample. When austenitization
was increased to 120 min, the bainitic ferrite and retained
austenite were distributed more uniformly owing to the
homogeneous carbon content of austenite in the matrix.

Table 1. Chemical Composition of ADI Used in This

Study (weight%)
C Si Mn P S Ti Ce
351 242 0202 0.049 0.015 0.016 0.005
Cr Ni Mo Cu Al Mg Fe
0.044 1.007 0.189 0.526 0.003 0.044 Balance
1838

Transformation-induced plasticity (TRIP) was revealed at
the beginning of 1970. The TRIP effect was observed as
enhancing strength and elongation due to the transforma-
tion of austenite into martensite at the time of deformation
especially in the steel including retained austenite (unsta-
ble or blocky)™ that had lower carbon content compared to
high carbon austenite in ADI.*'

In previous studies, while a group of researchers asserted
the austenite in ADI was mechanically unsta-
ble,***?austenitization temperature and time other
researchers™> suggested no such deformation-induced
martensite transformation. It is known that the stability of
austenite depends on its carbon content, morphology, and
phases surrounding it****® and is decisive in taking place
of the TRIP effect and tailoring mechanical properties.®’°

Earlier researchers reported that if unstable austenite apart
from high carbon austenite exists in the microstructure of
ADI, unstable austenite can turn into martensite; in other

words, TRIP effect could be seen in ADI just like in
Steel.4,13,21,39

Many studies*>***' have investigated the effects of

austempering time and temperature on ductile iron with
various matrix structures. However, in the current ADI
literature, no attempt has been observed to clarify the effect
of short-time austenitization on TRIP and mechanical
properties so far. Therefore, the present study was designed
to reveal the effects of short-time austenitization on
mechanical properties and TRIP in ADI. Ductile iron
samples were austenitized at 850 °C for periods ranging
from 15-60 minutes and immersed into a salt bath at
260 °C for 90 min. Detailed characterizations were carried
out with dilatometer, image analyses software, tensile test,
hardness test, XRD analysis, optical and electron micro-
scope and presented.

Experimental Study
Materials

The chemical composition of ADI utilized in the present
study is listed in Table 1.

The casting of DI was realized via a medium-frequency
induction furnace (Inductotherm® brand) in a commercial
foundry. The charge consisted of 50% pig iron, 40% duc-
tile iron returns, and 10% steel scrap that was superheated
to 1550 °C, tapped at 1450°C, and the teapod ladle method
was utilized to treat a 500 kg melt of iron with 6-7% Mg
containing ferrosilicon alloy for spheroidizing. Inoculation
was then carried out with Ultraseed® Ce inoculant
(Si:70-76%, Ca:0.75-1.25%, Ce: 1.5-2.0%, Al%
0.75-1.25, S and O: less than 1%, Fe: Balance) with the size
of 0.2 to 0.7 mm in the amount of 0.15 wt. % in the ladle.
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Figure 1. (a) Dimension of Y block, (b) of tensile test sample, (c) schematic
representation of the most deformed area near to fracture surface in the necked
region (B section) and the least deformed area (A section) after the tensile test

(dimensions are in mm).

Table 2. Nodularity and Nodule Counts of Graphite
Spheres Depending on the Sections of Y Block

As-Cast Section 1 Section 2 Section 3 Section 4
Samples

Nodularity (%) 86+ 7 86+ 5 90+ 2 9244
Nodule counts 121+6 119+ 24 135+ 12 143+ 5

per mm?

The chemical composition of the casting was determined
through optical emission spectrometer (OES) of a chilled
sample. The melt at the temperature between 1400 and
1450°C was cast into Y block green sand molds (chemi-
cally bonded with bentonite) prepared in according to
ASTM A897 (thickness of 3 inc/75 mm). Y block, the last
zone to solidify corresponded to the top of the block which
might include casting defects as it was designed for that
aim. Tensile test samples were extracted from the bottom
zone (3—4 sections) as shown in Figure 1 because the 3—4
sections compared to 1-2 sections of Y block had higher
nodule counts and nodularity (Table 2) and machined as
per ASTM ES8 (Figure 1b).

