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Abstract: A novel method of cryorolling martensite for fabricating ultrafine grained low-carbon steel
with attractive strength was proposed. The results indicate that ultrafine-grain structured steel could
be manufactured by cryorolling and the subsequent annealing of martensite. The mean ferrite size
of 132.0 nm and the tensile strength of 978.1 MPa were obtained in a specimen with a reduction of
70% in thickness. There were peak value and valley value in the strength and grain size of ferrite
with the increase of reduction from 50% to 80%, respectively. The further growth of ferrite grain
at 80% reduction is attributed to the heavier distortion energy at large reduction, which activates
the secondary recrystallization of ferrite. Furthermore, the distribution of ferrite grains became
more uniform with increasing of reduction from 50% to 70%. Additionally, the amount of lamellar
dislocation cell substructure increased with the reduction at liquid nitrogen temperature.
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1. Introduction

Common low-strength steel cannot meet the requirements of most manufacturing and production
industry in modern society [1,2]. The research and fabrication of high strength steel has become an
important topic [3,4]. In recent years, ultrafine-grained structure steel with grain size below 1 pm
has shown the prospect of high strength and toughness with traditional steel compositions [5,6]. For
the fabrication of ultrafine-grained structure steel, both severe plastic deformation strategies (SPD)
and advanced thermomechanically controlled processes (TMCP) were applied [7,8]. Severe plastic
deformation strategies (SPD) usually use large accumulated plastic strain, which is larger than four
at room or elevated temperatures [9]. The large accumulated plastic strain causes more loads for the
equipment. In addition, this method is only suitable for small size samples. Classic SPD techniques
include equal-channel angular pressing (ECAP) [10-12], accumulative roll bonding (ARB) [13-15],
mechanical milling (MM) [16,17], and high-pressure torsion (HPT) [18-20], etc. When compared with
severe plastic deformation strategies, advanced thermomechanically controlled processes employ a
relatively low accumulated strain in the range of about 0.8-3.0. Moreover, this method can be somewhat
more easily optimized to operate in temperature regimes where they employ phase transformation and
controlled cooling. One effective way with a small accumulated strain to fabricate ultrafine-grained
structure steel through cold rolling and annealing of a martensitic starting microstructure was first
proposed by Tsuji et al. [21] (Fe-0.13 wt.%C). The final microstructure was ultra-fined ferrite grains
with average grain size of 180 nm and inhomogeneously precipitated carbides. The tensile strength
and elongation of the ultrafine-grained structure steel was 870 MPa and 20%, respectively.

Metals 2018, 8, 518; d0i:10.3390/met8070518 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-2261-6052
http://www.mdpi.com/2075-4701/8/7/518?type=check_update&version=1
http://dx.doi.org/10.3390/met8070518
http://www.mdpi.com/journal/metals

Metals 2018, 8, 518 20f 14

Currently, more attention has been paid to the study on the cold rolling and annealing of
a martensitic starting microstructure due to the availability of grain refinement of this method.
Hosseini et al. [22] obtained nano/ultrafine grained low carbon steels with mean grain size of
0.65 pm by the compression of a martensitic structure and following the high temperature annealing
process (Fe-0.13 wt.%C). The ultimate strength of 810 MPa was reported by annealing at 600 °C for
120 s. Similarly, Ashrafi et al. [23] successfully produced ultrafine ferrite microstructure by 65% cold
compression of martensite, followed by annealing at an intermediate temperature. The mean size and
hardness were 1.8 um and 210 HV, respectively. Additionally, the recrystallization activation energy
was calculated to be 83 kJ/mol. Ueji et al. [24] and Bao et al. [25] performed similar investigations on
cold rolling and annealing of a martensitic starting microstructure.

In order to further refine the grain size and improve the tensile strength, many possible
explorations were conducted. For example, Jing et al. [26] fabricated nanocrystalline steel sheets
by a combination process of quenching, aging, heavy cold rolling, and recrystallization. Li et al. [27]
utilized the ice brine-quenching method before cold rolling and annealing to obtain superfine lath
martensite grain. Hamad et al. [28] applied a differential speed rolling (DSR) process to fabricate
ultrafine-grained steel, followed by annealing at 425 °C and 625 °C for 60 min.

