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MICROSTRUCTURE-PROPERTIES RELATIONSHIP AND MECHANICAL STABILITY OF RETAINED AUSTENITE
IN THERMOMECHANICALLY PROCESSED MEDIUM-C TRIP STEEL AT DIFFERENT
DEFORMATION TEMPERATURES

The paper presents the effect of deformation temperature on the mechanical stability of retained austenite in a multiphase
TRIP steel. Series of static tensile tests were carried out in the temperature range —20 to 140°C in order to simulate the tempera-
tures occurring during stamping process of automotive steel sheets and conditions of their exploitation. Samples deformed at 20°C
and 60°C showed the best combination of strength and ductility. It was related to the gradual transformation of retained austenite
into martensite. Obtained results revealed that the intensity of TRIP effect is significantly related to the deformation temperature.
The amount of retained austenite, which transformed into martensite during plastic deformation decreases as the deformation
temperature increases. It was also found that the stability of retained austenite depends on its morphology. The obtained results
showed the relationship between deformation temperature and the stability of retained austenite. The chemical composition and
microstructure of multiphase steels dedicated to the automotive industry should be designed for providing the maximum TRIP

effect at the specific deformation temperatures.
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1. Introduction

The growing requirements of the automotive industry re-
garding the increase of passenger’s safety during the crash events
and the reduction of fuel consumption lead to developing steels,
which are characterized by high strength and good formability
[1-7]. These advantages have multiphase TRIP (Transforma-
tion Induced Plasticity) steels which belong to the AHSS group
(Advanced High Strength Steels). A variety of phases showing
different strength properties such as ferrite (50-60%), bainite
(25-40%) and retained austenite (5-15%) ensure high strength
(in the range 700-1200MPa) and good formability (elongation
up to 35%). Retained austenite is a key microstructural com-
ponent which progressively transforms into martensite during
plastic deformation. It provides the high work hardening rate
of the steel [8-12].

The additional increase in strength properties can be ob-
tained by increasing the bainite content in relation to the ferritic
matrix [13-17]. For this purpose, the carbon content should be
increased. A higher carbon content affects also the possibility
of obtaining a higher amount of retained austenite. It is related

to the fact that carbon is an austenite stabilizer [18-22]. The
disadvantage of this solution is that with increasing C content
there is a significant deterioration in the weldability of steel
[22,23]. It reduces possible technologies which can be applied
for the production of final components.

An important issue from the effectiveness point of view of
the TRIP effect is a stability of this phase. It depends on several
factors which can be classified as internal (chemical composition,
grain size, matrix type, morphology) and external (stress state,
strain rate and deformation temperature) [9,23-26]. The strain
level at which austenite transforms into martensite is related to
the carbon content in this metastable phase. The retained austen-
ite (RA) characterized by a low carbon content easy transforms
into martensite, even at low strain levels. It results in reduced
steel ductility. On the other hand, RA characterized by a high
carbon content is much more stable, thus it does not transform
into marteniste even at high strain levels. In this case, the RA
stays stable during deformation, thus the TRIP effect does not
occur during forming operations or crash events [5,27,28].

Other important factor is a deformation temperature which
has so far been less emphasized in the available literature. Thus,
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the present paper aims at determining changes in the mechanical
stability of RA at different deformation temperatures, which re-
flect technological windows of manufacturing conditions (sheet
stamping, bending, etc.) or service conditions at decreased or
increased temperatures.

2. Material and experimental procedures

The investigated material was 0.43C-1.45Mn-18Si-1Al-
0.033Nb-0.01Ti steel. The increased carbon content was applied
to obtain a greater ratio of carbide-free bainite to ferritic matrix
as well as an increased amount of RA [13,14,29]. Nb and Ti
microadditions were added to obtain grain refinement (by pre-
cipitation and inhibition of recrystallization during hot-working).