The tensile test samples were coated with commercial pure
copper through electyrolsis processes to prevent decar-
burization and oxidation during heat treatment.

To investigate the TRIP effect through microstructural
changes after tensile testing, specimens were extracted
from the least deformed section (A) and the most deformed
section (B) of tensile test sample. Schematic representation
of the section A and B on broken tensile test specimen is
given in Figure lc.
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Heat Treatments

A Baeher dilatometer was utilized to determine the Acy,
upper critical and martensite start temperature (Ms). The
cylindrical DI samples, after full annealing at 900 °C fol-
lowed by cooling to room temperature in the furnace, having
a 4 mm diameter, 10 mm length, were used in the
dilatometer studies. The dilatometer sample was heated up to
900°C with a heating rate of 5 °C/sec. The Ac,, upper crit-
ical, and Ms temperatures were determined from the
dilatometry test, and the results were about 788 °C and
815 °C and 197 °Crespectively (Figure 2). The temperature
of 850 °C was chosen as austenitization temperature since
the driving force for the transformation increases with a
falling austenitization temperature. Process windows were
established by applying austempering process at the same
temperatures (austenitization and austempering) for various
times, and the appropriate holding time was determined as
90 min. That investigation is not presented here.

The austempering process was implemented by austeniti-
zation in a Heraeus electric furnace pre-set at 850 °C in the
open atmosphere for various times of 15-30-60 min fol-
lowed by quenching in a salt bath composed of 50%
NaNO; and 50% KNO; It was held at an austempering
temperature of 260 °C for 90 min and then cooled to the
room temperature in the still air. The austenitization and
austempering times represent how many minutes the
specimens were kept in the furnace and salt bath at preset
temperatures. The schematic presentation of the heat
treatment process is given in Figure 3.
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Figure 3. Schematic presentation of the heat treatment
process.

Materials Characterization
Tensile tests were carried out at room temperature via

Instron 3369 universal testing machine with 50 kN loading
capacity at a strain rate of 0.0067 s™ as per ASTM E8. A
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clip-on extensometer was used for the strain measurement
of the gauge length at 25 mm. Three tensile samples were
tested per each heat-treated condition and mean values
were presented. The hardness tests were conducted in
Emcotest Duravision 200 model universal hardness tester
with Brinell (HBW 2.5-187.5 kgf) method. Three different
indentations were performed for each heat-treated condi-
tion and their mean values were submitted.

Metallographic samples prepared from A and B sections of
tensile test specimens in each heat-treated condition after a
fracture are shown in Figure Ic. These samples were
ground and polished up to a 1 pm diamond suspension in
accordance with standard procedures (without mounting to
prevent any effects like heat on the samples) and etched
with a 2% Nital. The specimens were coded according to
the austempered sample, austenitization time, and sec-
tioned area from the broken tensile test specimen, e.g.
AS15-A, where AS represents the austempering, 15 rep-
resents the austenitization time, and A stands for the sec-
tioned area from the broken tensile test specimen as shown
in Figure lc.

International Journal of Metalcasting/V olume 16, Issue 4, 2022



The microstructures of the samples were analyzed through
Leica DM 5000M optical microscope connected with Leica
DFC 320 digital camera and HITACHI SUS5000 model
scanning electron microscope. Leica Application Suite
Image Analysis software (LAS) version 4.6 was used for
the structural characterization of the sample in as-cast
condition. The total volume fraction of high carbon
austenite 4 blocky austenite was determined by XRD
analysis. The estimations of the bainitic ferrite cell size of
the samples was realized from the (110) peaks of ferrite
from XRD patterns by using Scherrer equation as in pre-
vious studies.?”***

0.9

=— Eqgn. 3
Pcos0 an

where d is the mean cell size, A is the wave length, 0 is the
Bragg angle, and B is full width at half maximum of the
peak.

X-ray diffraction patterns were obtained on a Bruker D8
Advance X-ray diffractometer and operated at 40 kV and
40 mA using monochromatic Copper Ko radiation
(A=1.54056 A°). The samples were scanned in the 20 range
of 40-100° at a scanning speed of 0.05°/sec. The integrated
areas of both ferrite (200) and austenite (200) peaks were
used for the calculation of the volume fraction of total
austenite. The volume fraction of total austenite was cal-
culated according to the ASTM E975 standard** by using

two peak rules. Equation 4 is utilized to calculate the
volume fraction of total austenite.