It is known that the process of recovery could be hindered by decreasing deformation temperature,
by which the rich deformation defects and efficient accumulated strain are obtained. This is because
the atoms diffusion ability is dramatically weakened at the liquid nitrogen temperature, leading to
the restraint in the motion and annihilation of heat activated dislocations. Therefore, the accumulated
dislocation defects become more and more, showing a serious work-hardening behavior. Thus, it can
offer an advantageous condition for the refinement of grains and the acceleration of subsequent
recrystallization. However, most investigations were performed at room temperature or warm
temperature, and few studies that were concerned on the cryorolling of carbon steels. Moreover,
less attention was paid on the relationship between rolling reduction and grain size and mechanical
property in carbon steel. Therefore, in the present study, cryorolling martensite starting microstructure
and the subsequent annealing was performed to fabricate ultrafine-grain structured steel. The key
point of this process is that martensite is rolled at liquid nitrogen temperature. Results could enrich
the fabrication theory of ultrafine-grain structured steel.

2. Materials and Methods

The experimental material is commercial low-carbon steel with a tensile strength of
435 MPa, taken from a hot strip plant. The composition of this steel is Fe-0.165C-0.211Si-
0.448Mn-0.014P-0.0135-0.002Als (wt.%). The dimensions of specimens prepared to fabricate ultrafine
grains were 3 mm in thickness, 15 mm in width, and 90 mm in length. Figure 1 shows the schematic
diagram of fabrication of ultrafine grain by cryorolling low-carbon steel. The specimens were
austenitized at 1050 °C for 30 min, followed by water quenching to obtain martensitic starting
microstructure. Before the cryorolling process, all of the martensitic specimens were immersed in liquid
nitrogen for about 30 min, ensuing that the temperature of specimens were in accord with that of liquid
nitrogen. Then, the specimens were rapidly rolled on a two-high mill with 310 mm in roll diameter.
About 10% reduction was realized in each pass and the total reduction were 50% (e = 0.8), 60% (¢ = 1.06),
70% (e = 1.5), and 80% (e = 1.8), respectively. The specimens were immersed in liquid nitrogen again
for 15 min before further reduction after each pass. As the relative small size of the specimen, 15 min in
liquid nitrogen was long enough for the specimen to regain the liquid nitrogen temperature. There were
no cracks on the specimens during the cryogenic deformation process. No lubrication was used during
rolling. Moreover, ambient temperature rolling test was performed by 50% strain in order to compare
the microstructure before annealing. Finally, the cryorolled samples were subsequently annealed at
500 °C for 30 min before being air cooled to the ambient temperature.
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Figure 1. Schematic of fabrication of ultrafine grain by cryorolling low-carbon steel.

For microstructure observation, all of the specimens were mounted in resins, ground using
SiC papers with 240-2000 grit, and then polished in an Al,Oj slurry on a metallographic polishing
machine (YMP-2, Nanguang electronic technology, Suzhou, China). The microstructure examination
of specimens was conducted on an optical microscopy (OM, Zeiss, Oberkochen, Germany) and a Nova
400 Nano scanning electron microscope (SEM, Hillsboro, OR, USA) operated at 20 kV accelerating
voltage. The dislocation distribution after rolling was observed using a JEM-2100F transmission
electron microscope (TEM, JEOL, Tokyo, Japan). All of the microstructures were observed from rolling
direction (RD). X-ray diffraction (XRD, Panalytical, Almelo, The Netherlands) was applied to analyze
the precipitations. The grain dimensions were measured by Image Pro-plus software 6.0 (Media
Cybernetics, Duluth, GA, USA) on the basis of the mean linear intercept method (MLIM). Some images
and more than 120 grains were measured for improving the accuracy. Tensile tests were carried out at
ambient temperature with a cross-head speed of 1 mm/min on a UTM-4503 electronic universal tensile
machine (Instron, Norwood, MA, USA). The tensile direction was in keeping with the rolling direction.
The dimension of the gauge part in tensile specimens was 1.2 mm wide, 0.6 mm thick, and 5 mm long.
Duplicate tests were made for each tensile test to ensure reproducibility.

