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Abstract

A significant amount of stabilized austenite can be obtained in high carbon steels
containing high amounts of Mn and Si (1.5-2%). At relatively low temperatures the
bainite plates formed are extremely thin, making the material very strong. In this
study, the influence of the thermal cycle of austempering on the mechanical behavior
of a spring steel (0,56%C-1,43%Si-0,58%Mn-0,47%Cr), with TRIP effect, was
investigated. The thermal cycle consisted of heating two groups of hot-rolled steel at
austenite field, at 900°C for 300 s, and quickly transferring it to a metallic bath
maintained at 220°C or 270°C, respectively, for different isothermal treatment times.
The samples were then tested in tension and their microstructures were examined by
optical and scanning electron microscopy. According to the results the samples
treated at 220°C showed higher elongation, yield point and tensile strength than
those maintained at 270°C. The high level of strength and ductility is due to a mixture
of martensite and very fine bainite formation.
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1 INTRODUCTION

Free carbides bainite steels with high strength and toughness have been
currently designed using models based only on the theory of phase transformation.!"
These steels follow a conventional process, achieving significant combinations of
strength and toughness, comparable to those martensitic steel quenched and
tempered.

The microstructure responsible for these mechanical properties consists of
thin sheaves of bainitic ferrite separated by regions of austenite enriched in carbon.
This austenite can then be transformed to martensite due to TRIP effect.

The TRIP effect (Transformation Induced Plasticity) originally published by
Zackay et al.,” is the retained austenite transformation into martensite during plastic
deformation, promoting a mechanical strength increase and ductility.

The original microstructure of TRIP steel consists of polygonal ferrite, bainite
and a significant amount of retained austenite. Varying the steel chemical
composition or modifying the parameters of the transformation process, the volume
fraction of each constituent can be varied, causing significant changes in mechanical
properties. In a recent study of Soliman et al.,®! a methodology was introduced to
control these steel properties, using bainitic transformation in two steps to create
bimodal bainite in the microstructure. The authors!™ used the dilatometric curves to
show that when the partially processed material is treated at lower temperatures
austenite decomposition occurs, which produce a second bainite generation. In the
second step, the process is interrupted at intervals of longer times as the bainite
transformation temperature becomes lower. The decomposition of austenite into
bainite can be controlled by adjusting the time of isothermal transformation.

Both, upper and lower bainite, consist of aggregates of ferrite plates separated
by regions called residual phases. According to the chemical composition,
temperature and time of isothermal transformation, these phases may be composed
of non-transformed austenite or constituents formed subsequently to the bainitic
ferrite, such as martensite and carbides.™! After Bhadeshia et al.,”® the microstructure
resulting when using alloy steel with silicon or aluminum, transformed into upper
bainite, has no carbides. The carbon partioning to the residual austenite is not
precipitated as cementite, making the austenite stabilized at room temperature. The
microstructure consists of fine plates of bainitic ferrite separated by regions of
carbon-enriched austenite and martensite.

The steel presented in this work is used in industrial practice as quenched and
tempered at 450°C. However, heat treatment using only the austempering can
reduce the costs in large-scale production.

Therefore, this work, inspired by the favorable results of Badeshia et al.,?
Wang et al.”! and Soliman et al.,””! aimed to investigate the influence of isothermal
treatment on microstructure formation to obtain low temperature bainite. Afterwards,
to compare the mechanical behavior with a high carbon and silicon steel, containing
manganese and chromium, quenched and tempered at 450°C.

2 EXPERIMENTAL PROCEDURE
The chemical composition of the investigated steel is shown in Table 1, and
the transformation temperatures, Ac1 and Ac3, estimated by empirical formulas and

by the IT diagram of steel, shown in Figure 1. These data are detailed in the work of
Santos et al.l"!