The ingots were melted using vacuum induction furnace and
then they were hot forged to a thickness of 22 mm. In the next
step, the flat samples were roughly rolled to a thickness of 4.5 mm
in the temperature range 1200-900°C. The thermomechanical
rolling was conducted in 3 passes and the final sheet thickness
was 2 mm. A detailed information concerning the processing pa-
rameters can be found in works [13,14] and in the scheme shown
in Fig 1. Results of calculations performed by using the J]MatPro
software showed that the M, temperature of steel was about
316°C. A carbon content in retained austenite was 1.52%C giving
its My, temperature: —118°C [14]. It provided its thermal stabil-
ity during tensile tests at all applied deformation temperatures.
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Fig. 1. Scheme of thermomechanical processing of the investigated steel

In order to examine the effect of deformation temperature
on the mechanical properties of investigated steel, series of static
tensile tests carried out at a strain rate of 5 x 107> s™! were per-
formed. Experiments were performed at room (20°C), reduced
(=20 °C) and elevated (60°C, 100°C and 140°C) temperatures
using the Zwick Z/100 testing machine equipped with an envi-
ronmental chamber. Flat samples of 2 mm thick, 50 mm gauge
length and 12.5 mm width were used for the tests. The test tem-
perature range was chosen to reflect the processing conditions
of steel sheets where the temperature of the element increases
as a result of friction.

Observations of the microstructure of investigated steel at
the initial state and after static tensile tests were carried out to

determine the effect of plastic deformation temperature on the
tendency of RA to martensitic transformation. The deformed
microstructures were observed along the tensile direction.
A Leica MEFa light microscope was used for metallographic
observations. Detailed morphology of bainite was revealed us-
ing scanning electron microscopy (ZEISS Supra 25 SEM). The
samples for microstructural analysis were cut from the necking
area. They were prepared by using standard metallographic
procedures. Nital and sodium pyrosulfate reagents were used to
reveal the ferrite grain boundaries and other individual phases.
The final stage of microstructural observations was the image
analysis of etched samples using Image-Pro Plus 6.0. It enables
assessing the amount of individual phases and the stereological
parameters of the retained austenite based on the differences in
phase colors resulting from etching.

The analysis allowing determination of the amount of
formed strain-induced martensite during plastic deformation was
carried out in a 0-1 mode (0 — means not transformed, 1 — means
transformed). The grains in which even a partial martensitic
transformation took place were considered as the transformed
grains (1). The amount of retained austenite in the deformed
specimens was relatively compared to the reference microstruc-
ture at the initial state (100%) in order to assess an amount of the
austenite transformed into martensite during deformation. The
additional digital processing was applied to improve the quality
of the analyzed microstructure.

3. Results and discussion

3.1. Mechanical properties at different deformation
temperatures

Results of the static tensile tests performed in a tempera-
ture range -20-140°C are shown in Fig. 2. Obtained mechanical
properties are summarized in Table 1. It was found that deforma-
tion temperature affects significantly the mechanical properties
(Fig. 2a). The lowest strength and ductility were obtained for
specimens deformed at the highest temperatures: 100 and 140°C.
The best mechanical properties showed specimens deformed
at 20 and 60°C. The highest values of total elongation (18.3
and 19.1%, respectively) were obtained at these deformation
temperatures. One can see in Fig. 3 that the deformation tem-
perature affects most significantly total elongation values and

TABLE 1

Mechanical properties of investigated steel at different
deformation temperatures

Deformation temperature, °C | YS, MPa | UTS, MPa | TEl, %
-20 536 853 15.8
20 540 889 18.3
60 502 818 19.1
100 490 719 17.1
140 475 702 17.3




tensile strength, whereas to a smaller extent the yield strength
values. Zhu et al. [30] also observed in 0.2C-2Mn-1.6Si type
steel that the mechanical properties decrease as the deformation
temperature increases.

The deformation temperature strongly affects the work
hardening rate of investigated steel (Fig. 2b). The do-de values
decrease gradually as the deformation degree increases. The
work hardening rate is strongly related to the intensity of TRIP
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Fig. 2. Engineering stress-strain curves (a) and work hardening rate as
a function of true strain (b) at various deformation temperatures
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effect which depends on the stability of retained austenite. The
smallest slop of the tensile curve was obtained at 20°C. It is
related to the gradual transformation of retained austenite into
martensite during deformation. The gradual transformation of
y phase into martensite was observed in our previous work [13].
Aslightly higher slope of curves was observed for the specimens
deformed at —20 and 60°C. With increasing the deformation
temperature to 100°C and 140°C, the general slope of do-de
curves rises. It is related to the increasing austenite stability with
an increase in deformation temperature.