L5000
Ry 200

|:Iaz(200) 1, 200) }

Vy = Eqgn. 4

Ru00) * Ry(200)

where Vy: volume fraction of total austenite, I: integrated
intensity of diffraction peak, and R-value calculated from
the X-ray diffraction peak position.

The carbon content of total austenite was estimated by
using Eqn. 5 from the lattice parameter of the austenite.*’

o, = 0.3548 + 0.0044Cy Eqn. 5

where o, is the lattice parameter of austenite in nanometer,
and Cvy is the carbon content of austenite (wt.%).

Experimental Findings and Discussion
Microstructural Analysis

Ferrite (white areas) + pearlite (brown areas) + spheroidal
graphite (black areas) structures were seen in the
microstructure of the ductile iron in as-cast condition
(Figure 4b-c). The matrix of that consisted predominately
of pearlite. The nodularity and the nodule counts were
measured from 4 different sections of Y block (Figure 1a)

Figure 4. Optical micrographs of the sample in as-cast condition (a) unetched,
magnification: 100x (b) etched with 2% Nital, magnification: 100x (c) etched with 2%
Nital, magnification: 200x.

International Journal of Metalcasting/V olume 16, Issue 4, 2022
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Figure 5. Optical micrographs obtained from sections A and B of ADI broken tensile
test specimens; (a) AS15-A, (b) AS15-B, (c) AS30-A, (d) AS30-B, (e) AS60-A, (f) AS60-
B (Note: Arrow indicates intense ausfferitic area)(Magnification: 1000x).

according to ISO 945-4 with LAS image analyzer and
presented in the Table 2. It should be noted the samples
from section 1-2 was utilized only for nodularity and
nodule counts calculations to disclose how they changed
based on the location in Y block.

Phase volume fraction of the sample in as cast condition
was calculated as graphite 16.37%, ferrite 20.34%, and
pearlite 63.27% through LAS image analyzer, and its
nodularity and nodule counts were found 90% and 128,
respectively (Figure 4a).

Optical and SEM micrographs obtained from sections A
and B of ADI broken tensile test specimens are given in
Figures 5 and 6, respectively. The XRD patterns including
detected phases with miller indices of all samples (in-
cluding A-B section) in each heat-treated condition are
illustrated in Figure 7. The microstructural constituents of

1842

the samples are given in Table 3. The sequence of
microstructural changes as a function of time determined
during austempering in the present study were described in
the introduction section.

As illustrated in Figure 5, the microstructures of all sam-
ples consisted of lower ausferrite structure due to low
austempering temperature regardless of austenitization
time.*® It was noteworthy how intense and dark ausferrite
was in the vicinity of the graphite (Figure 5). This is a clear
evidence that graphite is significant carbon source for
austenite. In an earlier study,*’ researchers also reported
that graphite was a significant carbon source for austenite
transformed from ferrite. In the continuation of the study, it
was stated secondary graphitization occurred with pro-
longing austenitization and the secondary graphite partic-
ules caused a decrease in the ductility. Therefore, it can be
said that low possibility of formation secondary

International Journal of Metalcasting/V'olume 16, Issue 4, 2022
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graphitization during short-time austenitization is another
favorable impact of the process.

As illustrated in Figure 6, the microstructures of all sam-
ples were composed of blocky austenite and film-like
austenite, bainitic ferrite and graphite. No morphological,
microstructural differences were observed in ausferrite
structures between the sections A and B taken from the
same samples (Figures 5 and 6). That was very usual not to
be able to distinguish any fresh-formed martensite from
needle-like structure of lower ausferrite as the
microstructure was very fine and similar to each other due
to high driving force stemmed from low austenitization and
low austempering temperatures. It is worth remembering
that martensite is also high driving force-structure.