4684



ANAIS

18" IFHTSE conGRess i

: e
kesernational Federation for Heat Treaiment and Surface Engincering [|:|-|-=EIr i'l'ﬂm PROCEEDINGS
T ISSN 1516-392X

The samples of steel with 8 mm in diameter, whose the original microstructure
is shown in Figure 1, were machined to reduced tensile size specimens with 4 mm in
diameter and 25 mm of gage length. Then, they were austenitized at 900°C and
quickly transferred to a heat bath of an alloy Sn60-Pb40, which has a melting point
below 200°C. At the end of schedule time of heat treatment, the samples were air
cooled. The samples remained in the furnace for austenitizing for 300 s, timed from
the moment the sample-furnace system reached equilibrium. The bath was held in a
crucible of stainless steel AISI 304. During the austempering mechanical agitation
were not made and temperature monitoring was performed by a type K probe
thermocouple. Four isothermal treatments were held with each group of samples
whose temperatures and their times are presented in Table 2.

Table 1. Chemical composition of steel used (wt%)
Aco C Mn Si Cr Aci (°C)  Ac;3(°C)
C-Mn-Si 0,56 0,58 1,43 0,47 768 810

T

Tamnzarsius

Figure 1. IT diagram of a steel with similar chemical composition to this work (a). Scanning electron
micrograph the steel as received hot rolled. Etched with nital 2%. Fine pearlite and pro-eutectoid
ferrite - Vv pro-eutectoid ferrite 6.3%, HV = 324 (b).

Table 2. Conditions of isothermal treatments

Samples Temperature (°C) Time (h)
A/E 222/271 0,5
B/F 221/272 2
C/IG 221/274 24
D/H 225/269 48

Samples of the same steel were quenched in oil and tempered at 450°C for 1h
in order to compare their mechanical properties with austempered samples.

After the thermal cycles, the specimens were subjected to tensile testing in
triplicate for each treatment applied. The test was performed at room temperature
with a cross head speed of 1 mm/min using a Instron machine, model 5582. Were
determined the yield limit, tensile strength and total elongation. Then, the samples
were prepared by the conventional metallographic method for analysis. The etch was
carried out using 2% nital reagent. The microstructural analysis was reported by
optical microscopy and scanning electron microscopy.

Vickers microhardness measurements were performed with a load of 2.9 N
(300 g) in samples treated at 220°C and 270°C.
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The retained austenite volume fraction was quantified using X-ray diffraction,
by the method of direct comparison.®”! This method uses the integration of most
intensive peaks of austenite, characterized by the planes (111), (200), (220) and
(311), and ferrite, planes (110), (200), (211) and (220). The X-ray data diffraction was
also used to determine the carbon concentration in retained austenite according to
equation (1).!

Cy =(ay —3.578)/0.033 (1)
Cy is the carbon concentration in retained austenite in %wt and ay is its lattice
parameter in A

3 RESULTS AND DISCUSSION
3.1 Effect of Time and Temperature Treatment on the Microstructures

Scanning electron micrographs samples quenched and quenched tempered at
450 °C for 1h, are shown in Figure 2.

After austenitizing at 900°C for 300 s, the sample quenched contains a small
amount of ferrite in a completly martensitic microstructure. The presence of ferrite
indicates an incomplete austenitizing, despite the high temperature used.”
Moreover, the sample quenched and tempered displays needlelike on the
microstructure, with the presence of some carbides. This happens because the
tempering temperature increase favors the martensite decomposition into ferrite and
cementite.['%!

In Figure 3 optical micrographs of etched samples with 2% nital and treated at
220 and 270°C are illustrated. It is observed in micrographs in Fig. 3 predominantly
martensite microstructure with the presence of retained austenite and bainite.
Wang et al.,[® obtained for a steel with similar chemical composition to that used in
this study (0.59%C, 1.61%Si, 0.56%Mn, 1.01%Cr, 0.13%V , 0.02%Al, 0.012%P,
0.011% S), microstructure like that shown in Figure 3.

