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The kinetics of boronizing of low-alloy steel 16MnCr5 at 1123, 1173 and 1223 K for 2, 4 and 6 h in powder

mixtures using the Ekabor-II agent is studied for determining the possibility of raising the surface properties

of this steel. The microstructure is studied using optical and electron microscopy and x-ray diffractometry.

The mechanical properties of the steel boronized by different variants are analyzed. It is shown that the growth

of the boride layer with time obeys a parabolic dependence. The activation energy of boron diffusion and the

pre-exponential factor are determined. An empirical equation is obtained for predicting the thickness of

boronized layer on steel 16MnCr5 as a function of the temperature and time of the boronizing. Boronizing is

shown to increase the yield strength and the ultimate tensile strength of the steel at lowering of the ductility.

Boronizing at 1223 K for 6 h produces a boronized layer with a hardness of 1940 HV
0.1

at a hardness of the

matrix equal to 401 HV
0.1

.

Key words: boronizing (boriding), steel 16MnCr5, kinetics, activation energy, mechanical pro-

perties.

INTRODUCTION

Alloy steel 16MnCr5 (AISI 7131) has a favorable combi-

nation of high impact toughness of the core and enough

strength of the surface and is used widely for production of

automobile components such as gears, shaft and crankshafts

[1 – 3]. The operating properties of this steel are mainly ad-

vanced by heat treatment (carburizing) and thermomecha-

nical surface hardening (boronizing) [4 – 6). A recent tech-

nique for raising the impact toughness of steel 16MnCr5

consists in elevation of the content of manganese and lower-

ing of the concentration of carbon. However, it has been

shown in [7] that reduction of the content of C, N, Si, Cr and

Mo and addition of Ni, Cu and Mn lower substantially the

hardness and the strength of alloy steels. An alternative

method for improving the combination of mechanical prop-

erties of steel 16MnCr5 is heat treatment. In [4], the micro-

hardness of this steel is shown to attain 720 HV and the ulti-

mate strength �
r
= 387 MPa after carburizing. In [1], the

hardness and the wear resistance of steel 16MnCr5 carbu-

rized and then treated at cryogenic temperatures grow and

the impact toughness decreases.

Boronizing (boriding) is used in industry as widely as

carburizing for prolonging the service, lowering the coeffi-

cient of friction and raising the wear and corrosion

resistances of steels without degradation of high mechanical

properties [8 – 10]. However, despite the numerous studies

of the structure and properties of low-alloy steel 16MnCr5

[1, 2, 4, 11, 12], detailed investigations of the effect of

boriding on the properties of this steel are quite scarce. The

influence of continuous and interrupted boriding treatments

on the properties of steel 16MnC55 has been studied in [13].

It has been shown that boriding produces a strong effect on

the hardness and microstructure of the steel, and the continu-

ous variant raises its hardness more efficiently.

The aim of the present work was to perform a detailed

analysis of the kinetics of boriding and its effect on the

microstructure and phase composition of the surface layer

and on the mechanical properties of low-alloy steel 16MnCr5.
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METHODS OF STUDY

We studied steel 16MnC55 of the following chemical

composition (in wt.%): 0.16 C, 1.15 Mn, 0.87 Cr, 0.24 Si,

0.02 S, 0.012 P. The specimens cut from a billet were an-

nealed for removing the internal stresses.

Boriding was conducted in a solid environment, i.e., a

powder mixture, using an Ekabor-II agent at atmospheric

pressure in electric resistance furnaces at 1123, 1173 and

1223 K for 2, 4 and 6 h. The microstructure of the polished

and etched specimens was studied in a cross section with the

help of an optical microscope and a JEOL 5600 LV scanning

electron microscope. The thickness of the borided layer was

determined using a digital meter attached to the optical mi-

croscope (Nikon MA100). The phase composition was deter-

mined using an x-ray diffractometer (Rigaku D-MAX 2200)

in copper K
�

radiation (� = 0.015418 nm). The microhard-

ness was measured using a TTS Matsuzawa HWMMT-X3

hardness tester at a load of 100 g on the indenter with a hold

for 10 sec. The static tensile tests were conducted using an

Instron Himadzu AGS-X machine with maximum permissi-

ble load 10 kN in accordance with the ASTM-E8M standard

for specimens with design length 15 mm. We determined the

conventional yield strength �
0.2

, the ultimate strength �
r
and

the ductility parameters. The Charpy impact bending tests

were conducted using an Instron Ceast 9350 pendulum im-

pact machine with maximum impact energy 300 J in accor-

dance with ASTM-E23.

