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Thanks to today’s computer programs, engineers can derive a large amount of information from chemical
composition of a material. This information includes phase transformation temperatures A, Acs, M and
M;. CCT and TTT diagrams for austenite decomposition can be determined as well. When steel is heated,
austenite grains nucleate and grow in the initial microstructure. On cooling, the grains decompose into
peatlite, ferrite, cementite and hardening phases. Transformations of this kind are thoroughly described
in literature: the ways the individual phases form and the speed of their formation and temperatures
involved. However, in-situ visual recordings of such transformations are relatively rare. With Linkam
TS1400XY high-temperature stage and chamber integrated in an optical microscope, one can observe
phase transformations in situ during heating and cooling. This paper explores microstructural evolution
in 42SiCr steel in the course of heat treatment in a high-temperature chamber on an optical microscope
stage which offers observation of changes in the material right under the microscope objective.
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1 Introduction time plots. The chamber can be equipped with a Pel-

Description of phase transformations and their
temperatures is essential for designing effective heat
treatment routes for steels. When chemical composi-
tion of the material is known, programs such as JMat-
Pro and Thermocalc can provide a large amount ad-
ditional information. This includes phase transforma-
tion temperatures and CCT and TTT diagrams which
characterize austenite decomposition [1]. A number of
studies, not only theoretical ones, on phase transfor-
mations are available. They give description of forma-
tion of individual phases, and mechanisms of transfor-
mation and their characteristics in terms of exother-
mic or endothermic nature. However, in-situ visual re-
cordings of such transformations are relatively rare.
Today, they can be acquired using the TS1400XY
high-temperature chamber from Linkam [2].

When placed under a microscope objective, the
chamber enables observation of nucleation and
growth of austenite grains as steel is heated to auste-
nitizing temperature. The chamber provides a heating
rate of 200°C/min and a maximum temperature of
1400°C. Specimens in the chamber can also be obser-
ved during cooling. The cooling rate is 200°C/min as
well. Cooling from austenitizing temperature causes
vatious structural constituents to form, depending on
the cooling rate. The heating and cooling processes are
controlled through parameters entered either on the
control panel of the chamber or via computer soft-
ware [1]. The software also records the temperature-

tier module with a system of hoses for cooling the
chamber components which are sensitive to high tem-
perature. The chamber can be filled with protective at-
mosphere, such as nitrogen or argon (Fig. 1, left) [3,
4].

The chamber can be placed on the stage of an op-
tical microscope. Microscope objectives with 10X,
20x% and 50X magnification were used for this investi-
gation (Fig. 1, left). With their extended working
distance, the objectives offer the focus needed for ob-
serving the specimen inside the chamber. The cham-
ber contains a stage which can be moved in two per-
pendicular directions. Specimens can therefore be
moved during treatment in order to find the right lo-
cation for capturing an image or a video (Fig. 1 right)
[4].

The maximum size of samples for the chamber is
5X%5 mm and their maximum possible thickness is 0.7
mm. For a sharp image, the specimens need to be pre-
pared as metallographic sections and the surface to be
observed must be perpendicular to the objective axis.
Inside the chamber, the specimen is placed on a cera-
mic plate on the microscope stage which slides to the
position for heating and observation (Fig. 1, right). If
the specimen is to be cooled rapidly, the plate can be
withdrawn from the heating position. In such case
however, the specimen cannot be observed under the
microscope [5].
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Fig. 1The chamber during heating to higher temperatures (left), a view inside the chamber with a specimen on a ceramic glass (right)

The high-temperature chamber is an excellent tool
for exploring and understanding the processes which
take place in high-strength steels in the course of their
special heat treatments. A good example is the group
of martensitic steels and their Q&P processing. The
typical feature of Q&P (quenching and partitioning)
processing is rapid cooling from the austenite region
to between the Ms and Mf followed by reheating to a
temperature around the Ms and holding. During the
hold, retained austenite becomes stabilized by carbon
which migrates from super-saturated martensite. Indi-
vidual stages of the treatment are important to
microstructural evolution and to mechanical proper-
ties of the product. This includes heating, which
should produce homogeneous austenite at an appro-
priate temperature, and interrupted cooling between
the Ms and Mf temperatures to achieve decomposi-
tion of a defined proportion of austenite to martensite.
One of the available techniques for monitoring and

Tab. 1 Chemical composition of steel under investigation 6]

gaining understanding of these processes is in-situ ob-
servation during heat treatment.

2 Materials and methods

The goal of this study was to observe phase trans-
formations in 42SiCr steel (Tab. 1). It is a low-alloy
medium-carbon steel with higher silicon and chro-
mium levels. In the course of heating, formation of
austenite was observed. Its decomposition and
microstructural evolution were studied during the sub-
sequent stages of treatment. Prior to the experiment,
the right specimen preparation technique had to be
identified for observation in the high-temperature
chamber.

The heat treatment routes used in this study were
Q&P processing and austempering at an increased
temperature. Another objective was to identify the di-
fference between the evolution of microstructure at
different holding temperatures (Fig. 2).

