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Abstract

Nowadays, automobile emissions are one of the leading causes of air contamination. In this regard, the weight
reduction of the vehicles structures and parts is vital, while the passenger’s safety is the first issue. Therefore,
high demand for Advanced High Strength Steels (AHSS), is constantly increasing in the automotive industry,
which can adequately fulfill both safety and emissions issues through reduction in thickness. A new generation
of AHSS covers these demands owing to excellent forming and mechanical properties. Accordingly,
Quenching and Partitioning (Q&P) steels have been developed with a special microstructure composed of an
initial fraction of martensite and a slight fraction of stabilized retained austenite. The aim of the present work
is to assess the effect of different amounts of manganese in Q&P steel under various heat treatment cycles
relevant to an industrial process. A 0.2C-1.5Si base steel with different amount of Mn, namely 1.5, 3.5 and 5.5
(in wt%) were selected to promote different amounts of retained austenite after Q&P process. In order to
determine the critical transformation temperatures such as Ac1, Acs, Ms and My, which are needed to design
Q&P thermal cycles, dilatometric experiments were carried out. The results are presented according to the
chemical composition, the final microstructure and the hardness obtained in each condition.
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1. INTRODUCTION

The automotive industry seeks to develop new alloys of steel for the manufacture of automotive parts to reduce
the weight of the car and improve the safety of passengers. Quench and Partitioning (Q&P) steels, pertaining
to the 3rd generation of High Strength Advanced Steels (AHSS), are candidates to cover these needs due to
their good properties of strength and formability [1]. The Q&P process was first proposed by Speer et al. [2],
and consists basically of an interrupted quench treatment to form an adequate fraction of martensite and
retained austenite, followed by a carbon partitioning between martensite and austenite to enrich the latter,
avoiding the formation of secondary phases, and finishing with a final quenching, so that a final microstructure
of tempered martensite, fresh martensite and retained austenite is obtained. The latter provides a
transformation-induced plasticity effect (TRIP) which can be of great help in increasing the formability when
manufacturing the component and in the absorption of energy during the behavior in service [3]. It has been
reported that high fractions of austenite retained in the microstructure improve the total elongation and provide
an increase in the hardening by deformation by the TRIP effect [4]. It has also been reported that, in addition
to carbon, the diffusion of substitutional elements, such as manganese, can help to stabilize the austenite. By
means of controlled additions of Mn, the stabilization of the austenitic phase can be improved and the starting
temperature of martensitic transformation (Ms) reduced [5,6]. In the present work, and starting from a basis
chemical composition of 0.2C-1.5Si [7], three alloys with different nominal amounts of manganese (1.5, 3.5,
5.5 wt%) were designed to analyse the effect of this element on the stability of austenite and other constituents
For this purpose, the continuous cooling diagrams of all the steels were determined, as well as the
corresponding characteristic transition temperatures, in order to be able to correctly design a Q&P treatment.
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2. EXPERIMENTAL PROCEDURE

2.1. Material and microstructural characterization

Table 1 shows the actual chemical composition of the steels selected for this study. These were manufactured
in the form of ingots by Vacuum Induction Meting, and subsequently hot rolled to break the dendritic
microstructure and allowed to cool in air. Each steels sheets with a thickness of approximately 7 mm were
obtained.

Table 1 Chemical composition of the studied steels

Chemical composition (wt%)

Steel C Mn Si
A 0.27 1.47 1.59
B 0.22 3.72 1.43
C 0.25 5.67 1.33

In order to obtain the critical transformation temperatures (Ac1, Acs) and the temperatures corresponding to
the start and end of the martensitic transformation (Ms, Mf), dilatometry studies were carried out in a DIL 805A
unit. To this aim, cylindrical samples with dimensions of 10 mm in length with a radius of 4 mm were machined
from the steel sheets. Each steel samples were austenitized at a temperature of 1100 °C at a heating rate of
10 °C/s to ensure complete homogenization. Once the selected temperature was reached, direct quenching
was applied at a rate of 50 °C/s to room temperature to ensure a complete martensitic transformation in all
three steels. Next, the continuous cooling transformation CCT diagrams were derived in the same dilatometer,
and with specimens of identical dimensions. For these tests, the 3 steels were heated at a rate of 10 °C/s, until
reaching Acs+50 °C, where they were maintained for one minute. Next, the samples were cooled at different
rates (100, 50, 20, 10, 5, 1, 0.1 °C/s) and the transformation temperatures of each phase were determined
according to the cooling rate itself.