RESULTS AND DISCUSSION

Figure 1 presents the structure of steel 16MnCr5 in the

initial condition and after boriding at 1173 K for 6 h. In the

initial condition the structure is represented by ferrite (the

light matrix) and pearlite (the dark inclusions). Boriding pro-

duces a dense homogeneous boride layer on surface of the

steel, and the structural components (ferrite and pearlite) be-

come coarser.

Figures 2 and 3 present cross sections of specimens

borided by different variants. The images of the structure un-

der high magnification (Fig. 3) prove formation of a compact

and homogenous coating on the surface of the steel. It can

also be seen that the thickness of the boride layer increases

with increase of the temperature and prolongation of the

boriding process; the boride layer is the thicker, the higher

the temperature and the longer the process. We determined

the average thickness of the boride layer for each boriding

mode after making 15 measurements. The highest thickness

(159 �m) was obtained after the treatment at 1223 K for 6 h.

Figure 4 presents the dependences of the thickness of the

boride layer on t , where t is the time of the treatment. The

dependence has a parabolic nature.

Deciphering of the x-ray patterns obtained after boriding

of steel 16MnCr5 shows that the main phases formed in the

surface layer are FeB at the surface and Fe
2
B near the matrix

(Fig. 5). In addition, the patterns obtained after boriding at

1223 K for 6 h exhibit peaks corresponding to Cr
2
B and
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Fig. 1. Microstructure in cross section of a specimen of steel 16MnCr5 in initial condition (a) and after

boriding at 1173 K for 6 h (b ).
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Fig. 2. Microstructure of steel 16MnCr5 (cross section of a specimen) after boriding at 1223 K for 1 h (a), 4 h (b ) and 6 h (c).



MnB borides (Fig. 5b ), which is explainable by the high

content of Mn and Cr in the steel.

The microhardness was measured in cross sections of the

specimens at different distances from the surface up to the

matrix. Then we calculated the average value of the micro-

hardness after five measurements at each depth (Fig. 6). The

maximum hardness (1940 HV
0.1

) was obtained after bo-

riding at 1223 K for 6 h, which is about 5 times higher than

in the steel in the initial condition. This considerable growth

in the surface hardness of the metal is connected with forma-

tion of MnB and Cr
2
B manganese and chromium borides in

addition to the hard FeB and Fe
2
B iron borides and with

strong distortion of the crystal lattice due to formation of a

solid solution of boron in iron. The same explanations can be

found in [14 – 16]. It should also be noted that the hardness

of the studied borided steel is very close to the values ob-

tained for low-alloy steels under similar boriding conditions,

i.e., 1759 HV
0.1

for 16MnCr5 borided at 1273 K for 16 h in

[13], 1610 HV
0.1

for AISI 8620 borided at 1210 K for 4 h in

[17], and 2030 HV
0.1

for AISI 4130 borided at 2213 K for 5 h

in [18].

Table 1 presents the results of the determination of me-

chanical properties of steel 16MnCr5 in the initial condition

and after different variants of boriding. It can be seen that

boriding elevates considerably the strength of the metal but

lowers somewhat the ductility. It can be assumed that the ef-

fect of the treatment on �
0.2

and �
r
is explainable not only by

formation of hard iron borides in the surface layer but also by

the presence of Cr
2
B and MnB borides. It has been shown in

[19] that inclusions of a Fe
1.1

Cr
0.9

B
0.9

boride in the structure

of a stainless steel with a high boron content raise substan-

tially its strength characteristics. It also follows from Table 1

that boriding raises the fracture energy under impact bending
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Fig. 3. Structure of boride coatings (cross section, SEM) on steel 16MnCr5 after 6-h boriding at 1123 K (a), 1173 (b ) and 1223 K (c).
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Fig. 4. Dependence S
l
= f (t 1�2 ) (where S

l
is the squared thickness

of the boride layer and t is the boriding time) for steel 16MnCr5

borided at different temperatures (given at the curves).
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Fig. 5. Diffraction patterns of the surface layer of steel 16MnCr5

after boriding at 1123 K for 2 h (a) and at 1223 K for 6 h (b ).



of the steel by a factor of 2 – 4 depending on the treatment

mode. These results show that an optimum combination of

mechanical properties in steel 16MnCr5 can be obtained by

varying the boriding parameters (the temperature and the du-

ration).

It should be noted that published reports on the effect of

boriding on the mechanical properties of materials are con-

tradictory. In some cases, the values of �
0.2

and �
r
of the steel

decrease after boriding due to formation of a hard but brittle

surface layer [20, 21]. In other works, it is shown that �
0.2

and �
r

increase after boriding, and the elongation decreases

[22, 23].

