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In this paper, the properties of three low carbon steels containing different percentage of manganese (1.5
or 3 wt %) and aluminium (1.5 or 2 wt %) were tested using dilatometric analysis and metallography. The
steels had chemical compositions typical for TRIP (Transformation induced plasticity) steels and the
two steels with an increased manganese content already belonged to the third generation of AHS (adva-
nced high strength) steels. The dilatometric measurement was employed not only to determine the cha-
racteristic transformation temperatures but also to simulate the heat treatment procedure commonly used
for TRIP steels. Resulting microstructures obtained through this simulation were evaluated and compa-
red. The two main alloying elements were proved to have a significant effect on the transition tempera-

tures and thus on the processability and overall resulting properties of the material.
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1 Introduction

The automotive industry is the main driving force
in the search for new grades of steels which feature all
the desirable properties like high strength, significant
total elongation and low weight and at once. The main
focus is currently put on TRIP steels (transformation
induced plasticity) containing retained austenite in
their microstructure which can transform to marten-
site during cold plastic deformation. This phenome-
non contributes to the increase of homogenous defor-
mation and thus increase in strength and total elonga-
tion [1, 2]. The so-called third generation of advanced
high strength steels tends to combine the exceptional
mechanical properties of previous generations with
relatively low costs [3, 4]. An important group of the
third generation are medium manganese steels con-
taining 3-12% Mn. Medium manganese steel is usually
processed with hot rolling, cold rolling, and intercriti-
cal annealing, where the strain-induced martensite re-
verse transformation was proposed to enhance the
yield and ultimate tensile strength. The ultimate tensile
strength values were reported in a range from 800 to
1400 MPa with total elongation from 20 to 40% [5, 6].
The decrease of weight is usually achieved by adding a
light alloying element such as aluminum which also
contributes to higher specific strength [7]. Aluminum
also appears to be a sufficient substitute for silicon as
an alloying element in terms of solid solution strength-
ening and suppression of carbide formation [2]. More-
over, the replacement of silicon by aluminum solves
the problem of surface quality deteriorating caused by
the formation of silicon oxides [2]. Besides the chem-
ical composition, appropriate heat treatment is crucial

for the formation of the desired microstructure. The
procedure typically used for TRIP steels include aus-
tenitization, then cooling down and hold in the region
of bainite transformation. The duration of this hold is
designed to ensure the development of a suitable pro-
portion of bainite and for sufficient carbon enrich-
ment of retained austenite [6].

This work aimed to examine the influence of
slightly increased manganese and aluminum weight
percentage (3 % and 1.5% or 2% respectively) on
transformation temperatures and microstructure of
TRIP steels by the means of dilatometric analysis.
These two experimental materials were compared
with typical TRIP steel containing 1.5 wt% of manga-
nese and 1.5 wt% of aluminum. The dilatometric anal-
ysis evaluates the changes in a sample length during
defined heat treatment [8]. These changes correspond
to phase transformations, which are typically accom-
panied by dimension changes of the sample caused by
the re-arrangement of the atoms during phase transi-
tion. In this way, critical temperatures of the steel,
such as Acl, Ac3 martensite start (Ms) and martensite
finish (Mf) temperatures can be determined and even
the transformation rate can be established [9]. The
knowledge of these temperatures, together with the
choice of the suitable cooling rate are necessary factors
for the successful design of heat treatment of steels
[10-14]. Therefore, dilatometry is an important tool
for the study of multiphase high strength steels and
their heat and thermo-mechanical treatment. How-
ever, to obtain unambiguous results, the dilatometry
needs to be supported by metallographic analysis. Es-
pecially for high strength steels it is necessary to dis-
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tinguish between martensitic and bainitic transfor-
mation, to monitor the volume fraction of all micro-
structural constituents etc.|9].

2 Experimental program

The experimental program was focused on three
low carbon steels (Table 1.) which significantly differ
only in manganese and aluminum content. The first
two materials represent the main object of the study,
whereas the third (1.5Al - 1.5Mn) was used as a refer-
ence. For the assessment of the overall impact of the
alloying elements, the Mn/Al ratio was used. Despite
it was partially replaced with aluminum, a certain
amount of silicon (0.6 wt %) was added to improve
solid solution strengthening. Furthermore, the addi-
tion of a very low percentage of niobium (0.06 wt %)

Tab. 1 Chemical composition of experimental materials, wt%

ensures postponing of peatlite transformation and
thus enables the use of relatively slow cooling rates [0],
[14]. The JMatPro software was used to calculate CCT
(continuous cooling transformation) diagrams of all
three experimental steels.