The specimens obtained from the aforementioned dilatometry tests, such as those of the material in the as-
received state, were prepared adequately for metallographic analysis. For this purpose, the samples of each
condition were polished with sandpapers of decreasing granulometry followed by a final polishing in alumina
of 1um. Subsequently, they were chemically etched with Nital 2 % to reveal their microstructure and facilitate
their analysis. On the other hand, microhardness measurements were made in the centre of each sample and
in each condition by means of a matrix of 3 x 3 and 1 Kg of load to have an average value of the whole sample.

3. RESULTS AND DISCUSSION

The microstructures of the samples in as-received state are shown in Figure 1. In steel A (Figure1a) a
microstructure formed by ferrite (lighter phase) and perlite (darker phase) can be observed, while in steels B
and C (Figures 1b and 1c¢) a microstructure formed entirely by martensite can be noticed. These results are
consistent with values reported in the literature [8], and indicate the great hardenability that the current steels
acquire when the Mn content is higher than 3.5 (wt%).

The corresponding hardness results are shown in Table 2, and are consistent with the microstructures
observed in Figure 1. However, steels B and C should have given a similar hardness value because they were
100 % martensitic, as it is typically assumed that the value of the hardness of martensite only depends on the
C content. If the content in C is similar, the hardness should have been similar. However, almost 100HV of
difference is obtained being C similar in steels B and C. These results suggest that the Mn content may also
influence the hardness of the martensite.
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Figure 1 As-received microstructures a) Steel 1, b) Steel 2, c) Steel 3

Table 2 As received hardness of the studied steels

Steel Hardness
A 208 HV
B 460 HV
C 535 HV

There are several empirical formulas to calculate the transformation temperatures in steel based on the
chemical composition. Most of them have been developed based on the analysis of experimental data [9]. For
example, Eq. (1) shows an expression to obtain the temperature Acs, based on the content of C, Si, Mn, V,
Mo, Niand Cr [10]. Eq. (2) is commonly used to determine the Ms temperature of a steel based on the contents
of C, Mn, Si and Al [2].

Ac;(°C) = 902 — 255C + 19Si — 11Mn — 5Cr + 13Mo — 20Ni + 55V ()
M,(°C) = 539 — 423C — 30.4Mn — 7.55i + 304l (2)

Table 3 shows the transformation temperatures of steels A, B, and C calculated by the empirical equations
Eqg. (1) and Eq. (2). The experimental characteristic temperatures Ac1, Acs, Ms and Mf of these steels obtained
by means of the dilatometry tests are also shown in Table 3. As expected, it can be observed that as the
manganese concentration increases all the critical temperatures of transformation decrease, confirming the
stabilizing role of the austenite played by this alloying element. [1,11]. In general, the values predicted by the
empirical expression tend to give Acs values much lower than the experimental ones. This does not happen
with the values of Ms, where the prediction (except in steel A) is almost perfect. On the other hand, the interval
between the temperatures Ms and Mf deserves to be highlighted. This value is very important because
between these temperatures the interrupted quenching is produced to obtain the largest possible fraction of
retained austenite, and indicates the margin for such quenching. Table 3 illustrates that there is no clear
dependence of this interval on the chemical composition, since it does not increase continuously with the Mn
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content. In fact, steel B only has an interval of 115 °C to be able to interrupt the quench, while it is 155 and
183 °C for steels A and C respectively. It is also worth mentioning the strong dependence of Mf with the content
in Mn. While in steels A and B the temperature Mf is 233 and 206 °C respectively, it goes down to 67 °C in
steel C. This fact predicts that in the second quenching, with the retained austenite very enriched in carbon,
the final temperature Mf can be well below the ambient temperature.