It is known that the choice of the parameters of the

boriding process is based on the knowledge of the kinetics of

growth of the surface layer. In the last twenty years the kine-

tics of growth of boride layers in various steels has been

studied by many researchers [14, 24 – 27]. It has been shown

that boride layers grow in the direction of the diffusion flow

of boron atoms perpendicularly to the surface of the substrate

and the growth is describable by a parabolic dependence

d
2

= Kt, (1)

where d is the thickness of the boride layer (m), t is the dura-

tion of the boriding (sec), and K is the constant of the rate of

parabolic growth at the specified boriding temperature

(m
2�sec). Consequently, K, Q, and T (K) may be related

through the Arrhenius equation

K = K
0

exp �
�

	




�

�




Q

RT
, (2)

where K
0

is the collision factor (also known as a pre-expo-

nential factor dependent on the boron potential in the saturat-

ing medium) (m
2�sec); Q is the activation energy (J�mole);

T is the absolute temperature (K), and R is the universal gas

constant (J�(mole � K)).

The dependence of ln K on reciprocal temperature

(Fig. 7) allows us to calculate the activation energy Q and the

collision factor K
0

from the slope of the curve and its inter-

section with the Y-axis ( y-intercept), respectively. In the case

of boriding of steel 16MnCr5 Q = 243.6 kJ�mole and

K
0

= 3.75 � 10 – 2 m2�sec. Since we have not found pub-

lished data on the kinetics of boriding of steel 16MnCr5, we

can compare the results obtained only with the data reported

for steels of other grades. For low-alloy steels with chemical

composition close to that of 16MnCr5 the activation energy

has been determined to be 189.4 [28], 215 [29], 158.78 [30],

194.3 [31], and 213.9 kJ�mole [32] for borided steels AISI

4140 (pack boriding at 1123 – 1273 K), AISI 4140 (in salt

bath at 1123 – 1223 K), AISI 4140 (in a powder mixture at

1123 – 1273 K), AISI P20 (pack boriding at 1123 – 1223 K)

and AISI P20 (with the use of microwave radiation at
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TABLE 1. Mechanical Properties of Steel 16MnCr5 Borided by

Different Variants

T, K t, h �
0.2

, MPa �
r
, MPa �, % A, J

Without

boriding – 180 440 27 36

1123 6 300 610 14 69

1223 6 370 710 8 115

1173 2 180 530 21 51

1173 6 320 670 7 97

Notations: T is the boriding temperature; t is the boriding duration;

A is the fracture energy in the impact tests.
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Fig. 6. Measured values of microhardness over the thickness of a

specimen (h is the distance from the surface) of steel 16MnCr5 after

boriding at 1123, 1173 and 1223 K for 2 and 6 h.
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Fig. 7. Rate of growth of coating K
g.c

on steel 16MnCr5 as a func-

tion of reciprocal temperature of boriding 1�T.



1123 – 1223 K), respectively. The value Q = 243.6 kJ�mole

calculated in the present work is somewhat higher than in the

other studies. However, comparing the data presented, we

see that the quantity Q depends much of the method of

boronizing. In addition, it has been shown in [33 – 35] that

the value of Q varies with the boron potential in the saturat-

ing medium, with the chemical composition of the substrate

material, with the method of preparation of surface of this

material, with the type and the size distribution of the

boriding powders, and with other factors. This explains the

difference in the results obtained in our study and presented

in other works.

We used the calculated values of Q and K
0

to obtain an

empirical equation for predicting the thickness of the boride

layer as a function of the time and the temperature of the

boriding process for steel 16MnCr5, i.e.,

d = 19.36 � 10
– 2

� t
T

exp
.

�
�

	




�

�




292999

1123 K < T < 1223 K. (3)

This expression can be used for assigning the process pa-

rameters for boriding of steel 16MnCr5 under industrial con-

ditions.

CONCLUSIONS

1. We have studied the kinetics of boriding of low-alloy

steel 16MnCr5 at 1123, 1173 and 1223 K for 2, 4 and 6 h in

powder mixtures with the use of an Ekabor-II agent.

2. The boride layer formed on the surface of steel

16MnCr5 has a saw-tooth morphology and a homogeneous

dense structure and is represented by iron borides (FeB,

Fe
2
B), chromium boride (Cr

2
B) and manganese boride

(MnB). The thickness of the layer varies from 24 to 159 �m

depending on the temperature and the duration of the

boronizing.

3. Boriding raises the hardness of the surface of the steel

by about a factor of 5; the yield strength and the ultimate ten-

sile strength grow considerably, and the elongation decreases

somewhat. The fracture energy in the impact bending tests

increases by a factor of 2 – 4 depending on the treatment

mode.

4. We have calculated the activation energy of boron dif-

fusion Q = 243.6 kJ�mole and the pre-exponential factor

K
0

= 3.75 � 10 – 2 m2�sec and used these values to derive an

empirical equation for predicting the thickness of boride

layer on steel 16MnCr6 for the specified time and tempera-

ture of the process under industrial conditions.
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