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MICROSTRUCTURE AND PROPERTIES OF A NEW Cr – Mn STEEL

WITHOUT BORON ADDITIONS FOR USE IN HOT STAMPING
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A new hot-stamping steel that is alloyed with chromium and manganese and does not contain boron additions

has been developed. The effect of reheating temperature and cooling rates on the mechanical properties and

structure of the steel is determined. A treatment regime that increases the ductility of the steel without a notice-

able decrease in its strength is proposed.
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INTRODUCTION

Safety, protecting the environment, and saving energy

are the keys to progress in automotive engineering and ma-

nufacturing. Reducing the weight of the body of automobiles

is the most important of the methods that are being employed

to save energy, along with the use of new energy resources

and fuel-efficient engines [1, 2]. Automobile weight can be

decreased by increasing the strength of the vehicle’s body

[3]. To ensure the safety of the passengers, materials belong-

ing to different strength classes need to be developed to make

different parts of the automobile. The driver’s compartment

is the most important element from the standpoint of safety

and must be made of ultra-strong materials [4]. Many studies

have shown that the weight of automobiles can be reduced

15% if the sheet steel that has traditionally been used is re-

placed by ultrahigh-strength steels with a tensile strength

�
r
� 1500 MPa [5]. The development and study of ultra-

high-strength steels are expanding throughout the world

[3 – 6]. However, an increase in the strength of the material

used to make automobiles will complicate the technology

used to deform it due to the greater force that will be needed

for the forming operations and will also accelerate wear of

the dies and increase springback [7]. A new solution being

proposed to enhance the formability of the material is the use

of hot stamping at high temperatures followed by quenching

in a die [8].

One important factor in the use of hot stamping is the

ability of the steel that is being deformed to form a com-

pletely martensitic structure while it is undergoing quenching

in the die. The formation of such a structure is necessary to

attain the required strength [9]. Boron is usually added to

the steel to improve its quenchability. Steels 22MnB5,

27MnCrB5, and others are typically used for hot stamping

[7 – 10]. However, a vacuum needs to be used in order to ob-

tain the prescribed boron content in the steelmaking opera-

tion, and that increases the cost of the process. A new steel

made without boron additions and containing chromium and

manganese has recently been developed [11].

The goal of this investigation is to study the effect of re-

heating temperature and cooling rates on the microstructure

and properties of steel that contains chromium and manga-

nese in order to optimize the parameters for the treatment of

this steel.

METHODS OF STUDY

The steel being examined had the following chemical

composition, wt.%: 0.15 C; 0.24 Si; 1.66 Mn; 1.26 Cr;

0.01 Al; 0.001 Ti; 0.006 Nb; 0.0004 B. The steel was obtained

by vacuum refining and was hot-rolled to a thickness of 4 mm.

We determined the critical points of the steel: Ac
1

� 712°C,

Ac
3

� 834°C, and M
s

� 389°C. The critical cooling rate for

obtaining a completely martensitic structure about 14 K�sec.
A heat treatment was used to simulate the process of hot

stamping, since the only difference between these processes

is the effect of deformation on quenching — which can be ig-

nored. The specimens were heated to 950, 1000, 1050, and

1100°C, held at those temperatures for 10 min, and quenched

at a rate of 20 K�sec to determine the effect of reheating tem-

perature on the size of the austenite grains.
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Also, to study the effect of the multiphase structure on

the mechanical properties, specimens were reheated to the

critical annealing temperatures of 720, 750, 780, 810, 840,

and 890°C and then quenched to room temperature at a rate

of 20 K�sec.
To study the effect of cooling rate on the microstructure

and properties, specimens were heated to 980°C, held at that

temperature for 10 min, and cooled at rates of 6, 14, and

20 K�sec.

RESULTS AND DISCUSSION

Effect of the Austenitizing Temperature

on the Microstructure and Properties of the Steel

Table 1 shows the mechanical properties of the steel after

quenching from different temperatures. Heating the steel

to 950 – 1050°C did not result in any significant changes to

its mechanical properties: �
r
= 1585 – 1650 MPa; � � 10%.

However, heating the specimens to 1100°C led to a signifi-

cant deterioration in mechanical properties: �
r
= 1110 MPa,

which does not satisfy the general requirement for steels with

ultrahigh strength (�
r

� 1500 MPa); there is also a decrease

in � in this case. These results might be attributable to growth

of the austenite grains and the formation of pro-eutectoid fer-

rite along the grain boundaries.

Figure 1 shows the martensitic structure of the steel after

quenching from 950 – 1100°C. The studies showed that aus-

tenite grain size increases after an increase in the reheating

temperature (Figs. 2 and 3). This increase in grain size acce-

lerates after heating above 1050°C, which might be related to

the dissolution of alloyed carbides [12, 13]. It is also a

well-known fact that growth of the original austenite grains

is accompanied by an increase in the width of the austenite

laths and a consequent decrease in the strength and ductility

of the steel.

A fully martensitic structure is formed if the reheating

temperature does not exceed 1050°C (Fig. 1a – c). Pro-eutec-

toid ferrite can be seen along the boundaries of the austenite

grains. A certain amount of bainite is also formed after heat-

ing to 1100°C (Fig. 1d ), which leads to a reduction in

strength. A crack can easily form along the grain boundaries

at the ferrite-martensite interface due to the large differences

in the strength and ductility of these phases. There is also a

corresponding decrease in elongation.