3.2. The microstructure of investigated steel
after thermomechanical treatment

The initial microstructure of investigated steel is presented
in Fig. 4. The specimens were prepared along the rolling direc-
tion (Fig. 4a). For all microscopic images presented in the paper,
both rolling and static tensile testing (deformed samples) were
horizontally. The steel is characterized by fine-grained ferritic-
bainitic microstructure with a large amount of retained austenite
(Fig. 4b). The matrix is ferrite characterized by different sizes of
granular grains, slightly elongated according to the rolling direc-

Fig. 4. Initial microstructure of the investigated steel: a) optical micro-
graph; b) binary map of retained austenite (marked as white)
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tion. The majority of ferrite grains is lower than 8 um due to some
grain refinement by the inhibition of austenite recrystallization
during hot rolling caused by Nb-Ti carbonitrides [14] and the
successive y —a transformation. However, the grain refinement
effect is not pronounced because the total addition of Nb and Ti
is lower than 0.05%. RA in a form of blocky grains is located
at bainitic areas or between ferrite grains. Retained austenite
as thin layers is located between bainitic laths (Fig. 4b). The
presence of carbide-free bainite and interlath retained austenite
was confirmed by the SEM micrograph in Fig. 5. The carbides
(typical for the conventional bainite) are replaced by continuous
or interrupted layers of retained austenite.

WD= 7Tmm

Fig. 5. The SEM micrograph showing the morphology of bainitic islands

The amount of RA at the initial microstructure was estimated
to be ca. 19.2%. There is some overestimation of this parameter
(~2%). The slightly smaller amount result was measured in our
earlier work [14] by using the XRD method (17.6%). Histograms
characterizing the RA features are presented in Fig. 6. It was
noted that despite the large amount of grains smaller than 3 um?,
these grains do not have a significant impact on the surface share
of y phase. The surface share of RA grains smaller than 1 pm?,
1-2 um? and 2-3 pm? is about 1%. A large fraction of RA grains
lower than 5 pm? is a result of the y phase as thin layers located
in bainitic areas. The largest contribution to the surface share
(approx. 12%) have grains larger than 10 um?, despite the fact
that they occur in an amount of 0.4 grains / 100 pm? (Fig. 6a).
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Fig. 6. Statistical evaluation of RA parameters at the initial state: a) aver-
age quantity of RA grains per 100 um?, b) average surface fraction of RA

3.3. Microstructures of specimens deformed
at different temperatures

The image analysis of deformed samples allowed to esti-
mate the surface share of individual microstructural components
of investigated steel, which are summarized in Table 2. The
applied method for evaluating the amount of retained austenite
is affected by some measurement errors. However, the amount
of retained austenite determined in our earlier work using the
XRD method at the initial state is similar, i.e., 17.6% [14]. The
difference is about 2%. The obtained results showed the tendency
to stabilize the retained austenite with increasing deformation
temperature, which is also consistent with the results obtained
by other authors [31].

TABLE 2
Amount of RA at various deformation temperatures
Amount of retained austenite at initial microstructure = 19.2 %

Deformation VetV * Amount of RA transformed into martensite The smallest RA grain size
temperature, | Vga, % | Vy, % RA% M In relation to the In relation to microstructures transformed into martensite

c° initial state after deformation during deformation, pm?