3. Results and Discussion

3.1. Microstructure Evolution

Figure 2 gives the original microstructure of the tested low-carbon steel. It is observed that the
original microstructure mainly consisted of ferrite (F) and pearlite (P). Ferrite distributed in equiaxed
polygon morphology and pearlite with irregular shape located in the adjacent to ferrite. Figure 2c,d
were obtained by the color aberration function in Image Pro-plus software 6.0, representing the volume
fractions (areas) of ferrite and pearlite, 87.1 4= 6.9% and 12.9 + 3.3%, respectively. Several images with
the same magnification were used to ensure the accuracy of the measurement. The average values
were taken as the final volume fractions of ferrite and pearlite.

After water quenching, very fine lath martensite was obtained in Figure 3. It has been proved by
Electron Backscattered Diffraction (EBSD) that many high-angle boundaries with misorientations that
were larger than 15° facilitating the refinement of grain during following an annealing process existed
in martensitic microstructure [13,21,24]. Except for martensitic microstructure, dual phase structure
with ferrite and martensite [22,29,30] was utilized to develop bimodal grain size distributions in low
carbon steels. These steels with a combination of coarse and fine grains often sacrifice much strength in
order to achieve excellent ductility. In the study of Shin et al. [12], initial microstructure of ferrite and
pearlite was used to produce ultrafine grained low carbon steel by the equal channel angular pressing
technique. In addition, bainite starting microstructure [31] also showed a notable potential for grain
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refinement, but its refining effect is limited in some degree. At first, the mean thickness of the deformed
bainitie lamella is relatively bigger than deformed lath martensite. This can be explained by the fact that
deformation in bainite is more heterogeneous in comparison to the martensite. Moreover, the relative
smaller distortion energy and defect density in bainite are another intrinsic limitation to the grain
refinement. Nano-sized grains could be developed by deforming martensite. This is because there
are large misorientations in martensite that can finely subdivide the martensite structure. Moreover,
high dislocation density in martensite increases the distortion energy during the cold deformation,
facilitating the formation of ultrafine grains during annealing. Furthermore, large amount of carbides
uniformly precipitate in the grain boundaries due to supersaturated solid solution of C atom in
martensite, thus preventing grain growth through pinning effect [32].

Figure 2. Original microstructure of low-carbon steel (a,b) F + P; (c¢) Measurement of F area;
and, (d) Measurement of P area.

Figure 3. Martensite starting microstructure.

Figure 4 presents the SEM images showing the deformed martensite microstructure with the tand
that was identified in Figure 4a,b. Lamellar dislocation cell (LDC), as the first kind substructure, showed
apparently wavy flow morphology parallel to RD. The second substructure presented an irregularly
bent lamellar pattern (IBL). It has already been stated that these substructures are mostly surrounded
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by high-angle grain boundaries with misorientations that are larger than 15° [13,21,24], which are
beneficial for the further refinement of grain. The third substructure showed kinked lath (KL) structure
where martensite lath was kinked by shear bands. It is clear that the LDC substructure increases with
the increase of reduction, while IBL and KL substructures decrease with the increasing reduction.

Figure 4. Scanning electron microscope (SEM) images showing the deformed martensite microstructure
distinguished by three typical substructures with different reductions (a) 50%; (b) 60%; (c) 70%;
and, (d) 80%.

Figure 5 illustrates the quantificational volume fractions of the deformed martensite with the
reduction of 50% to 80% at liquid nitrogen temperature. The LDC substructure was 64.8% in the
deformed microstructure, and the IBL substructure was 9.9% in a specimen cryorolled by 50% reduction.
For the specimen cryorolled by 60% reduction, the volume fractions of LDC and IBL substructures
were 87.8% and 5.7%, respectively. With the increase of reduction amount, fully LDC substructure was
obtained in the specimen cryorolled by 70% and 80% reduction. In the investigation of Ueji et al. [21,24],
50% LDC substructure was observed at 50% cold-rolled and fully LDC substructure was obtained
by 70% deformation at room temperature. When compared with the results in the present study,
it demonstrates that more LDC substructure could be acquired by cryorolling martensite under the
same reduction. This is because the deformation resistance severely increases with the decrease of
deformation temperature, which makes the deforming force at the same reduction is bigger than that at
room temperature. Thus, the morphology of martensite block inclines to the deformation indirection,
showing more wavy flow morphology at liquid nitrogen temperature. Additionally, the relationship
between temperature rise AT and strain € can be expressed as Equation (1) [33]:

To+AT eo+Ae =
/0 pch:/O Uds:>AT:U—A8 @
Ty €g oc

where p is the density of material, o the true stress, c the specific heat, Ae the interval of strain,
and ¢ bar the mean stress. It reveals that the temperature rise AT increases with the increasing strain
e. It reveals that the temperature rise AT increases with the increasing strain e. However, the AT
resulting from the plastic deformation in the deformed microstructure was restrained by the liquid
nitrogen temperature in the current work. Because the atomic diffusion and the thermal activation
recovery process was severely inhibited at extremely low temperature, ensuring that the vacancies and
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deformation dislocation defects were reserved and accumulated continuously. Hence, these defects
were transformed into dislocation cells or substructure, leading to a severe structure deformation
paralleling RD. Thus, it can inferred that fully LDC substructure could be obtained with the reduction
less than 70%, despite the deficiency of reduction between 60% and 70%.
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Figure 5. Percentage of different substructures at different reduction amounts.

Figure 6 presents the TEM micrographs of the specimens that were rolled at different temperature
to compare the deformation dislocation distribution after rolling at liquid nitrogen and room
temperatures. It is observed that the martensite lath was distinctly refined in specimen cryorolled at
liquid temperature (Figure 6¢). The refined martensite lath is attributed to the stronger deformation
resistance at liquid nitrogen temperature. Moreover, the density of intricate dislocations that were
observed in the specimen rolled at liquid nitrogen temperature (Figure 6d) is much larger than that in
the sample rolled at room temperature. Although it was not very clear to observe the dislocation line,
the tangled dislocations were observed. Similar tangled dislocations were observed in Ref. [24]. Results
in TEM confirm that deformation dislocation defects were easier to be retained and accumulated due
to the suppression of dynamic recovery at liquid nitrogen temperature.

M

Figure 6. Transmission electron microscope (TEM) micrographs showing the morphology of rolled
martensite and dislocation: (a,b) specimen rolled at room temperature; and, (c,d) specimen rolled at
liquid nitrogen temperature.
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The annealed microstructures with 50-80% reduction in thickness are given in Figure 7. It can
be observed that the recrystallization microstructure mainly consisted of ultrafine ferrite grain and
carbide particles. The ultrafine ferrite in equiaxial shape had distinct grain boundaries where a large
amount of carbide particles was located. Figure 8 gives the XRD results, confirming that the carbide
particles are Fe3C. The data base entry applied in the XRD analysis is COD 201201. The precipitation
of Fe3C was attributed to supersaturated solid solution of C in martensite starting microstructure.
Besides, the carbide particles were in micro-scale and nano-scale, displaying the apparent size disparity.
The complete recrystallization finished at 500 °C in the specimens cryorolled by 50-80%, which was
slightly lower than the lowest theoretical recrystallization temperature of 550 °C, as deduced from
Equation (2):

=(0.35 - 0.4) Ty )

where Tg is the recrystallization temperature and T, the melting temperature of steel. The foremost
reason accounts for the decreased recrystallization temperature is that the strain at liquid nitrogen
temperature facilitates the formation and retention of defects, which act as a driving force for the
formation of ultrafine grains (Figure 6d).
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Figure 7. Recrystallization ferrite and carbide particles at different reduction amounts (a) 50%; (b) 60%;
(c) 70%; and, (d) 80%.
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Figure 8. X-ray diffraction (XRD) results displaying the diffraction peaks of o phase (ferrite) and X3C.
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Grain size distribution at different reductions is presented in Figure 9. The mean ferrite sizes in
specimens that were cryorolled by 50-80% reductions were 161.2 nm, 148.3 nm, 132.0 nm, and 152.3
nm, respectively. The main size distribution range of specimen cryorolled by 50% was 100~300 nm,
while the grain distribution of 50~250 nm, 0~250 nm, and 50~300 nm dominated the grain size in
the specimens cryorolled by 60%, 70%, and 80%, respectively. The fitting curve (red lines) revealed
that the grain size distributions in specimens with different reductions conformed to the lognormal
distribution and the square of correlation coefficient R? was within the scope of 0.95-0.99. According
to the lognormal distribution Equation (3) [34]:

x 2

A _2[1n(ﬁ)]
= + e w? 3
y=¥ wxy/ 27 ©)

where y is the offset al.ong the ordinate direction, A is the area of curve formed with the x-coordinate,
w is standard deviation (SD), and x is the grain diameter and Inx, is the arithmetic mean of Inx.
In the current work, the distributions of grain dimension in specimens with different reductions were

described in the following Equations (4)—(7):

