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MICROSTRUCTURE EVOLUTION MECHANISM OF AISI 1045 STEEL UNDER HIGH SPEED DEFORMATION

AISI 1045 steel has the characteristics of high strain rate, large strain, and sharp rise in temperature during high-speed deforma-
tion process, resulting in a concentrated deformation band and fine structure. In this work, the microstructure of submicron-sized
grains in AISI 1045 steel material formed under 10° s™! during a high speed cutting process was examined. To reveal the dynamic
evolution mechanism of the AISI 1045 microstructure, the continuous dynamic recrystallization theory was introduced. The results
show a high dislocation density which favor the formation of small angle grain boundaries during the high speed cutting process.
Kinetics calculations that use continuous dynamic recrystallization mechanisms prove that the recrystallization size is constant when
the strain rate increases from 10> s™! to 10° 7', and the transition time is reduced from 6 x107 s to 4x10°% s. The recrystallization
grains were gradually formed during the deformation of the material, not generated after the deformation.
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1. Introduction

When metallic materials are subjected to extreme deforma-
tion loads characterized by high deformation speed and large
strain, they usually undergo macroscopic localization of the
deformation, form a concentrated shear zone, and result in plastic
instability [1-3]. In earlier research on metal material microstruc-
tures, the bright white high-hardness bands in the concentrated
deformation zone assumed to be martensitic products formed
via phase transformation [4-6]. Later on, transmission electron
microscopy, field emission scanning electron microscopy, and
electron back-scattered diffraction (EBSD) were applied to in-
vestigate the microstructure, and the results proved that equiaxed
non-distortion crystal grains of sub-micron size were formed in
the concentrated deformation zone [7,8].

The mechanism of sub-micron recrystallized grains in the
concentrated shear zone is of great significance for elucidating
the recrystallization softening model under extremely high strain
rate deformation [9,10]. To explain the dynamic recrystalliza-
tion phenomenon in high-speed deformation, Pere-Prado et al.
[1] proposed a model in which an external stress is applied
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to the gradual rotation of the crystal grains for realizing the
dynamic recrystallization. However, the mechanical rotation
of crystal grains in the model does not consider the problem of
cracks caused by the coordinated deformation of grains with
neighboring grains [11]. Nesterenko et al. also proposed a dy-
namic recrystallization model based on rotation [6]. The metal
material has a bamboo-like elongated deformation substructure
under high-speed deformation and large strain [12,13], and the
boundary of the orientation angle with the lowest boundary
energy can be diffused to transform the deformed substructure
into dynamic recrystallized grains with equiaxed microscopic
orientation angles [ 14]. However, this process requires the matrix
atoms to diffuse from the original boundary to a nearby location
and form a new grain boundary, which is difficult to achieve in
the view of material dynamics [15].

The deformation of metals during cutting is a process that
typically has a high strain rate (>10° s™) and large strain (>1 s ')
[16-18]. This paper aims to study the evolution mechanism
of dynamic recrystallization microstructure of metal materi-
als under very high rate, large strain and sudden temperature
rise deformation. In the present paper, the influence of large,
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high-speed deformation on microstructure was investigated by
high speed cutting experiment. Then, the Continuous dynamic
recrystallization mechanism (CDRM) under high deformation
speed was studied. Finally, the dynamic model of the evolution
of large, microscopic orientation angles based on CDRM at high
deformation speeds was analyzed.

2. Materials and methods

Industrially produced normalized steel AISI 1045 (hardness
is 242 HB) with the composition shown in TABLE 1 is used
as the workpiece material. An orthogonal turning experiment
was conducted, and the workpiece was processed into a hollow
cylindrical sample with an outer diameter of 150 mm, inner
diameter of 110 mm, and a length of 500 mm. The cutting tool
is made of uncoated cemented carbide with a cobalt content of
8%, and the hardness is 607 HB. The rake angle of the cutting
tool is 0°, and the back angle in the holder is 7°. The cutting
edge radius is approximately 0.5 mm. In order to evaluate the
high-speed deformation of the material, the cutting analysis
model for deformation parameters (like strain rate, strain, and
temperature) was applied by Oxley et al. [16,19,20]. The cutting
speed specified in the experiment is 560 m/min (corresponding
to the root strain rate of the chip is about 10° s7, the strain is
about 5, and the temperature is 950°C), and the feed and cutting
width are 0.1 mm/min and 2 mm respectively. The cutting time
is 30 s. After the orthogonal cutting experiment, the chips were
collected. The macrostructure and microstructure of the chips
were observed by optical microscope and field emission scan-
ning electron microscope.

