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ABSTRACT

Two novel two-step thermomechanical routes were developed to produce ultrafine-grained ferrite
microstructures in a 10Ni—0.1C steel without high-strain deformation. Homogeneous ultrafine ferrite
(UFF) structures having mean grain sizes down to 460 nm were fabricated by a total equivalent strain
of 0.92 and exhibited high yield strength of 820 MPa with large uniform elongation of 10% and total
elongation of 29%. The formation of UFF was attributed to two different phenomena, i.e. dynamic
transformation from austenite to ferrite and dynamic recrystallization of ferrite.
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Ultragrain refinement and remarkable strength-ductility properties can be achieved by controlling
dynamic transformation and recrystallization in a thermomechanically controlled process without

high-strain deformation.

Ultrafine-grained steels having simple chemical com-
positions without special alloying elements (e.g. plain
carbon steels) and mean grain sizes smaller than 1 pm
have large potential and benefits to replace some high-
cost alloy steels with similar mechanical properties.
Thermomechanically controlled processes (TMCP) can
realize ultrafine ferrite (UFF) through various kinds
of solid-solid reactions, i.e. recrystallization and phase
transformation, occurring during the high-temperature
deformation processes.[1-8] Among the metallurgi-
cal mechanisms in TMCP, dynamic transformation
(DT), which is the transformation from austenite to
ferrite occurring during deformation of austenite, can
achieve UFF of 1-3 pm.[5,9-11] However, the high strain

required for fabricating UFF is the main obstacle to
the practical application of the TMCP including DT. To
obtain a homogeneous UFF structure throughout the
thickness of materials, large accumulated strain over 2
is usually required.[12] As a result, so far, UFF has been
only achieved in the surface layers of plates.[13]
Recently, some reports have revealed that in the TMCP
where DT occurs, DT may not be the only mechanism
for ferrite grain refinement.[14,15] The present authors
have confirmed that dynamically transformed ferrite is
further deformed, leading to the occurrence of dynamic
recrystallization (DRX), which results in further ferrite
grain refinement.[16,17] The novelty of this DRX of
DT ferrite phenomenon is that the grain size of ferrite
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experiencing nucleation and some extent of growth prior
to DRX could be very small. It has been well estab-
lished that decreasing initial grain size (prior to DRX) can
decrease the required strain for the initiation of DRX and
enhance the nucleation rate and grain growth kinetics,
i.e. DRX kinetics.[18-21] It is implied that the required
strain for the fabrication of ultrafine grains could be
greatly reduced if the two grain refinement mecha-
nisms, i.e. DT and DRX, could be well controlled in one
TMCP. This will open the door to achieving ultragrain
refinement down to nanoscale requiring no high strain
in TMCP.

In the present study, we for the first time propose
two novel TMCP routes composed of two-step deforma-
tion to achieve homogeneous UFF structures by control-
ling DT and DRX behaviors rather than applying large
strains. The material used in this study is a 10Ni-0.1C
steel (C: 0.111, Ni: 10.08, Mn: 0.01, P: 0.001, Si: 0.006,
Al: 0.33, S: 0.0017, Fe: bal. (wt%)). Ortho-equilibrium
temperature (Ae3) and para-equilibrium temperature
(Aps3) of the steel are 686°C and 583°C, respectively.
Cylindrical specimens with a height of 12mm and a
diameter of 8 mm were installed in a thermomechani-
cal processing simulator (Thermecmastor-Z®, Fuji Elec-
tronic Industrial Co. Ltd.) for conducting TMCP. The
TMCP processes including compression were conducted
at high temperatures achieved by induction heating in
a vacuum chamber. Microstructures at the center of
the specimens on the section parallel to the compres-
sion axis were characterized by a field-emission-type
scanning electron microscope (FE-SEM, FEI (Philips)
XL30S FEG), electron back-scattering diffraction (EBSD)
analysis performed in the FEG-SEM and transmis-
sion electron microscopy (TEM, Philips CM200FEG).
Mechanical properties after the TMCP were examined
by an uniaxial tensile test at room temperature with
an initial strain rate of 8.3 x 10~*s™!. Small-size ten-
sile specimens with gage length, width and thickness of

(a) TMCP route-1
Austenitizing: 700 °C, 900s

-30 °C/s Ap; =583 °C

£=0.81
T,,=520°C

Temperature, T/°C

Water quenching

Time, t/s

2, 1 and 0.5 mm, respectively, were cut from the com-
pressed specimens, so that the gage parts corresponded
to the center of the specimens. Two square marks (diag-
onal length of about 40 um) were made on the tensile
specimens to demarcate the gauge length (2 mm). A digi-
tal image correlation (DIC) method was used to measure
the displacement during the tensile test. High-resolution
2456 x 2058-pixel images were taken by a CCD cam-
era (type: svs625MFCP, pixel (pmz): 3.45 x 3.45) at 10
frames/second. The displacement was obtained by calcu-
lating the change of the distance between the two marks
in the images.