26338  —lnygag)?
3.81
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oy 138xv27 @
14847  -Ing5)?
Reduction = 60%, y = —4.55+ 8753% (5)
1.26x1/27
9594  —lng¥p)?
Reduction = 70%, 1y = —3.09 + ——— ¢~ 271 )
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The SD decreased firstly from 1.38 to 1.16 with the reduction increase from 50% to 70%, and then
increased to 1.24 with the reduction from 70% to 80%. This means that the distribution range of ferrite
grain size tends to concentration with the increase of reduction. However, there were valley values in
SD corresponding to the specimen that was cryorolled by 70%. With the increase of reduction to 80%,
some abnormal large grains appeared due to the secondary recrystallization. The similar secondary
recrystallization phenomenon was explained in Ma et al. [35] research. Both the mean grain size
and the distribution range of ferrite increased, meaning that the size of ferrite grain became larger.
Therefore, the size of ferrite grains became the most uniform at the reduction of 70%.

When comparing with other works at room temperature, the size of ultrafine equiaxed grains at
liquid nitrogen temperature was sharply reduced. The results in the current work demonstrate that the
ultrafine grain can be further refined by adjusting the deformation temperature from room temperature
to the liquid nitrogen temperature. This is because that the restraint of dynamic recovery process,
for example, the cross slips of screw dislocations and climbs of edge dislocations, during cryorolling
at liquid nitrogen temperatures results in a high dislocation density. There are more nucleation
sites during annealing, resulting in a finer grain structure. Moreover, the deformed martensite lath
was refined in liquid nitrogen temperature due to the stronger deformation resistance (Figure 6c).
The recrystallization temperature is reduced via cryorolling process, favoring the formation of smaller
grains. The decrease of grain size with the increase of reduction from 50% to 70% is mainly because of
more nucleation sites induced by heavier deformation. However, the increasing grain size in specimens
that were cryorolled from 70% to 80% reduction can be explained by the accumulated distortion energy
due to heavier strain of 80% (e = 1.8) at liquid nitrogen temperature. The ferrite grains become unstable
because of the larger accumulated distortion energy at 80% reduction, resulting in the secondary
recrystallization of ferrite during the annealing at 500 °C.
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Figure 9. Distributions of ferrite size at different reductions (a) 50%, (b) 60%, (c) 70%, and (d) 80%.

3.2. Mechanical Property

The stress-strain curves of specimens that were cryorolled at different reductions and annealed
at 500 °C for 30 min are shown in Figure 10. The tensile strength increased first with the increasing
reduction from 50% to 70%, and then decreased with the increase of reduction from 70% to 80%.
The optimal balance between the strength and ductility was reached in specimen cryorolled by 70%
reduction and subsequent annealing. The strength of specimen cryorolled by 70% reduction was
978.1 MPa with an elongation of 12.3%. The strength was improved about 543.1 MPa with reasonable
sacrifice in ductility when compared with the original low-carbon steel. When compared with the
results in author’s previous study [26,36], the mechanical property in specimen cryorolled by 50% and
annealed at 500 °C for 30 min were almost consistent with that in specimen cold-rolled by 50% and
annealed at 550 °C for 30 min. The average size of ferrite in the current work was smaller than that of
specimen cold rolled by 50% and annealed at 550 °C for 30 min due to the smaller recrystallization
temperature in specimen cryorolled by 50%. In addition, the reason for the peak value of strength
in specimen cryorolled by 70% is accordant with the changing of grain size. When compared to the
original materials, the bad ductility in ultrafine-grain could be ascribed to their poor work-hardening
capacity induced by size effect, poorer ability to accumulate dislocations in dinky grains. Besides,
the negative influence of the large size Fe3C particles cannot be overlooked.