100 um
——

EHT = 500KV

100 nm
= WO = 4.7 mm

Mag = 4000 K X
Signal A = InLens.

TABLE 1
Chemical composition of test steel AISI 1045 (mass fraction, %)
C Si Mn P S Cr Ni Mo
043 | 026 | 0.68 | 0.01 | 0.03 | 0.15 0.1 0.02

3. Results and discussion

3.1. Influence of large, high-speed deformation
on microstructure

The experimentally obtained microscopic and macroscopic
morphology of the chip and the electronic scanning detection
map of the concentrated deformation area in the AISI 1045 steel
at a cutting speed of 560 m/min are shown in Fig. 1.

Fig. 1(a) shows the macroscopic metallographic morphol-
ogy of the chip. Fig. 1(b) shows the macroscopic metallography
of the root deformation zone, and Fig. 1(c) shows the scanning
electron microscope image of the root deformation zone when
the cutting speed is 560 m/min. As can be seen from Fig. 1(a),
the overall deformation of the material is non-uniform. Particu-
larly, the root of the chip material has obvious deformation and
concentration, and a bright white band appears in Fig. 1(b). In ad-
dition, some fine structures are observed in Fig. 1(c). Because
the deformation and distortion in the shear zone are serious and
small, the characterization of the formed microstructure size is
very difficult [8]. Courbon et al. applied EBSD to observe the
shear zone in the AISI 1045 steel chip (Fig. 2(a)) with lower cut-
ting speed compared to this study and confirmed that the structure
has grains [8]. However, due to the high degree of distortion

S0 um

Time 13:26:54
Date 20 Jan 2015

Fig. 1. Chip morphology and microstructure of second deformation zone of AISI 1045 steel at a cutting speed of 560 m/min (a) Chip macro-
morphology, (b) Metallographic morphology of chip root, (¢) Chip root microstructure by SEM
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Fig. 2. Microstructure inspection of second shear zone of the chips during high-speed cutting of AISI 1045 steel (a) Chip root microstructure
detected by EBSD [8], (b) Chip root microstructure detected by TEM [10]

in the deformation zone, blind spots (black areas in the figure)
appeared in the near-root zone of the sample, and only minimal
fine structures were observed [21]. Through high-resolution
projection electron microscopy, Subramanian et al. observed
dynamic recrystallized grains of 0.25 um size in the shear zone
of the AISI 1045 steel chip roots (Fig. 2(b)) [10].

3.2. Continuous dynamic recrystallization mechanism
(CDRM) under high deformation speed

During high-speed deformation, materials deform at a high
strain rate and are subjected to stress only for a short time. The re-
crystallized grain size becomes larger based on polygonization
and sub-grain merging to form large-angle grain boundaries.
The bow of the angle grain boundary becomes larger.

The continuous dynamic recrystallization mechanism
points out that the dislocation configuration in the material
forms a dislocation cell structure. The density of dislocations
in the cell structure increased with the increase in deformation.
The dislocations inside the cell accumulate towards the cell
wall. The misorientation of the sub-cells increases, and finally
sub-crystals with large-angle grain boundaries are formed, thus
completing the recrystallization process. In this mechanism,
dislocation motions such as dipole cancellation, polygonization,
and sub-crystal merging act to release strain energy and complete
the recrystallization process. There is no long-range diffusion of
atoms, and it may be exist in high-speed deformation.

Theoretically, the flow stress of a material is proportional
to the square root of the dislocation density in the material,
namely [22]:

o =a,ub\/; (1)

Among them, a is the material constant, x is the shear
modulus, and b is the Burgers vector.

In high-speed deformation, the strain rate is very high, and
the flow stress increases under the same strain condition. There-

fore, the large strains under high-speed conditions will not only
increase the speed of dislocation movement, but also activate
more dislocation sources.

To decrease their configuration energy, the dislocations
generate dislocation entanglement and form dislocation cell
structure. Therefore, it can be considered that the effect of
strain rate hardening under high-speed deformation conditions
will have a higher dislocation density than under normal strain
conditions, resulting in more dislocation cell structures. At the
same time, high strain rate and large strain will increase the tem-
perature and provide dynamic conditions for dislocation climbing
and polygonalization, which is beneficial to the formation of the
dislocation cell structure. The higher the high-speed deformation
rate, the greater the deformation rate, and the smaller the cell
structure. Because of the accumulation of dislocations in the
cell wall, the difference in the orientation of the sub-cells on both
sides of the thin wall will increase. The high dislocation density
and speed of dislocation movement will facilitate the formation
and refinement of the sub-crystal size.

