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Purpose: Various novel heat treatments and thermomechanical treatment procedures

have been developed recently in order to enhance mechanical properties of high-strength
steels.

Design/methodology/approach: The new heat treatment process was tested on newly
designed low alloy AHSS steels alloyed with manganese, silicon, chromium and alternatively
molybdenum and nickel. Two different cooling rates of 16°C/s and 1°C/s showed that over
a wide interval of cooling rates a hardened structure based on martensite and retained
austenite can be achieved with an average hardness from 538 to 716 HV10 and ultimate
strength in the range between 1837 and 2354 MPa.

Findings: The main aim of these steels was to decrease the temperature Mfto below100°C
by quenching in a water or oil bath and use common industrial techniques. Manganese
alloying was used for the required decrease of temperatures Mg and M;. Silicon and
chromium were used to increase the ultimate strength, silicon was used to eliminate the
carbide formation and to support sufficient oversaturation of martensite.

Practical implications: The industrial application of this process is complicated by the
need for quenching in the range between Ms and Mf. The Ms temperature normally lies in
the 200-250 °C interval. This is why new steels with low Ms temperature were selected for
the experimental programme. Thanks to this feature, the steels could be quenched in water
or polymer-based baths. The primary alloying elements of these four selected steels were
manganese, silicon, molybdenum and chromium.

Originality/value: The experimental heat treatment led to microstructures of martensite
with retained austenite in all steels. Their strengths were in the range of 1750-2400 MPa and
their A5 mm elongation levels were up to 10%. The morphology and distribution of retained
austenite dictate the resulting mechanical properties of the material.
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1. Introduction

Long-term bainitic annealing, treatment for achieving
TRIP microstructure and the Q-P process belong to the
current modern heat treatment methods for low alloy high
strength steels. Tensile strength up to 2500 MPa and
hardness 600-670 HV10 can be achieved with long-term
bainitic annealing [1]. Long-term bainitic annealing is
characterized by a long dwell time of several tens of
hours at low temperature. The structure after heat
treatment contains very fine phases of bainitic ferrite. Due
to its very long duration, this process has not yet found an
industrial application. The mixed structure of bainite,
ferrite and retained austenite which is achieved by
intercritical annealing and isothermal dwell time at
bainitic transformation temperature with controlled
cooling is used in the TRIP steel concept [3]. The third
method is the Quenching and Partitioning process to
obtain ultimate strength over 2000 MPa with ductility
10%. Austenitic stabilisation in a martensitic matrix is an
important factor in the Q-P process. One way to achieve
martensitic microstructure with a high enough percentage
of retained austenite is to perform heat treatment with fast
cooling from the austenitic phase to a temperature
between M, and M; where the martensitic structure is
formed with some untransformed austenitic phase. With a
subsequent isothermal dwell time the retained austenite is
stabilized by carbon diffusion from oversaturated
martensite into the austenite. According to the current
state of knowledge this untransformed austenite is located
between martensitic needles or plates as thin films [4-6].

2. Experimental programme

Due to the problem of the Q-P process stopping the
quenching between temperatures M and M; four new
experimental steels with special alloying were designed
(Tab. 1). The main aim of these steels was to decrease the

temperature M¢to below100°C by quenching in a water or
oil bath and wuse common industrial techniques.
Manganese alloying was used for the required decrease of
temperatures Mg and My. Silicon and chromium were used
to increase the ultimate strength, silicon was used to
eliminate the carbide formation and to support sufficient
oversaturation of martensite. Chromium supports
strengthening by special formed carbides. Molybdenum
was used for shifting M and M;to lower temperatures and
also for the influence on ferritic and pearlitic
transformation shift to lower cooling rates. Nickel was
used in small concentration to increase the austenitic
stabilization in the following cooling process and also
used to increase hardenability and hardening of the solid
solution. Carbon concentration was from 0.42 to 0.43% in
all experimental steels. Percentage of alloying elements
was proposed with respect to material price, intensity of
influence during proposal of the required effect and also
with respect to environmental restrictions of alloying
strategies. Manganese percentage 2.5% and silicon 2%
was used for steel AHSS-1. Values of transformation
temperatures were calculated in JMatPro. Calculated
value of Mg was 218°C and M; 88°C for this steel. The
proportion of molybdenum in steel AHSS-2 was increased
to 0.15% to find out the influence of molybdenum on
structure formation and transformation temperature shift.
This increase had no influence on My and M; temperature
shift. The M temperature was 214°C and M; 83°C. Nickel
proportion in the steel AHSS-3 was increased to 0.5% in
comparison with the steel AHSS-1 in order to improve
hardenability and decrease the temperatures of martensitic
transformation. The M; temperature was 209°C and My
78°C. Molybdenum proportion was increased in the
experimental steel AHSS-4 thus the lowest transformation
temperatures Mg 204°C and M; 73°C were achieved using
the described parameters. At first sight there was no
difference in martensitic transformation temperatures
according to calculation among all the experimental steels
for practical applications.