Two novel TMCP routes were designed for obtain-
ing UFF structures. In the TMCP route-1 (Figure 1(a)),
the specimen was austenitized at 700°C for 900 s, first
cooled to a low temperature of 410°C at a rate of
30°Cs™ 1, held for 10, pre-deformed by just 10% reduc-
tion (equivalent strain of 0.11) at a strain rate of 10°Cs™ !,
reheated to 520°C at a rate of 55°C s~ 'and then deformed
again by 50% reduction (equivalent strain of 0.81) at
a strain rate of 1072s™! followed by water-quenching.
The aim behind this thermomechanical route was to
significantly enhance the generation of defects in the
metastable austenite through the pre-deformation at a
high-strain rate, and to allow the DT and recrystalliza-
tion to progress more completely through the major
deformation at 520°C with a lower strain rate. In route-
2 (Figure 1(b)), the austenitized specimens were pre-
deformed at a lower temperature of 300°C (above the Ms
temperature of 250°C) and subsequently underwent the
same deformation schedule as in route-1.

The quenched microstructures after isothermal hold-
ing for 10s at 410°C (Figure 2(a)) in route-1 and
300°C (Figure 2(c)) in route-2 were fully martensitic,
indicating that no static transformation from austen-
ite to ferrite occurred before the pre-deformations. The
quenched microstructure after the pre-deformation at
410°C (Figure 2(b)) consists of mainly the martensitic

(b) TMCP route-2
1 Austenitizing: 700 °C, 900s

Ap, = 583 °C

£€=0.81

Temperature, T/°C

Pre-deformation
Ms = 250 °C

Water quenching

Time, t/s

Figure 1. Schematic illustrations of the TMCP route-1 (a) and route-2 (b).
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Figure 2. SEMimages of the specimens water-quenched before pre-deformation (a,c) at 410°C (a) in the route-1,300°C (c) in the route-2
and after pre-deformation at 410°C (b). (d) is an SEM image of the water-quenched specimen pre-deformed at 300°C and then isother-
mally held at 520°C for 4 s. F, M and TM indicate ferrite, martensite and tempered martensite, respectively. C.A. represents compression

axis.

phase and a small amount of ferrite (7% in area frac-
tion). Figure 2(d) shows the microstructure of the
specimen pre-deformed at 300°C and then isother-
mally held at 520°C for 4s. The microstructure con-
sists of martensite and tempered maternsite as well
as a small amount of ferrite (8.7% in area fraction).
This confirms the occurrence of deformation-induced
martensitic transformation during the pre-deformation
at 300°C, which results in dual phases of deformation-
induced marternsite and deformed austenite (martensite
in Figure 2(d) is the quenched phase from austenite) just
after the pre-deformation. When the pre-deformed dual-
phased structure was isothermally held at 520°C, the
deformation-induced marternsite was tempered and fer-
rite transformation from deformed austenite occurred.
Figure 3(a) and 3(b) are EBSD grain boundary maps
of the specimens processed in TMCP route-1 and route-
2, respectively. They show microstructures composed of
mainly ultrafine equiaxed ferrite grains together with
some portions of coarse elongated ferrite. The coarse
elongated grains are divided by a number of low-angle
boundaries (LABs). They are clearly formed by DT and
subsequently deformed. The existence of equiaxed grains
indicates the occurrence of DRX of ferrite.[14-17] The
fractions of high-angle boundaries (HABs) in the speci-
men processed in route-1 and route-2 are 70% and 75%

(Figure 3(c)), respectively, revealing highly recrystallized
microstructures. Grain size along the compression axis
was measured by the linear interception method count-
ing only HABs. The mean grain sizes of ferrite obtained
in route-1 and route-2 are 0.55 and 0.46 um (Figure 3(d)),
respectively. It should be noted that it is the first time to
obtain such uniform and UFF structures without severe
plastic deformation (only 60% in total reduction).