Obviously, the formation of continuous recrystallized sub-
crystals mainly involves dislocation movement and changes
in the dislocation configuration. Here, time is a critical factor.
Therefore, the continuous dynamic recrystallization mechanism
should be investigated for the formation of fine recrystallized
grains during high-speed deformation. This can be analyzed
from the time required for the formation of sub-crystals during
the deformation process.

3.3. Dynamic model of the evolution of large,
microscopic orientation angles based on CDRM
at high deformation speeds

In the continuous dynamic recrystallization process, the
main factor that affects the recrystallization kinetics is the time
when the dislocation cellular structure forms sub-grains with
large angle grain boundaries [23]. The sub-cells with small
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TABLE 2
Main parameters in the calculation of continuous dynamic recrystallization kinetics of ferritic steel [22,28]
D a v u Po b 90 ) H M t,

Unit pm GPa m~ m ° nm MPa m~ MPa

Value 0.2 0.75 0.32 80 1x10' | 2.94x107"° 5 5nm 750 5x10" | 1400
angle micro-orientation angle interface (generally considered at dq 4p (1 — n) aD
5°C) formed in the deformation process, based on the internal =

’ dt |4p(l-n)a—1-In
dislocation, gradually moves to the cell wall [24-26]. The time [ p( ) (q):|
required to transform the cell wall into a large-angle micro- ) .t o .t .
orientation interface is generally considered at 15°C [27,28]. = po+M L exp _ et e (6)
3 V3 2365 |3

For dislocation cells with small angle micro- orientation angle,
the average dislocation cell wall energy per unit length 7 is
given by [29,30]:

In(6)

= a,ub@[l 47(1 —V)aj @

Among them, « is the material constant (0.5~1), u is the

shear modulus, b is Burgers vector, @ is dislocation cell micro-
scopic orientation angle, and v is Poisson’s ratio.

If the dislocation cell diameter is D and the dislocation cell

wall thickness is ¢, then the dislocation cell wall energy can be

constructed from two aspects: microscopic orientation angle and

dislocation density within the dislocation cell wall [25]:

2 2
Ll Z |=amb?p| 2| L
dt p[z] o p(zj dt

A3)
Among them, p,, is the average dislocation density in the

dislocation cell wall.
The change in dislocation density in the dislocation cell wall

in unit time % is related to the mobile dislocation density in
t

the dislocation cell (p,,) and strain in unit time [28]:

dp, (2\?(D de
Lol 2] | ]e? )
dar \3) lab dt
He
P =(Po +Me)eXp[—t—] (5)
N

Among them, p, is the initial dislocation density, M is the
dislocation plug product coefficient, H is the hardening coef-
ficient, and ¢, is the shear stress of loading.

In this work, continuous dynamic recrystallized mecha-
nism, and changes under micro-orientation angle of interface
with small angle, to the large angle micro orientation angle of
interface were investigated, which would require 6(f) as the
function relation, so supposing dislocation cell size D was kept
constant, simultaneous Eq. (4)~(5) after reduction get disloca-
tion cell micro differential relationship between expression of
orientation angle varies with time ¢ [29]:

. . 0 .
As can be seen from equation (6), the relation % is
t

complex and it is difficult to obtain the functional relation ¢(#)
analytically. Therefore, numerical integration is performed on
Eq. (6) to obtain the microscopic orientation angle over time.
The parameters in the calculation of steel grades are shown in
TABLE 2, and the obtained calculation result is shown in Fig. 3.
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Fig. 3. Evolution of micro-orientation angle under different strain rates
based on continuous dynamic recrystallization mechanism

Fig. 3 shows the evolution of micro-orientation angle under
different strain rates based on continuous dynamic recrystalliza-
tion mechanism. The dislocation entanglement and micro orien-
tation angle follow a similar pattern the increase in deformation
time. Initially, the micro orientation angle increases slowly, and
then rises sharply, until it suddenly the critical micro orienta-
tion angle values ¢, (15°) of the small angle interface and large
angle interface. The process time is very short, and the strain
rate is 10°, with the change in the order of magnitude of the time
required controlled to 6x107 s. The transition time decreases
significantly with increasing strain rate and for a 10° s™! strain
rate, the time is as low as 4x10% s. Based on continuous dynamic



recrystallization mechanism, the deformation time was halved
during the high speed cutting process [31].