C Si Mn

Cr Mo Nb P S

42SiCr 0.42 2.03 0.56

1.33 0.16 0.03 0.005 0.003

Q-P processing

= = = Holding in bainite

Temperature [°C]

Time[s]

Fig. 2 Diagram of heat treatment route

2.1 Sample preparation

The samples for the high-temperature chamber
were 4X4 mm in size, with a thickness of 0.5 mm. To
obtain focused images of the microstructure, a great
care was taken to make both faces of the specimens
parallel. A grinding machine with a magnetic chuck
was used for rough grinding. One of the specimen
faces was then prepared by ordinary metallographic
grinding and polishing.

In order to observe phase transformations in situ,
the appropriate final preparation step had to be iden-
tified. Three methods were tested and compared. In
the first one, a polishing cloth and 1 um suspension

356

indexced on: btsp:/ [ www.scopus.com



Augnst 2020, 10l. 20, No. 3

MANUFACTURING TECHNOLOGY

ISSN 12713-2489

was employed. The second one involved polishing on
a cloth and etching with 3% nital. The third one was
polishing with colloidal silica.

2.2 Heat treating sequences

Several trials were carried out before designing the
experimental heat treatment sequences to find the op-
timal regime, temperatures and soaking times for full
austenitization.

Two heat treatments of the 42SiCr steel were per-
formed (Fig. 2). The Q&P (quenching and pattitio-
ning) sequence comprised heating to 1050°C and soa-
king for 240 s with subsequent quenching to below
the M. The final temperature in this stage is referred
to as the quenching temperature (QT). The next step
was reheating to above the partitioning temperature
(PT) and holding at this temperature. Finally, the spe-
cimen was cooled to room temperature. The QT tem-
peratures were 200°C/250°C/300°C. Accordingly,
there were three partitioning temperatures (PT):
250°C/300°C/350°C. The holding time at PT was 5
minutes. The other heat treatment of 42SiCr was aus-
tempering which comprised holding at a temperature

for bainitic transformation. The holding time was 10
minutes. The temperatures were

340°C/380°C/470°C (Fig. 2).

3 Results and discussion

Prior to the actual experiment, the optimal final
specimen preparation step for observation was explo-
red. Several trials showed that etching with 3% nital is
the best option. After etching, the initial
microstructure became visible and its changes during
heat treatment could be observed. Polishing with a po-
lishing cloth and a 1 um suspension (without etching)
proved ineffective because no changes were visible
under the microscope. Polishing with colloidal silica
only revealed grain boundaries [7].

In addition, it was found that high heating tempe-
ratures lead to rapid oxidation of the specimen sur-
face. The oxide layer made observation of phase trans-
formations impossible, particularly during isothermal
holding and cooling to room temperature (RT). To
prevent oxides from forming, the chamber was filled
with argon for subsequent experiments [8].

Fig. 3 a) Initial microstructure of 428iCr steel, b) Austenitic microstructure of 428iCr steel after holding for 3 minutes at 1050°C

The initial microstructure of 42SiCr consisted of
ferrite and pearlite (Fig. 3a). First, trials were carried
out to find the temperature and time for full austeniti-
zation in the high-temperature chamber: 1050°C and

a) b)

240 s, respectively. At this temperature, austenite gra-
ins with distinct boundaries were visible (Fig. 3b).

Fig. 4 Microstructure of 428iCr steel in the course of QP processing: a) after cooling to 300°C, b) at the end of partitioning at
200°C, ¢) after final cooling [4]
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Then, the actual Q&P process was performed. Af-
ter soaking at austenitization temperature, the speci-
men was cooled at 200°C/min to QT (150°C, 200°C
and 250°C in the individual sequences). After cooling
to QT, the specimen was reheated to PT which was
50°C higher. Fig. 4 presents micrographs of the mate-
rial treated at QT=150°C and PT=200°C. On cooling,
austenite decomposition started at grain boundaries
and advanced to the grain interior. This transforma-

tion began at temperatures around 600°C. The pro-
duct was probably upper bainite, followed by lower
bainite. At still lower temperatutes, about 300°C, dra-
matic changes in the microstructure took place with
the first martensite needles forming in the material
(Fig. 4a). Gradual transformation within individual
grains was in progress and visible. While the specimen
was held at the partitioning temperature (Fig. 4b) and
cooled to room temperature (Fig. 4c), no appreciable
changes were detected.

Fig. 5 Microstructure of 425iCr steel during anstempering: a) cooling to 365°C, b) holding at 340°C/ 120s, ¢) holding at

340°C/600s

The initial microstructure for austempering consis-
ted of ferrite and peatlite, as in the previous heat tre-
atment. Austenitizing was performed at 1050°C for
240 s. After austenitization, the steel was cooled again
at 200°C/min to three different isothermal holding
temperatures. While the specimen was cooled, trans-
formation to upper bainite was detected at 600°C,
starting at austenite grain boundaries. It was immedi-
ately followed by formation of lower bainite which
continued during isothermal holding at both 340°C
and 470°C. Some austenite probably transformed to
martensite during cooling to room temperature.