Figure 2. Scanning electron micrograph of the samples after austenitizing at 900°C and (a) quenched,
HV = 884 (b) quenched and tempered at 450°C for 1h, HV = 565.
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(d)
Figure 3. Optical micrograph of the samples after austenitizing at 900°C and bath: at 220°C for (a)
0,5h, (b) 48 h at 270°C for (c) 0,5h, (d) 48h, followed by cooling air. They were etched with 2% nital.

The authors!® described the bainitic ferrite in the form of thin sheaves of lath
with approximately 100 nm thickness, arranged in different crystallographic
orientations that appear in a dark color. Among these sheaves would be the
martensite and austenite in lighter colors.

Comparing the microstructures for different temperatures and processing times,
it is observed that the samples treated at 270°C contain a greater amount of
untransformed phase (retained austenite) and that it decreases with increasing
processing time and temperature. As lower is the transformation temperature, as
greater the bainitic ferrite formation. This is because as the temperature decreases,
the concentration of carbon in austenite, corresponding to the curve T¢', increases.
During the process, the adifusional growth of bainite results in increased free energy
released by the austenite.l'"! At Ty' the transformation stops, as ferrite and austenite
reaches the same composition and equal free energies.

The result of the low temperature processing is the reduction in the sizes of the
sheaves of bainitic ferrite, which leads to an increase in the strength and
toughness.’”) When temperature decreases, the austenite yield strength becomes
higher. This promotes an increase in resistance to interface movement during the
bainitic ferrite formation, resulting in very fine sheaves.!'?

Figure 4 shows scanning electron micrographs of samples austempered at
220 or 270°C.
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Figure 4. Scanning electron micrograph of the samples after austenitizing at 900°C and transformed
at 220°C for (a) 0,5h, (b) 48h and 270°C for (c) 0,5h, (d) 48h, followed by air cooling. Etched with
nital 2%.

According to the microstructures of the samples austempered at 220 and
270°C, the bainitic microstructure, which corresponds to the crosshatched regions, is
presented as fine as characterized by Soliman and Palkowski."

The IT diagram in Figure 1 shows that about 50% of the microstructure
corresponds to the martensite constituent to samples isothermally treated at 220°C.
Moreover, the tests performed at 270°C, precede the start martensite transformation
(Ms), so the presence of martensite in the microstructure is due to a transformation
during cooling and after the end of isothermal treatment. The residual austenite
present in microstructure after first cooling (from austenitizing temperature) will be
transformed into bainite during the isothermal treatment. The bainitic ferrite formation
from the residual austenite is a slow process and the amount formed increases with
time processing.

The austenite lattice parameter extrapolation method (Eq. (1)) was used to
estimate the carbon concentration and the amount of retained austenite present in
the microstructure. The data are recorded in Table 3.

Table 3. volume fraction of retained austenite and carbon concentration (between parentheses - wt%)
under isothermal treatments conditions

Volume fraction and carbon content (wt%) in the retained austenite
Temperature (°C) Time (h)
0,5 2 24 48
220 12,5 (2,31) 10,8 (0,52) 9,2 (2,87) 8,8 (1,0)
270 11,1 (2,54) 12,5 (2,27) 14,3 (2,13) 7,3 (2,94)
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According to Table 3, the fraction of retained austenite and the carbon
concentration are higher for the sample treated at 270°C. This occurs because the
amount of bainite formed is lower for higher processing temperatures and carbon can
diffuse more intensely.

The austenite stability in steel is controlled by the bainitic transformation, since
the formation of bainite sheaves enriches with carbon the retained austenite. It can
transform into martensite during the cooling until room temperature after the
isothermal treatment. The capacity of the transformation will decrease as the carbon
content in retained austenite increase, because martensitic transformation starting
temperature (M) becomes lower.

3.2 Effect of Time and Transformation Temperature upon the Mechanical
Properties

Figure 5 represents the microhardness of the samples as a function of
temperature and isothermal transformation time, compared to microhardness of the
sample tempered at 450°C.