In TMCP route-1, it was considered that DT mainly
progressed during 50% deformation at 520°C, because
there was only 7% of ferrite after the pre-deformation
(Figure 2(b)). The microstructure evolution during the
deformation is shown in Figure 4. After the deforma-
tion by 5% reduction at 520°C (note that the speci-
mens are already pre-deformed by 10% reduction at
410°C) (Figure 4(a)), the ferrite is coarse and not heav-
ily deformed according to the amount of LAB. With an
increase in the reduction to 20% (Figure 4(b)), equiaxed
DRX grains could be observed within the ferrite matrix,
as pointed by green arrows. The fraction of DRX grains
increases with an increase in the reduction to 50%
(Figure 4(c)). As further shown by the TEM image and
the corresponding misorientation map (Figure 4(d)),
the microstructure consists of ultrafine DRX grains
surrounded by complete HABs and coarse elongated
grains containing subgrains surrounded by either LABs
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or partial LAB and HAB. The grain refinement mech-
anism can be interpreted as follows: when ferrite is
dynamically transformed from austenite, it is further-
more deformed during growth and contains subgrains.
High concentration of deformation (or inhomogeneous
deformation) would occur near grain boundaries (i.e.
HABs) of ferrite,[22] and could increase the misori-
entation angle of the subgrains (Figure 4(e)) and thus
enhance the formation of HABs (Figure 4(f)). Finally,
equiaxed UFF (i.e. DRX ferrite) surrounded by complete
HABs is formed and its volume fraction increases with
straining (Figure 4(f)). The ferrite structure is refined
from coarse transformed grains (Figure 4(a)) to ultrafine
DRX grains (Figure 4(c)) during the continuous defor-
mation. The first 10% deformation at 410°C is specially
designed for accelerating the ferrite transformation at
520°C. Lattice defects introduced into austenite by the
pre-deformation at 410°C provide more nucleation sites
for ferrite at 520°C, leading to the acceleration of DT.
Consequently, the grain size of dynamically transformed
ferrite becomes very fine due to enhanced nucleation. It
is believed that the decrease in grain size can reduce the
critical strain required for initiating DRX and accelerate

the kinetics of DRX.[18-21] It should be furthermore
emphasized that the deformation is mostly conducted in
ferrite + austenite dual-phase states. Ferrite is softer than
austenite at high temperatures.[18,23,24], so that plastic
strain would concentrate more on ferrite, which could
also enhance the DRX of ferrite.

In TMCP route-2, it is already confirmed that after
the pre-deformation at 300°C, the specimen consists of
deformation-induced marternsite and deformed austen-
ite (Figure 2(d)). Therefore, during the further defor-
mation by a 50% reduction at 520°C, there are mainly
two possible mechanisms progressing with straining.
One is DT from the deformed austenite and the other
is DRX of tempered martensite and dynamically trans-
formed ferrite. Since the deformation-induced marten-
sitic transformation occurred at 300°C, some austenite
grains were partially consumed by the martensite and
became finer compared to the original grains. Addition-
ally, the austenite deformed at 300°C had deformation
structures. Therefore, fine austenite grain size and lat-
tice defects introduced by pre-deformation can promote
the formation of fine ferrite grains and consequently
enhance the kinetics of DRX of ferrite, which indicates
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Figure 4. (a—c) Grain boundary maps of the specimens pre-deformed by 10% reduction at 410°C and further deformed to a reduction
of (a) 5%, (b) 20% and (c) 50% at 520°C followed by water-quenching. The LABs and the HABs in (a—c) are drawn in red and blue lines,
respectively. Non-ferrite phases (i.e. martensite and/or retained austenite) were painted in black. Compression axis in (a—c) is along the
vertical direction of the maps. (d) is TEM image with misorientation map determined by Kikuchi-line analysis corresponding to (c). Blue
solid lines and red dotted lines in (d) indicate HABs (above 15°) and LABs (below 15°), respectively. (e) Distribution of misorientation angle
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a similar grain refinement mechanism as that in route-1.
While in route-2, two additional aspects are also respon-
sible for enhancing the grain refinement of ferrite: (1)
the deformation-induced martensite can act as a hard
phase during deformation of the multi-phased struc-
ture (deformed austenite, martensite and transformed
ferrite) at 520°C, which can promote the strain concen-
tration more on the ferrite phase; (2) warm deforma-
tion of the martensite phase at 520°C should also be
considered to contribute to the grain refinement. The
martensite transformed at 300°C will be deformed at
520°C. Because the martensite phase has high density

of dislocations, supersaturated carbon atoms and fine
substructures, it is well believed that these characteris-
tics make martensite to be a suitable initial structure
to enhance recrystallization (including DRX).[1,25,26]
The mechanisms discussed above proceed simultane-
ously during the deformation of the multi-phased spec-
imen at 520°C and thus enhance DRX of ferrite, i.e. the
formation of UFF grains.