Table 1.
Chemical composition of experimental steels AHSS-1-4, w.%
C Mn Si P S Cu Cr Ni Al Mo Nb M,°C M;°C
AHSS1 043 25 203 <0.009 <0.004 0.07 133 0.07 0.008 0.03 0.03 218 88
AHSS2 0428 248 2.03 0.005 0.003 0.07 146 0.08 0.004 0.16 0.03 214 83
AHSS3 0419 245 2.09 0.005 0.002 0.06 134 056 0.005 0.04 0.03 209 78
AHSS4 0426 246 199  0.005 0.002 0.06 133 056 0.005 0.15 0.03 204 73
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Table 2.

Heat treatment parameters and mechanical properties
Steel/ Talta, Cooling rate, QT, PT/tpr, HV10 Ry Ru,
process °C/s °C/s °C °C/s MPa MPa
AHSS-1/01 538 969 1837
AHSS-2/01 16 610 1211 2049
AHSS-3/01 716 1363 2112
AHSS-4/01 693 1448 2354

850/100 150 200/600

AHSS-1/02 687 1342 2281
AHSS-2/02 . 610 1359 2196
AHSS-3/02 679 1490 2308
AHSS-4/02 690 1493 2346

2.1. Q-P process

All parameters of the Q-P process had to be tested and
optimized to achieve optimum properties of the new
experimental steels. This article presents selected results
obtained during research activities dealing with the
influence of the cooling rate from the austenitizing
temperature to quenching temperature. Two deformation-
free processes of heat treatment marked 01 and 02 (Tab. 2)
were tested on the experimental steels. Both processes had
different cooling rates and were experimentally tested on
real samples using material-technological modelling
performed on a thermomechanical simulator. Heat
treatment included heating to the austenitizing temperature
850°C with dwell time for 100 seconds for both processes.
Cooling to the temperature 150°C was performed in the
first process (01) at a cooling rate of 16°C/s and in the
second process (02) at 1°C/s. The quenching temperature
was above the M, in all the experimental steels. Partitioning
temperature, were carbon diffusion from oversaturated
martensite to austenite was applied, was 200°C at a time of
600s in both processes thus stabilizing the austenite. The
resulting specimens underwent metallographic analysis and
mechanical testing. Hardness HV10, yield strength (Rp2)
and ultimate strength (R,,) were tested on mini-tensile
testing specimens.

3. Results and discussion

Cooling from austenitizing temperature to 150°C at
different cooling rates 16°C/s and 1°C/s was tested on
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experimental steels. A mostly martensitic structure with
various proportions of bainite and retained austenite was
achieved in all the experimental steels. In the first process
(01) the average hardness of all experimental steels was
583-716 HV10. Ultimate strength was in the range
1994-2354 MPa (Tab. 2). Mixed martensitic-austenitic-
bainitic structure with hardness 538 HV10, yield strength
969 MPa and ultimate strength 1837 MPa was achieved in
the steel AHSS-1. The higher molybdenum content led to
higher values of hardness up to 610 HV10. In comparison
with the steel AHSS-1 the ultimate strength was higher by
200 MPa, the value was 2049 MPa. Structure morphology
and distribution was similar (Fig. 1, Fig. 2) only the higher
proportion of bainite caused lower hardness of these steels
in comparison with the steels AHSS-3 and AHSS-4
(Tab. 2). Higher nickel proportion 0.5% in the steel AHSS-3
caused changes to the structure and also higher values of
mechanical properties. A finer martensitic structure was
obtained, with a lower proportion of bainite which led to
higher hardness 716 HV10 and also ultimate strength
2112 MPa (Tab. 2). The highest value of ultimate strength
2354 MPa was measured on the steel AHSS-4 with higher
molybdenum and nickel content. The structure was mostly
martensitic-austenitic with local presence of bainite (Fig. 3,
Fig. 4).

Martensitic microstructure with bainite and retained
austenite with hardness 610-690 HV10 (Figs. 5-8) was
achieved by decrease of cooling rate to 1°C/s within the
second process (02). Despite using this small cooling rate
no perlitic transformation was found out. Lower cooling
rate had also no influence on decrease of mechanical
properties. Ultimate strength was in the range between

2196-2346 MPa (Tab. 2).
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Fig. 3. AHSS-4 — cooling rate 16°C/s Fig. 6. AHSS-3 — cooling rate 1°C/s, detail SCAN
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Fig. 8. AHSS-4 — cooling rate 1°C/s, detail SCAN

4. Conclusions

The new heat treatment process was tested on newly
designed low alloy AHSS steels alloyed with manganese,
silicon, chromium and alternatively molybdenum and
nickel. Two different cooling rates of 16°C/s and 1°C/s
showed that over a wide interval of cooling rates
a hardened structure based on martensite and retained
austenite can be achieved with an average hardness from
538 to 716 HV10 and ultimate strength in the range
between 1837 and 2354 MPa. In practical terms this
knowledge is very important because we are not restricted
to the very tight tolerance band of cooling rates necessary
for similar treatments. It allows these steels to be used for
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forged parts with varying wall thicknesses and it is also
possible to achieve the required structures in forged parts
which are larger than was previously assumed. This fact,
together with the knowledge that quenching of these steels
is possible with common cooling mediums, will
significantly help their implementation into real processes.
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