700
650 L\—/J/—.
600 m

5507 .
500 ool —

450

400

. —Hl— Treatment at 220°C
350 - —O— Treatment at 270°C
] V¥ Tempered sample
300 e —
0 10 20 30 40 50
Isothermal Treatment Time, h

Figure 5. Microhardness of the samples as a function of temperature and time of isothermal
transformation.

Vickers Microhardness, HV

The tempering temperature of 450°C was chosen for comparing the results
with austempered samples. This temperature is used in industrial practice,
generating a microhardness Vickers of 565.

It can be seen in the Figure 5 that the microhardness is higher for the sample
treated at 220°C for 0.5 h (= 650 HV). This result, as reported by Santos et al.,["* is
due to the difference between the volume fraction of martensite and bainite. In this
case, there is greater amount of MA constituent, probably because there is no
treatment time sufficient for a considerable bainite reaction progress. In addition, the
yet existing austenite may not be enriched in carbon sufficiently to remain stabilized
at room temperature, and then it is transformed into martensite.

However, for the samples treated at 270°C, the microhardness results were
lower than the sample quenched and tempered, due to a smaller amount of fine
bainite present.

The microhardness difference between the samples treated at 220°C for times
of 0.5 h and 2 h due to the early stages of processing, when changes begin to occur
in the fractions of bainite, martensite and retained austenite. Previous researches
show a minimum point in the graphs for samples treated in the range of 200 to
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250°C." Firstly, the microhardness decreases because the fraction of bainite
increases more than martensite. Values grow back when the fraction of fine bainitic
ferrite increases, reaching very hi%;h microhardness measures comparable to a
mixture of martensite and austenite.!'* !

The mechanical properties results of tensile test are plotted in Fig. 6. There is a
greater proximity between the yield strength and the tensile strength for the sample
qguenched and tempered and the austempered sample for 0.5 h at 220°C in
Figure 6(a), which indicates lower ductility. This is demonstrated by the total
elongation, which for these two samples showed a value slightly smaller than the
other. This low ductility is an outcome of a greater fraction of martensite present in
the microstructure.
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Figure 6. Results of mechanical properties as a function of temperature and time of treatment.
(a) 220°C, (b) 270°C, compared with sample quenched and tempered.

In the samples austempered at 220°C for a time above 2 h, the mechanical
behavior did not show a great variation. The yield strength increased slightly and the
tensile strength remained stabilized, resulting in a slight total elongation reduction.

Samples heat treated at 270°C (Fig. 6(b)) have lower mechanical properties
compared with the specimen treated at 220°C, due to a lower amount of fine sheave
ferrite bainitic and martensite.

An important aspect that must be observed in Fig. 6(b) is the decrease of the
yield strength and tensile strength for samples treated at 270°C until the time of 24 h.
This is a result of increased bainite amount in relation to martensite as a function of
time. These properties restart to increase for times longer than 24h, when the
amount of fine bainitic ferrite increases.

4 CONCLUSION
e The samples treated at 220°C for 0.5 h showed mostly martensite in the
microstructure, as well as lower presence of bainite and retained austenite.
This justifies the different mechanical behavior of this sample for the others.
The samples austempered at 220°C for 2 h, did not show significant variation
in mechanical behavior. Putting on question the need for a longer heat
treatment, which increases the processing cost.
Comparing the samples austempered at 220°C for time over 2 h with the
sample quenched and tempered at 450°C for 1 h, they showed stable tensile
strength in the range of 2000 against 1700 MPa, yield strength in the range of
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1700 against 1550 MPa, and finally, an total elongation in the range of 12%
versus 7% for quenched and tempered sample.

e Comparing samples treated at 220 and 270°C, the latter have lower
mechanical properties, due to lower fraction of fine bainite sheaves and
retained austenite films.
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