Table 3 Steel transformation temperatures calculated by empirical equations (1) and (2) and dilatometry

Steel Acs (1) Ms (2) Ac1 Acs Ms Mt Ms-M¢
A 847 °C 368 °C 764 °C 897 °C 388 °C 233 °C 155 °C
B 832 °C 322 °C 729 °C 869 °C 321°C 206 °C 115°C
C 801°C 250 °C 716 °C 821°C 250 °C 67 °C 183 °C

On the other hand, Figure 2 shows the results obtained from the study of continuous cooling curves (CCT).
Figure 2a shows this diagram for steel A. where one can observe the transformation temperatures and the
different phases that can be obtained with the different cooling rates, as well as the hardness reached in each
condition. The diagram shows that for steel A at least a cooling rate of 50 °C/s is needed to achieve a
completely martensitic microstructure, while at lower rates undesirable phases are obtained. Figure 2b
corresponds to a better detail of the hardness reached in each condition for this steel. An increase in hardness
can be observed as the cooling rate is increased to a hardness of 498 HV at a cooling rate of 100 °C/s, as a
result of a completely martensitic structure. Note that the saturation of the hardness occurs at the moment that
the microstructure is fully martensitic.

The results obtained for steel B are shown in Figure 3. The CCT diagram is illustrated in Figure 3a, and it can
be seen that the martensitic phase prevails at most cooling rates, except at 0.1 °C/s which presents an
additional phase in the martensitic matrix. That is, the microstructure is totally martensitic when cooling rate is
faster than 1°C/s. The hardness values reached in this steel are shown in Figure 3b, where it can be seen
that a hardness of 429 HV was obtained at a rate of 0.1 °C/s, while increasing the rate can promote a hardness
close to 525 HV which saturates practically from the slowest rates, confirming that at almost all cooling rates
the microstructure is totally martensitic. Compared to steel A, the temperature Ms is reduced, while the curves
of transformation of secondary phases in steel B disappear from the diagram.

Figure 4 shows the results corresponding to steel C. The CCT diagram shows that it is self-quenching steel.
At any cooling rate of those tested the microstructure is totally martensitic as shown in Figure 4a. Rates as
slow as 0.1 °C/s promote completely martensitic structures, which would facilitate the industrial implementation
of this process. On the other hand, the hardness reached in this steel is above 500 HV and increase somehow
as the cooling rate increases to reach 583 HV.
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Figure 2 Steel A. a) CCT diagram, b) Hardness vs cooling rate
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Figure 4 Steel C. a) CCT diagram, b) Hardness vs cooling rate

By comparison of the CCT diagrams, steels B and C only differ practically in the value of Ms and in the obtained
hardness, being higher in steel C than in steel B. Differences in hardness cannot be explained only by the
small difference in C, and can only be attributed to the higher content in Mn. This is also consistent with the
hardness values of steel A when the structure is totally martensitic. The comparison between steel A and steels
B and C shows that increasing the Mn content from 1.5 (wt%) to 3.5 (wt%) makes the steel practically self-
quenchable.

3. CONCLUSION

It can be seen that with the increase of manganese, the critical temperatures Ac1 and Acs are reduced,
promoting the stability of the austenite, while the temperatures Ms and Mf are also significantly reduced by the
addition of this element, especially in the steel C. According to the obtained results, it can be determined that
high concentrations of manganese (> 3.5 (wt%) in this type of alloys would favor the formation of martensite
at cooling rates as slow as 1°C/s, which would facilitate the implementation of industrial Q&P process. The
hardness results indicate that the hardness of the martensite is basically independent of the cooling rate, but
not on the Mn content. Therefore, the C content is not the only dominant element in the hardness value of the
martensite.
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