The structural changes related to austenization time were
clarified with XRD analyses.
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Table 3. Results of Metallographic Measurements

Sample Name Austenite Bainitic Bainitic Ferrite Carbon Content in Transformation
*(vol .%) FerriteS(vol .%) Cell Size (nm) Austenite (wt.-%) Rate" (%)

AS15-A 17.34 82.66 14.96 1.69 11.36
AS15-B 15.37 84.63™ - -

AS30-A 18.08 81.92 16.29 1.98 4.09

AS30-B 17.34 82.66™ - -

AS60-A 18.48 81.52 17.05 2.01 4.01

AS60-B 17.74 82.26™ - -

*Total volume fraction of austenite (high carbon and blocky austenite) calculated via XRD analysis

SCalculated via XRD analysis
“Not Calculated

™That estimations are the total value of bainitic ferrite and martensite transformed from austenite
"Transformation rate: volume fraction of austenite of (A section—B section)/ (A section)

It should be noted in Table 3 that the bainitic ferrite volume
fraction also includes martensite volume fraction, since it
was not usual to separate them from each other due to
familiar lattice parameters by XRD analyses.>® However, a
drop in the austenite volume fraction and increase in the
bainitic ferrite volume fraction were distinct indicators of
the phase transformation.

As can be seen from Table 3, the volume fraction of
austenite increased with prolonged austenitization time and
the samples acquired from section B displayed less
austenite compared to the samples obtained from section A
of the same sample. This behavior is related to TRIP
effects. It was not possible to distinguish volume fraction
of blocky austenite from total austenite. However, it is
thought that the reason for the decrease at the volume
fraction of austenite of A sections compared to B sections
of samples were due to transformation of blocky austenite

stable compared to finer austenite.’”* In addition, It is
notable that blocky austenite is the primary source for
martensite formation owing to inadequate carbon enrich-
ment making the material unstable.”® This result is in good
agreement with the findings of previous researchers.'**"!
It was considered the reason for the increase in the amount
of austenite was correlated with the drop in driving force*®
depending on rising carbon solubility in austenite when the
austenitization time increased. This phenomenon coincides
with an investigation carried out by Batra et al.** and
Lawrynowicz et al.”*

The research conducted by Bayati et al.”>® reported that
TRIP influence was observed even in austenite, with a
carbon content of 1.8%, and this was related to the
mechanical stability of austenite. The carbon content of the
blocky austenite which is the probable region for the
transformation should be less than the average carbon

., 4 .
to martensite 8 since the

blocky austenite

content of austenite.*®>*>> The occurrence of the TRIP

Table 4. The mechanical properties of all samples

Sample Yield Eng. Tensile Eng. Total Hardness (HBW 187.5 PSESGPa.%

Name Strength(MPa) Strength(MPa) Elongation(%) kgf)

As-cast 446.5 £ 4.3 6552 + 7.2 43+ 0.9 232+3.24 2.8

AS-15 986.2 + 11.7 1269.5 + 8.5 221 +£0.14 495+1.41* 2.81

501+2.70%

AS-30 8346 +£ 104 1129.5 £+ 48.7 1.7 £ 0.22 498.5+3.94* 1.92
499.5+4.95"

AS-60 826.1 +12.1 1123.5 £ 92.6 1.61 + 0.16 491.5+6.36* 1.81
495.5+4.99"

"Hardness of A section of AS15, AS30, AS60.
#Hardness of B section of AS15, AS30, AS60.
SPSE: Product of tensile strength and total elongation that was calculated by multiplication of tensile strength and total elongation.

1844
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Figure 8. Effect of austenitization time on tensile properties.

process would require low carbon solubility in austenite
linked to the stability of austenite. This is substantiated in
the present work. The transformation rate (see Table 3)
decreased with increasing the carbon content of austenite.

Mechanical Properties

The mechanical properties depending on the change in the
structure and the amount of phases are presented by the
variations in austenitization time at the constant austem-
pering time and temperature as the austempered structure
evolves. The average values of hardness measurements, the
yield and tensile strengths, and total elongations obtained
for each heat treatment condition investigated are given in
Table 4. Based on the mechanical test results, it could be
noted that mechanical properties of the samples were
directly linked to morphology (fine or coarse) of ausferrite,
carbon content of austenite, phase volume fraction of the
phases in the structure and contribution rate of TRIP effect.