50 kg ingots of experimental steels were vacuum
cast, cut into four equal parts and forged into bars us-
ing laboratory hydraulic press. The forging of the
steels was carried out with one-hour soaking at the
temperature of 1150 °C for 2Al-3Mn and 1.5A1-1.5Mn
steels and one hour soaking at the temperature of
1050°C for 1.5A1-3Mn steel. Forged bars were further
annealed for two hours at 950 °C in laboratory furnace
and air-cooled to room temperature. Cylindrical sam-
ples with 5 mm diameter and 10 mm height were pre-
pared from the bars for dilatometric analysis.

C Si Mn P S Cr Al Nb  Mn/Al
ratio
15A1-3Mn 02 0.6 30 0.008  0.003 0.19 15 0.06 2
2Al - 3Mn 0.2 0.6 3.0 0.008  0.003 0.17 2.0 0.06 15
15A1-1.5Mn 02 0.6 15 0.008  0.003 0.19 1.5 0.06 1

Samples were subjected to four different proce-
dures of dilatometric analysis, using the L75PT instru-
ment. The first procedure was designed to determine
the Acl and the Ac3 temperature. First, the sample
was heated up to 600 °C with a heating rate 10
°C/min, then the heating rate was decreased to 3
°C/min and the heating continued to 1100 °C. For
confirmation, this measurement was performed twice.

To determine the temperatures of martensite and
bainite formation, two slightly different procedures
were carried out. In both cases, the sample was heated
up to 1000 °C with decreasing heating rate (5 °C/s to
500 °C, 2 °C/s to 900 °C, 1°C/s to 1000 °C). Then
the samples were cooled down with two different
cooling rates, i.e. 50 °C/s and 14 °C/s. These are the
expected minimal and maximal cooling rates applica-
ble to the processing of these particular experimental
steels, which could be industry-relevant. The fourth
dilatometric procedure was designed to simulate a heat
treatment commonly used for TRIP steels. The sam-
ple was heated up in the same manner as in the previ-
ous case, then it was cooled down to 425 °C at 14
°C/min. Then a 30 minute hold followed to enable the
bainite formation. Finally, the sample was cooled
down to room temperature at 3 °C/min. Two-step
heat treatment of this type is typically used for pro-
cessing of TRIP steels and these particular parameters
of heat treatment were chosen based on previous ex-
periments with steels of similar composition [4], [11].
The resulting microstructures were analysed with
SEM and light microscopy.

For all three steels CCT diagrams and equilibrium
transformation temperatures were calculated in

JMatPro software to analyse the alloying elements’ ef-
fect and to compare calculated data with experimental
ones.

3 Results and discussion
3.1 Calculated CCT diagram

The JMatPro calculated CCT diagram (Fig. 1)
shows the effect of varying aluminum and manganese
content. From a comparison of the steels containing
an identical percentage of aluminum can be concluded
that the increase of manganese content from 1.5 wt%
to 3 wt% has a significant impact on transformation
temperatures. All of the transformation regions were
shifted to longer times and lower temperatures. The
most distinctive shift is apparent from the comparison
of the ferrite-start curves (Fig.1), transformation tem-
peratures Acl and Ac3 and martensite formation tem-
peratures (Tab. 2). The effect of the change of alumi-
num content can be demonstrated on the example of
1.5A1-3Mn an 2Al-3Mn steels. The increase in alumi-
num content by 0.5 wt% shortened the austenite to
ferrite transformation incubation time and shifted the
transformation region to higher temperatures. Also,
the martensite formation temperatures increased with
aluminum content, whereas the peatrlite-start and bain-
ite-start curves didn’t show any significant change.