-20 8.8 9.2 18.0 0.57 0.51 <1

20 11.2 7.0 18.2 0.42 0.38 <1

60 13.5 5.2 18.7 0.30 0.29 <1

100 17.0 2.6 19.6 0.11 0.14 1-2

140 18.7 1.9 20.6 0.03 0.10 3-4

Vyra — amount of retained austenite; Vy; — amount of martensite



In order to increase the reliability of the obtained results, the
relative fraction of austenite which transformed into martensite
during plastic deformation was compared to the microstructure
of the specimen at the initial state. It means that the initially
determined 19.2% volume fraction of retained austenite con-
stitutes 100% total retained austenite. It is a little bit different
compared to the combined fractions of retained austenite and
formed martensite (Vgs + V) determined for the plastically
deformed samples. It is better to use the initial retained austenite
fraction as the reference due to more complicated determination
of the total amount of untransformed austenite and the resulting
martensite on the plastically deformed samples. That is why the
(Vra + V) sometimes did not correspond exactly to the initial
share of retained austenite at the initial microstructure.

In the case of a sample deformed at —20°C (Fig. 7) a large
amount of retained austenite in a form of thin layers located
between bainitic laths can be distinguished in the microstructure.
This is clear when analyzing the figures 7a and 7b together.
Blocky-type grains of retained austenite are located near bainitic
islands or ferrite grains. In comparison to the initial microstruc-
ture, the analyzed image shows the presence of martensite which
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Fig. 7. Microstructure of the investigated steel deformed at —20°C:
a) optical micrograph, b) binary map of retained austenite (white) and
martensite (blue)
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is formed as a result of the TRIP effect. The quantity of retained
austenite and martensite was evaluated based on the binary map
(Fig. 7b). This transformation occurred mainly in large blocky
austenite grains, while thin layers of y phase located in bainitic
islands remained stable (Fig. 7b). A lack of transformation of
lath austenite into martensite results from their small size and
location between hard bainite laths. The stability of retained
austenite is related to the size of austenitic grains. Due to the
fragmentation of larger grains of y phase by the newly formed
martensite, new fine-grained areas of RA characterized by even
higher stability were formed. It was found in works [31,32], that
the blocky-type retained austenite had lower carbon contents
than a film-type RA, thus it easier transforms into martensite.
Moreover, Das et al. [33] reported that blocky RA possesses some
fraction of microstructural defects, like dislocations and stacking
faults which constitute the martensite nucleation zones. It was
also found in the present study that mainly the central areas of
the blocky-type retained austenite were transformed, whereas
areas at the grain boundaries remained stable. Similar results
were observed in work [34]. It is related to the increased carbon
content of areas near grain boundaries as a result of a smaller
carbon diffusion path from the a phase regions. Central parts of
retained austenite easier transform into martensite due to their
lower stability. Ferrite grains are visible elongated according to
the tensile direction, whereas bainite and martensite show no
significant deformation effects.

At deformation temperature —20°C, the retained austenite
is characterized by relatively low mechanical stability. The
transformation of retained austenite into martensite occurs
intensively in large blocky grains. The freshly formed mar-
tensite with the relative surface share ca. 55% led to a strong
fragmentation of austenitic areas, resulting in a dominant share
of RA grains smaller than 6 um? (Fig. 8b). In comparison to
the initial microstructure, it should be noted that the amount of
grains larger than 10 pm? decreased significantly (Fig. 7a). The
minimum grain size of y phase transformed into martensite dur-
ing deformation was smaller than 1 pm? (Tab. 2). The intensity
of strain-induced martensitic transformation is demonstrated in
Fig. 8c. It can be seen that almost all large grains (8 pm?* and
larger) are transformed (it means that the transformation is initi-
ated) but the transformation in the individual grain volumes took
place only partially. The surface share of RA was estimated to
be ca. 8.8% (Fig. 8b).

Fig. 9a shows the microstructure of the sample deformed
at room temperature. Similarly to the microstructure deformed
at reduced temperature (—20°C), martensite was formed in large
blocky grains of RA surrounded by ferrite and at bainitic islands.
The presence of soft ferrite affects the easier transformation into
martensite [35]. One can see that the central areas of blocky
grains of RA were transformed, whereas the areas near grain
boundaries stayed stable (Fig. 9b).