In the sequence with isothermal holding at 340°C,
even martensitic transformation was observed. Micro-
graphs clearly show that in this sequence most auste-
nite grains transform to martensite. Some grains also
showed twinning. Figs. 5b, 5c are micrographs taken
at the end of the hold at 340°C for 120 s and 600 s,

7N
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respectively. Upper bainite appears considerably dar-
ker than then other constituents. It is found mainly
along prior austenite grains and at triple points. Du-
ring final cooling to room temperature, no appreciable
changes in the microstructure were detected using the
optical microscope.

After heat treatment in the high-temperature
chamber, all specimens were examined in a scanning
electron microscope in order to benefit from the avai-
lable large magnifications. The question was whether
the products of phase transformations were bainite
and martensite only or whether slow cooling led to
formation of peatlite as well. Attention was paid to
precipitation of fine carbides in bainite and along mat-
tensite needles. Metallographic sections were prepared
using the conventional procedure and etched with
nital in the same way as the sections for in-situ obser-
vation.

Fig. 6 Microstructure of 428iCr steel after Q&>P processing: left: QT 250°C/ PT 300°C, right: QT 200°C/PT 250°C
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The final microstructure after Q&P processing at
QT 250°C/PT 300°C consisted of martensite and ba-
inite with fine carbide precipitates (Fig. 6, left). Its
hardness was 561 HV0.5 (Tab. 2). Treatment at QT
200°C/PT 250°C led to a similar mixture of marten-
site and bainite with fine carbides (Fig. 6 right). There
was less bainite than in the previous case. After this

S P

treatment, the hardness was 626 HV0.5 (Table 2). The

last Q&P sequence involved the temperatures QT
150°C/PT 200°C. The resulting microstructure was
again a mixture of martensite and bainite with fine car-
bide precipitates. Bainite was in the minority and its
sheaves were finer than in the previous specimens
(Fig. 7 left). This specimen had a hardness of
590 HVO0.5 (Tab. 2).

e

Fig. 7 Microstructure of 425iCr steel after Q&P processing: left: QT 150°C/ PT 200°C, right: austempering with a hold at
470°C

Observation of the austempered microstructure in
a scanning electron microscope revealed that no pear-
lite had formed, not even during the sequence with
holding at the highest temperature, 470°C. After this
treatment, the microstructure was a mixture of bainite
and martensite (Fig. 7, right). The resulting hardness
was 541 HV0.5 (Tab. 2). After the sequence which in-
volved holding at a lower temperature, 380°C, the

P

%1

Tab. 2 Hardness after heat treatment

21 { T4 T 207 s
Fig. 8 Microstructure of 425iCr steel after austemp

microstructure was dominated by bainitic ferrite shea-
ves. Its hardness was 460 HV10 (Fig. 8 left, (Tab. 2)).
The sequence with an even lower holding temperature
in the bainite transformation region, 340°C, produced
a mixture of martensite and bainite (Fig. 8, right). The
amount of martensite was much higher than in the
previous case, which was reflected in the hardness le-

vel: 660 HV10 (Tab. 2).

,'/‘

ering with holding temperatures: 380°C left, 340°C right

QT [°C] PT [°C] / min HV0.5
250 300/ 5 561
Q-P process 200 250/ 5 626
150 200/ 5 590
Annealing [°C] /min
Austempering 470 / 10 >4l
380 / 10 460
340 / 10 660
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As follows from the above findings, in-situ obset-
vation in a high-temperature chamber should be com-
plemented with observation in a scanning electron
microscope. Although argon was used as protective
gas in the high-temperature chamber, the etched sur-
face of specimens does oxidize which can lead to mi-
sinterpretation of the image. After re-preparation, the
microstructure can be observed without oxides, at
higher magnification and in greater detail using scan-
ning electron microscopy.

4 Conclusions

High-strength 428iCr steel was heat treated in Lin-
kam TS1400XY high-temperature chamber. The two
heat treatment sequences were Q&P processing and
austempering.

As the material was brought to and held at auste-
nitizing temperature, dissolution of pearlite and for-
mation of austenite grains was observed. During coo-
ling, which took place at 200°C/min, upper bainite
was seen to form, starting at 600°C. The recordings
also show the growth of bainite from prior austenite
grain boundaries. During Q&P processing, step chan-
ges in the microstructure were observed under 300°C.
They probably involved the growth of martensite ne-
edles. While the steel was held isothermally in austem-
pering sequences, the microstructure became darker
and regions of dissimilar orientation developed in
prior austenite grains.

The specimens heat-treated in the high-tempera-
ture chamber were then examined using optical and
scanning electron microscopy. In Q&P-processed
specimens, the final microstructure was a mixture of
martensite and bainite with fine carbide precipitates
and a hardness around 600 HV10, depending on the
ration of bainite and martensite. Austempered
microstructures were mixtures of martensite, bainite
and dispersed ferrite. Their hardness was between 460
and 660 HV10.

Using a high-temperature chamber integrated in an
optical microscope enabled the behaviour of 428iCr
steel to be observed during two heat treatments. The
findings can help clarify the processes taking place in
individual stages of heat treatment.
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