Figure 5(a) shows engineering stress—strain curves of
the specimens composed of statically transformed (ST)
ferrite (grain size of 6.7 um) obtained in a heat treatment
composed of austenitization at 750°C and the subsequent
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Figure 5. (a) Stress—strain curves of the statically transformed (grain size of 6.7 um) ferrite for confirming the reliability of small-size
specimen. (b) Stress—strain curves of the ultrafine-grained (0.46 pm and 0.55 um) and coarse-grained (17 um) ferrite in the present 10Ni-
0.1C steel, compared with an IF steel (0.92 um). (c) and (d) show the grain size dependence of the yield stress (c) and uniform elongation
(d) for the ferrite structures obtained in the present study and reported in literatures.[25-27]

slow furnace cooling. Two kinds of tensile specimens
with a small gage size (length, 2.0 mm; width, 1.0 mm;
thickness, 0.5 mm) and large gage size (length, 10.0 mm;
width, 5.0 mm; thickness, 1.0 mm) were used. The sim-
ilarity in the two stress-strain curves confirmed that
the small-size tensile specimens cut from compressed
materials could provide reliable mechanical properties.
Figure 5(b) shows engineering stress—strain curves of
the specimens having UFF structures obtained in TMCP
route-1 and route-2 (Figure 3(a) and 3(b)), the specimen
with statically transformed ferrite grains (17 pm), and
an UFG IF steel (0.92 um) obtained by ARB (accumu-
lative roll bonding) and subsequent annealing.[27] The
specimen with statically transformed ferrite exhibited a
yield strength of 360 MPa. The TMCP processed UFF
specimens showed the significantly higher yield strength
of 770 MPa (0.55um) and 820 MPa (0.46 um), which
were much superior to the UFG IF steel. It should be
emphasized that a total strain of only 0.92 is required to
obtain the sub-micron UFF structure in the two novel
TMCP routes, which is much smaller than those previ-
ously reported in literatures.[28-30] Figure 5(c) indicates

that the yield strengths obtained in the present study are
within a broad band of Hall-Petch relationship for low-
C steels, but locate at a higher level. It has been known
that ultrafine-grained ferrite usually show limited uni-
form elongation due to early plastic instability.[28] In
such a context, it is rather surprising that the present
UFF structures obtained through DT and DRX mecha-
nisms maintain large tensile ductility, i.e. uniform elon-
gation of 10% and total elongation up to 29%, as shown
in Figure 5(b). Figure 5(d) clearly shows that the uni-
form elongations of the present UFF structure are out
of the trend in ultrafine-grained ferritic steels obtained
through processes including heavy plastic deformations.
For a dynamically recrystallized microstructure, there
always exist free (mobile) dislocations in the microstruc-
ture, which are introduced by deformation at elevated
temperatures. For ultrafine microstructures with grain
sizes smaller than several hundred nanometers, the
existence of mobile dislocations may contribute to an
improvement of ductility of the materials,[31] which is
an interesting phenomenon and requires furthermore
investigations.



In summary, we could obtain homogeneous UFF
structures having the mean grain size down to 0.46 pm
through two new TMCP routes composed of two-step
deformation at different temperatures. It should be noted
that no high-strain deformation was required in the new
TMCP routes (only a total equivalent strain of 0.92). The
UFF specimens showed the high yield strength up to
820 MPa keeping the large tensile ductility (10% of uni-
form elongation and up to 29% of total elongation). It
was suggested that DT was greatly enhanced by a slight
pre-deformation at a lower temperature. The fine fer-
rite grains obtained by DT enhanced subsequent DRX of
ferrite, leading to the UFF structures. Due to the signifi-
cant enhancement of grain refinement achieved by small
strains, the present study could bring new excitements to
the industrial application.
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