Meanwhile, because of the large angle interface and large
migration capacity, the grains formed during dynamic recrystal-
lization becomes larger after the deformation of materials [32].

According to theory of Hines [1] and Meyer et al. [6], the
grain with a radius S migrated towards the deformation matrix
from the boundary by atomic diffusion when the temperature
is 7. The time ¢ required for the grain size to reach L can be
calculated by the following formula [1,6]:

SLkT

HT)=——
60b” ufD, exp(-Q/ RT)

()

Among them, k is the Boltzmann constant (1.38x1073 J/K),
Dy is the grain boundary diffusion coefficient (13.0x1073 m%/s),
Q is grain boundary diffusion activation energy (167000 J/mol),
and other parameter values are shown in TABLE 2.

According to Oxley et al. [16], the dynamic recrystallization
grain size obtained by the chips at high speed cutting deforma-
tion rate is generally in the submicron level. Taking 0.5 um as
the grain size, Eq. (7) can be used to compute the value under
different temperatures (300°C~1400°C). The grain size increases
from 0.1 pm to 0.5 um, and the results are shown in Fig. 4.

As can be seen from Fig. 4, temperature has a decisive
influence on the time required for grain boundaries to reach
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Fig. 4. Relationship between time and deformation temperature
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a certain size. At 1400°C, 0.5 um recrystallization grains require
1035, 0.5x1072 s, and 1072 s to grow 0.1 um, 0.25 um, and
0.5 pwm respectively. With the decrease in temperature, the time
required for grain growth increases significantly. Especially at
800°C, the time required for grain growth is approximately 10°s.
When cutting speed was 560 m/min, and the highest chip in-
terface temperature was 950°C, the time required for 0.1 pm
growth was approximately 5 s, but the corresponding strain
rate in the deformation zone was approximately 10°, the strain
exceeded 5, and the deformation time was approximately 5x107°
s. Therefore, the recrystallization grains were formed gradually
during the deformation of the material, and not generated after
the deformation.

Fig. 5 shows the dynamic recrystallization process of
CDRX under high strain rate deformation: (a) A large number
of dislocations are formed under extremely high-strain-rate de-
formation; (b) The movement of micro-dislocations is faithful,
and the dislocation cells are formed by entanglement; (c) High
strain rate and large deformation coupled with hardening lead to
high flow stress and high temperature rise of plastic deformation,
which increases the temperature of the deformation zone above
0.3 Tm; the displacement ability of the dislocation is enhanced,
enlarging the small angle grain boundary from 61 to 62.

4. Conclusion

(1) The second deformation zone sends concentrated shear
deformation, the macroscopic metallography is white and
bright, and the fine microstructure formed is dynamic re-
crystallization at the cutting rate of 560 m/min, strain rate
of 10° s7', 950°C, and strain of 5.

(2) The high dislocation density causes the deformation
microstructure to evolve rapidly to the substructure with
the high dislocation density inside. The high deformation
temperature provides the foundation for dislocation move-
ment in the substructure to the substructure wall and the
transformation from small angle boundary to large angle
interface.

(3) This study shows that continuous dynamic recrystalliza-
tion mechanism meets the characteristics of very short
high-speed deformation time, and the time required for the
transformation decreases from 6x107 s to 4x10°% s when
the strain rate changes from 10> to 10°.

(a) (b)

VAN
CREERAS,
/ | N F /

()

Fig. 5. Schematic representation of the CDRX microstructure under high speed deformation: (a) Initial deformation grains, (b) Lamellar structure
with LAGBs and HAGBs at early stages of high-speed deformation formed by high density dislocations, (¢) Transformation of LAGBs to HAGBs

by the continuous increase in misorientation
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5. Future research

In this paper, the continuous dynamic recrystallization
mechanism is used to explain the evolution of the microstructure
of materials under high-speed deformation, and the subsequent
work will focus on the following aspects:

1) How the internal dislocation density evolved after dynamic
recrystallization formation.

2)  Whatis the criticality process parameters for microstructure
evolution with increasing high speed deformation.

3) The impact of microstructure evolution on the follow stress
and macroscopic morphology of chip serration at high speed
cutting.
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