To describe the simultaneous effect of the alloying
elements it appears to be convenient to take into ac-
count the manganese/aluminum ratio. Above all, it
can be concluded that with the increasing Mn/Al ratio
the austenite to ferrite transformation incubation time
is increasing and the corresponding curve is shifted to
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lower temperatures. A similar conclusion can be ap-

plied for all of the transformation curves.
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Fig. 1Summarizing CCT diagram (1.5A13Mn — full lines
- green, 2A3Mn — dashed lines - red, 1.5A11.5Mn — dot
and dashed lines - black) with real dilatometric cooling curves
(50°C/s, 14°C/s)

Tab. 2 Software-calenlated transformation temperatures for
three excperimental steels

T
[°C] Acl Ac3 Ms Mso Moo
1.5A1 - 3Mn 709 920 344 309 228
2Al - 3Mn 716 986 358 324 244

1.5A1 - 1.5Mn 740 992 429 396 321
3.2 Acl and Ac3 experimental determination

Fig. 2 demonstrates determination of the Acl and
Ac3 transformation temperatures as deviations from
the tangents to the elongation data which represent a
fully untransformed resp. fully austenitic state of the
microstructure.

The resulting Aci and Acs values (Tab. 3) corre-
spond with the software calculated results, i.e. incre-
ased Mn/Al ratio is responsible for decreasing the
transformation temperatures. Another difference
between the materials can be found in the amount of
expansion during the transformation period between
Act and Ag. Material 2Al - 3Mn underwent the most
significant length change (+9 pum), since the thermal
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expansion prevailed over the phase transformation in-
duced shrinkage more distinctively. Material 1.5A1 —
1.5Mn exhibits smaller elongation (+2 pum), whereas
the length of 1.5Al — 3Mn steel sample was reduced
by 3um on average during the transformation.
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Tab. 3 Transformation temperatures Acl and Ac3 with cor-
responding elongations, average values from two dilatometric
measurenients.

Acl Ac3

TE Al T Al(p

© m (6 m
1.5AI-3Mn 728 5815 960  55.65
2A1-3Mn 739 580 1025  67.0

1.5A1 -
1.5Mn 760 48.1 1028 50.2

3.3 Ms and Mf experimental determination

Figure 3. shows the dilatometric determination of
martensite and bainite formation temperatures with
identical cooling rates of 14 °C/min. Consistently with
calculated CCT diagrams, only martensitic transfor-
mation was detected in 1.5A1 — 3Mn and 2Al - 3Mn
steels for this cooling rate, while 1.5A1 — 1.5Mn steel
reached the bainitic region at 540 °C (Figure 4, Table
3).
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Fig. 3 Dilatometric data, cooling rate 14 °C/ s, a) material 1.5A1— 3Mn, b) material 1.5A/— 1.5Mn
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The lowest martensite formation temperature (319
°C) was measured for 2Al - 3Mn steel (Table 3.), which
doesn’t correspond with the calculated model (Fig. 1,
Tab. 2). On the other hand, both methods confirmed
1.5Al — 1.5Mn steel as the material with the highest M
temperature.

Tab. 4 Cooling rate dependent transformation temperatures
Ms, Mf (°C) acquired with dilatometric measurement (*bainite-
start)

14°C/s 50 °C/s
M, M; M; M;
1.5Al - 3Mn 344 216 338 212
2Al1 - 3Mn 336 198 319 192

1.5A1-1.5Mn 357 (540%) 238 378 228

Tab. 5 Length changes of the sample at transformation tempe-
ratures Ms, Mf or bainite-start (*) with different cooling rates.

14°C/s 50 °C/s
Alpe Al
Al s m Al s m
e () umy A B
15A1-3Mn 4.1 217 19 208
2AI-3Mn  57¢ 167 67 158

1.5A1-1.5Mn21.3 (37.9%) 21.3 4.7 19.2

At cooling rate 50°C/s all three steels exhibit very
similar length change during the martensitic transfor-
mation (approx. 23 um), however, the 2Al-3Mn shows
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the least deformation at Mr temperature (Tab. 5) com-
pared to the initial state. Based on this finding, the
2Al-3Mn steel could be considered the least suscepti-
ble to deformation induced by phase transformation
during rapid cooling.