Hardness

The hardness of the samples acquired from the B section
compared to the A sections were slightly higher for each
heat-treated condition with the same austenitization times
(Table 4).

This is consistent with the increase in the volume fraction
of bainitic ferrite (including martensite) in Table 3, because
the formation of new ferrite does not seem possible after
deformation. In this case, enhancement in the total volume
fraction of bainitic ferrite was probably linked to marten-
site formation, and this result reflected a slight increase in
the hardness.

International Journal of Metalcasting/V olume 16, Issue 4, 2022

Tensile Properties

Tensile properties of the sample in the each heat-treated
condition depending on austenitization time are given in
Table 4 and Figure 8.

Yield Strength Specimens AS-30 and AS-60 exhibited
almost the same yield strength (Table 4 and Figure 8). The
high value of yield strength of AS-15 can be
attributable transformation of austenite due its low carbon
content compared to AS-30 and AS-60 (Table 4).

Tensile Strength Among tested specimens for each heat
treatment condition, specimen AS15 with the shortest
austenitization time and the lowest carbon content in
austenite exhibited the best combination of high strength
and ductility (PSE) (Table 4 and Figure 8). The reasons for
these favorable results were fineness of the bainitic ferrite,
high amount of austenite and TRIP effect. As is well-
known austenite with a low-carbon concentration helps to
exhibit the TRIP effect by transforming blocky austenite
into martensite during deformation. Therefore, the highest
TRIP effect was determined in the AS15 sample due to low
carbon concentration in austenite.** This incremental effect
on ductility and strength because of TRIP was acknowl-
edged in earlier studies.?'>° However, significant carbon
enrichment of austenite with prolonged austenitization time
led to limited TRIP effect, along with other factors, may
result in an earlier fracture. This state is more explicit
between the sample AS15 with the lowest carbon content
of 1.69 % and AS60 with the highest carbon content of
2.01% (Figure 8).
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In the case of sample AS60, distance from the best com-
bination of strength and ductility might be due to the
detrimental effect of blocky austenite,”® coarsening grain
of bainitic ferrite:,12 lower bainitic ferrite amount,29 and the
limited TRIP effect due to the increased stability of
austenite during prolonged austenitization (Table 3 and
Table 4).

No considerable differences were observed in the
mechanical properties of AS30 and AS60 due to similar
metallographic measurements values as illustrated in
Table 4. Therefore, it can be stated that the effect of short-
time austenitization disappeared from the thirtieth minute.

Total Elongation 1In each heat-treated condition, total
elongation decreased with increasing time as shown in
Figure 8. Total elongation also appears to be affected by
the prolonged austenitization time which led to an increase
in the carbon content of austenite, lower transformation
rate of austenite into martensite and coarsening of the
ausferrite structure (Table 3).

Conclusion

The effect of short-time austenitization on mechanical
properties and TRIP in ADI was examined. This study
reached to the following conclusions:

1) DI samples austenitized at 850 °C during 15-30-
60 min followed by austempering at 260 °C for
90 min: Microstructures composed of high-car-
bon austenite, blocky austenite and bainitic
ferrite were obtained in all samples.

2) In ADI, the TRIP effect dependent on the carbon
content of austenite during austenitization was
determined. The carbon content of austenite was
controllable parameters linked to the time at the
constant austenitization temperature.

3) The best combination of strength and ductility
and the highest TRIP effect were determined in
the sample with a 1.69 % carbon content austen-
itized at the shortest time (15 min) for the current
study.

4)  The amount of total austenite was increased up to
18.48%, but its transformation rate decreased
from 11.36% to 4.01% with prolonged austeni-
tization time.

5)  When the austenitization time was extended from
15 to 60 min, while bainitic ferrite volume
fraction decreased, austenite carbon solubility
reached to 2.01% and bainitic ferrite cell size
enhanced from 14.96 nm to 17.05 nm.

6) The austenitization time changing in the range of
15-60 min time resulted in a considerable
improvement in the mechanical properties and
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led to 146 MPa and 0.6% increment in the tensile
strength and total elongation, respectively in
favor of the shortest austenization time.
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