Effect of the Two-Phase Microstructure

on the Mechanical Properties of the Steel

If the specimens are heated to 720°C — which is very

close to Ac
1
— then the steel’s microstructure consists of fer-

rite and martensite (Fig. 4a ). An increase in reheating tem-

perature to 750° should increase the volume content of mar-

tensite, since the volume content of austenite also increases

in this case. Table 2 shows the volume content of martensite
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TABLE 1. Mechanical Properties of the Steel after Quenching

from Different Temperatures

t, °C �
0.2

, MPa �
r
, MPa �, %

950 1110 1650 10.6

1000 1080 1620 10.3

1050 1200 1585 9.8

1100 762 1110 7.9

à

c

b

d

20 m�

20 m�

20 m�

20 m�

Fig. 1. Microstructure of the Cr – Mn

steel after quenching from different

temperatures: a) 950°C; b ) 1000°C;

c) 1050°C; d ) 1100°C.



(M
V
) in relation to the temperature to which the steel is

heated prior to quenching. The corresponding microstructure

of the steel is shown in Fig. 4. A fully martensitic structure

should be formed after heating above Ac
3
= 834°C.

Tables 2 and 3 show the effect of the microstructure on

the mechanical properties of the steel. Its strength increases

and its ductility decreases with an increase in the volume

content of martensite. However, the highest yield point was

obtained with a martensite content of 85% after quenching

from 780°C. This result requires further study. The value

�
r
= 1500 MPa that is needed for the steel which has been

developed can be obtained even with a partially martensitic

structure and a lower carbon content of 0.15%. The neces-

sary strength can be achieved here because of solid-solution

strengthening with chromium and magnesium and�or disper-
sion-hardening by carbide particles, as well as because of a

small grain size. It should be noted that a good value for

elongation, � = 13%, is obtained with high-level strength.

Thus, the largest value for the product of tensile strength and

elongation (�
r
�) can be obtained after quenching from about

780°C, when a structure composed of 85% martensite and

15% ferrite is formed. Further study can make it possible to

optimize the microstructure and properties from the stand-

point of having the optimum combination of ferrite, mar-

tensite, and bainite.

Effect of Cooling Rate on the Microstructure

and Properties of the Steel

Figure 5 shows the microstructure of the steel after

quenching at rates of 6, 14, and 20 K�sec. After quenching at

6 K�sec, the steel’s structure consists of martensite and a

small amount of bainite (Fig. 5a ) because the cooling rate is

below the critical value. An almost completely martensitic

structure is formed after cooling at a rate of 14 K�sec, which
coincides with the critical value. A further increase in cool-
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Fig. 3. Dependence of austenite grain size on the pre-quench re-

heating temperature.
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Fig. 2. Morphology of the austenite in

the structure of the Cr – Mn steel after

quenching from different temperatures:

a) 950°C; b ) 1000°C; c) 1050°C;

d ) 1100°C.

TABLE 2. Phase composition of the steel after quenching from dif-

ferent temperatures.

t, °C F
V
, % M

V
, %

750 55 45

780 15 85

810 5 95

840 – 100

890 – 100

Notations: F
V
) volume content of ferrite; M

V
) volume content of

martensite.



ing rate will be accompanied by a decrease in the size of the

martensite laths (Fig. 5b and c).

Table 4 shows the mechanical properties of the steel after

cooling at different rates. The highest value for the product

(�
r
�) is obtained with the cooling rate at the intermediate

value, although the values of �
r
and �

0.2
increase with the

cooling rate. Steels having different strengths that depend on

cooling rate can be produced for different practical applica-

tions, i.e. it is possible to satisfy the strength requirements for

different automobile parts.

CONCLUSIONS

1. The new Cr – Mn steel developed for hot stamping has

good quenchability at a cooling rate of 14 K�sec, which is an
improvement on boron-bearing steel 22MnB5. The critical

cooling rate for the formation of martensite in the latter steel

is 27 K�sec.
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TABLE 3. Mechanical Properties of the Steel after Quenching

from Different Temperatures

t, °C �
0.2

, MPa �
r
, MPa �, % �

r
�, GPa � %

720 592 804 15.7 12.6

750 906 1348 14.7 19.8

780 1280 1602 13.2 21.2

810 1104 1634 12.4 20.3

840 1121 1678 10.7 17.9

890 1116 1652 10.3 17.0

TABLE 4. Mechanical Properties of the Steel after Cooling from

980°C at Different Rates

v
cool

, K�sec �
0.2

, MPa �
r
, MPa �, % �

r
�, GPa � %

6 1000 1355 14.2 19.2

14 1100 1570 13.5 21.2

20 1180 1645 8.4 17.7
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Fig. 4. Microstructure of the Cr – Mn steel after quenching from different temperatures: a) 720°C; b ) 750°C; c) 780°C; d ) 810°C;

e) 840°C; f ) 890°C.

à b c
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Fig. 5. Microstructure of the steel after cooling from 980°C at different rates: a) 6 K�sec; b ) 14 K�sec; c) 20 K�sec.



2. With a low carbon content of 0.15% and a fully mar-

tensitic structure, the tensile strength of the new steel can ex-

ceed �
r
= 1500 MPa with an elongation � � 8%.

3. To satisfy existing requirements on the strength and

ductility of steels for hot stamping, the new steel should not

be heated above 1050°C prior to quenching.

4. Optimizing the reheating temperature and the rate of

cooling of the steel during quenching will make it possible to

optimize its strength and ductility through small additions of

ferrite and bainite.
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