The surface share of retained austenite after deformation
was estimated to be ca. 11.2% (Fig. 10). The relative surface
share of the freshly formed martensite was about 43% when
compared to the initial microstructure. It means that the me-
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Fig. 8. Statistical evaluation of RA parameters at —20°C: a) average
quantity of RA grains per 100 um?; b) average surface fraction of RA;
¢) quantity of retained austenite grains transformed into martensite

chanical stability of the y phase increased slightly with increasing
deformation temperature (Tab. 2).

The tendency to martensitic transformation of RA grains
smaller than 7 um? is lower in comparison to the specimen de-
formed at —20°C (Fig. 10c¢). It is caused by a lower tendency to
martensitic transformation of grains located at bainitic islands.
Large blocky grains almost all transformed into martensite,
while the smallest austenite grains (smaller 3 pm?) remain in
approx. 18% unchanged. The minimum grain size of y phase
transformed into martensite during deformation was smaller
than 1 um? (Tab. 2).

In case of the steel deformed at elevated temperatures:
100°C (Fig. 11) and 140°C (Fig. 13), the amount of untrans-
formed retained austenite is ca. 17.0 and 18.7%, respectively.

Fig. 9. Microstructure of the investigated steel deformed at 20°C:
a) optical micrograph, b) binary map of retained austenite (white) and
martensite (blue)

The y phase stability rises with increasing temperature and less
amount of RA transformed into martensite when compared to
the lower deformation temperatures. Only the largest grains of
retained austenite transformed into martensite during deforma-
tion (Fig. 11b and 13b). Austenite islands smaller than 1 pm? at
100°C and 3 um? at 140°C remained stable, whereas the largest
blocky austenite grains transformed in 90% and 70%, respec-
tively (Fig. 12¢ and 14c). The minimum grain size of y phase
transformed into martensite during deformation at 140°C was
smaller than 3-4 pm? (Tab. 2).

The intensity of the TRIP effect decreased with an increase
in deformation temperature. It is related to the increase of the
stacking fault energy (SFE) value resulting in a higher stability
of retained austenite [36]. The same tendency was also observed
in other AHSSs grades [37,38]. The largest grains of RA trans-
formed only partially into martensite. The small grains and thin
layers of this phase remained stable (Tab. 2). The average carbon
content in retained austenite was 1.52% C [14] while the cor-
responding martensite start temperature: —118°C. It means that
the calculated M, temperature of y phase provided its thermal
stability in the range of deformation temperatures applied in the
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Grain size, um’ more  due to higher mechanical stability of RA. The highest fraction
of RA transformed into martensite at —20°C, whereas the low-
est intensity of martensitic transformation was observed at the
highest deformation temperature: 140°C. It was found that the
tendency to martensitic transformation is strongly related to the
austenite morphology and grain size. RA in the form of thin layers
static tensile tests. Therefore, martensitic transformation took  located between bainitic laths was characterized by higher sta-
place as aresult of plastic deformation being strongly dependent  bility than blocky retained austenite. Martensitic transformation
on the retained austenite grain size and morphology. occurs most intensively in the central area of large blocky-type
austenitic grains located in the ferritic matrix. When the defor-
mation temperature increases a size of untransformed RA grains

Fig. 10. Statistical evaluation of RA parameters at 20°C: a) average
quantity of RA grains per 100 um?; b) average surface fraction of RA;
¢) quantity of retained austenite grains transformed into martensite

4. Conclusions increases. At low deformation temperatures, only the smallest
RA grains remained stable after deformation.
A series of tensile test was performed for the thermome- The most beneficial combination of strength and ductil-

chanically processed medium-C TRIP steel in a temperature ity was observed in specimens deformed at 20 and 60°C. It is
range from —20°C to 140°C. The tendency of the retained aus-  related to the gradual transformation of retained austenite into
tenite with a M, temperature below —100°C to the strain-induced  martensite during deformation which ensures the favorable work
martensitic transformation was determined. The obtained results  hardening rate. The lowest mechanical properties were obtained
showed that the stability of retained austenite strongly depends  in the specimens deformed at the highest temperatures 100 and
on the deformation temperature. An increase in the deformation  140°C due to the lower intensity of the TRIP effect.
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