In the investigations of Xiong et al. [37,38], cryorolling was also employed to fabricate austenitic
stainless steels (AISI 316 LN and Fe-25Cr-20Ni). Several significant similarities between the results in
the present study and references [37,38] can be summarized. Firstly, the strength was greatly improved
with the sharp decrease of elongation in the tested steels. Secondly, the grains after cryorolling was
apparently refined when compared with the original grains. Finally, a large amount of dislocations
was observed in the cryorolled specimens. The differences between above researches and results in
the current work are more interesting in optimizing the fabrication technology of ultra-fine grains.
At first, the initial microstructures before cryorolling and the final microstructures were different.
Single-phase austenite initial microstructure was used before cryorolling at liquid nitrogen temperature
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in refs [37,38], and the final deformation-induced martensite microstructure was obtained during
the cryorolling process. In the present study, martensite starting microstructure was cryorolled to
obtain the ultrafine recrystallized ferrite grains after low-temperature annealing in a low-carbon
steel. In addition, the improvement of strength with the strain in the cryorolled austenitic stainless
steels was attributed to the increasing refined deformation-induced martensite microstructure and
larger amount of defects. However, in the present study, the increase of strength in the ultrafine
grained low-carbon steel was ascribed to the nano/micro-scale ferrite grains and dispersed Fes;C
particles. Moreover, the strength of ultrafine grained low-carbon steel did not increase with the strain
as expected due to the secondary recrystallization phenomenon in the specimen that was cryorolled
by 70%. No secondary recrystallization phenomenon was reported in the austenitic stainless steels.
That is probably because the relative smaller accumulated distortion energy in the austenite initial
microstructure of the austenitic stainless steels.
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Figure 10. Stress-strain curves of specimens with different reductions.

3.3. Fracture Morphology

Fracture morphologies of specimens cryorolled at different reductions and annealed at 500 °C
for 30 min are shown in Figure 11. Large amount of dimples were observed in the four specimens,
representing that the main ductile fracture pattern.

In summary, ultrafine grain structured low carbon steel was successfully fabricated by cryorolling
martensite starting microstructure at liquid nitrogen temperature. Ultrafine grain low-carbon steel,
with a high strength of 978.1 MPa and an elongation of 12.3%, as well as a mean grain size of 132.0 nm
was produced by cryorolling and annealing of martensite. Figure 12 illustrates the relationship between
reduction and mean grain size, SD, and tensile strength. The decrease of ferrite grain size from 50% to
70% reduction is mainly attributed to the suppression of dynamic recovery during cryorolling and
more nucleation sites for the formation of ultrafine grains. However, when the reduction increases
to 80%, the accumulated larger distortion energy induces the secondary recrystallization of ferrite.
Therefore, there are a peak value and a valley value in the relationship between reduction and mean
grain size, SD, and tensile strength.
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Figure 11. Tensile fractures of specimens cryorolled by (a) 50%, (b) 60%, (c) 70%, and (d) 80% and then
annealed at 500 °C for 30 min.
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Figure 12. Schematic diagram of the relationship between reduction and mean grain size, SD, and
tensile strength.

4. Conclusions

Low-carbon steel was subjected to multi-pass cryorolling with different reductions of 50%, 60%,
70%, and 80% at liquid nitrogen temperature and annealed at 500 °C for 30 min. Microstructure
evolution was examined by optical microscopy and scanning electron microscope. The dislocation
distribution after rolling was observed using a transmission electron microscope (TEM). Precipitates
were determined by X-ray diffraction and the mechanical property was measured by an electronic
universal tensile machine. The following conclusions can be drawn:

(1)  There are peak value and valley value in the strength and grain size of ferrite with the increase of
reduction from 50% to 80%, respectively. The further growth of recrystallization ferrite grains at
80% is attributed to the secondary recrystallization that was activated by heavier accumulated
distortion energy at large reduction.

(2) The distribution of ferrite grains becomes more uniform with increasing reduction from 50% to
70%. The amount of lamellar dislocation cell substructure increases with the reduction due to
the stronger deformation resistance as well as the inhabitation of atomic diffusion and thermal
activation recovery process at liquid nitrogen temperature.
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(3) Ultrafine-grain structured steel is manufactured by cryorolling and the subsequent annealing
of martensite. Optimal balance between strength (978.1 MPa) and adequate ductility (12.3%) is
obtained in the specimen that was cryorolled by 70% reduction and annealed at 500 °C for 30 min.
The smallest mean ferrite size is about 132.0 nm.
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