1200

=
o
o
o

/

/
/
/

=3
(=3
o

=
=)
=)

temperature [°C]
o

\
\

500 1000 1500 2000 2500 3000
time [s]

N
o
o o
———

o

Fig. 5 Heat treatment procedure simulated by dilatometer

The last and the most time consuming dilatometric
measurement was performed to simulate a heat treat-
ment procedure with soaking at 1000°C and 30 minute
hold at the temperature of bainitic transformation
(Fig. 5). Figure 6. shows the difference between 1.5Al
-1.5Mn, 1.5A1-3Mn. Again, coincidently with compu-
tations and previous experiments, 1.5A1 -1.5Mn enters
the bainitic transformation region at approx. 540 °C,
i.e. before the temperature dwell period started. For
both 1.5Al - 3Mn and 2Al - 3Mn the bainitic transfor-
mation started during the 30 minute hold at 425 °C.
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Fig. 6 Dilatometric data — cooling and hold in the bainitic region, a) material 1.541-1.5Mn, b) material 1.5.4-3Mn steel

The microstructure of 1.5A1-3Mn steel (Fig. 7a)
obtained by a two-step annealing consisted of the
bainitic-martensitic mixture. The bainite had predom-
inantly lath morphology with occasional occurrence of
long laths. Martensitic areas were large a numerous
suggesting that the hold at 425 °C was too short to
ensure complete bainitic transformation and large ar-
eas of remaining austenite transformed to martensite
during the final cooling to room temperature.

The microstructure of 2A1-3Mn steel (Fig. 7b) was

still containing the bainitic-martensitic mixture, how-
ever, the amount of martensite was lower, than in the
case of 1.5A1-3Mn steel and the islands were distinc-
tively finer. Particularly the smaller islands could be-
sides martensite contain also some retained austenite,
forming so-called M-A constituent. It could be as-
sumed that bainitic hold was too short also for 2Al-
3Mn steel and some austenitic areas were retained dut-
ing the hold without being propetly stabilized against
martensitic transformation during the final cooling.
The bainitic matrix is made of lath bainite.

indexced on: http:/ | www.scopus.com

439



October 2020, V'ol. 20, No. 4

MANUFACTURING TECHNOLOGY

ISSN 12132489

==y
SEM HV: 20.0 kV
SEM MAG: 3.00 kx

ag

¥ U Ao b
10 pm EHT=1500kV  Signal A = SE1
Mag= 3.00KX WD= 9.0mm

Width = 100.0 w1
Pixel Size = 97.6

WD: 7.09 mm
SEM MAG: 3.00 kx Det: SE

Fig. 7 SEM micrographs after soaking at 1000 °C and 30 minute hold at 425 °C, a) 1.5.A1-3Mn b) 2A-3Mn
¢) 1.5A4L1.5Mn

The fully bainitic microstructure was obtained for
1.5A1-1.5Mn steel (Fig. 7c). As was already seen from
dilatomettric curves, bainitic transformation in this
steel started already during the cooling from a soaking
temperature, at the temperature of 540 °C. The trans-
formation than continued during the hold at 425 °C,
which was sufficiently long to result in the bainitic mi-
crostructure. The bainite is predominantly of the lath
type, however there are also areas of granular bainite
in the microstructure. Few individual very long laths,
mainly of bainitic ferrite, could be observed, as well as

low numbers of fine islands of M-A constituent. These
islands typically had the sizes of several micrometers.

4 Conclusions

The experiment has proved the computation-
based expectations concerning the beneficial effect of
manganese and aluminium as the main alloying ele-
ments of the experimental steels. Based on the dilato-
metric measurements accompanied by microstructural
analysis, it can be concluded that the manganese / alu-
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minium ratio can be considered an indicator determi-
ning the transformation behaviour. From the in-
dustrial point of view, the most important conseque-
nce of increasing the Mn/Al ratio is postponing the
isothermal bainitic transformation. The lowest mar-
tensite start temperature and thus the most effective
austenite stabilisation, was achieved with the ratio
Mn/Al The dilatometric measurement also recorded
different volume changes related to varying proporti-
ons of different constituents emerging in the
microstructure. The 2A1-3Mn steel showed the least
total elongation martensitic/bainitic transformation,
which can be beneficial in terms of processability with
thermomechanical treatment.
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