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Ultrastrong low-carbon nanosteel produced by
heterostructure and interstitial mediated warm rolling

Bo Gao'*, Qingquan Lai**, Yang Cao’, Rong Hu?, Lirong Xiao', Zhiyi Pan’, Ningning Liang',
Yusheng Li', Gang Sha?, Manping Liu®, Hao Zhou'?, Xiaolei Wu***, Yuntian Zhu'*®*

Ultrastrong materials can notably help with improving the energy efficiency of transportation vehicles by reducing
their weight. Grain refinement by severe plastic deformation is, so far, the most effective approach to produce bulk
strong nanostructured metals, but its scaling up for industrial production has been a challenge. Here, we report an
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ultrastrong (2.15 GPa) low-carbon nanosteel processed by heterostructure and interstitial mediated warm rolling.
The nanosteel consists of thin (~17.8 nm) lamellae, which was enabled by two unreported mechanisms: (i) improving
deformation compatibility of dual-phase heterostructure by adjusting warm rolling temperature and (ii) segregating
carbon atoms to lamellar boundaries to stabilize the nanolamellae. Defying our intuition, warm rolling produced
finer lamellae than cold rolling, which demonstrates the potential and importance of tuning deformation compat-
ibility of interstitial containing heterostructure for nanocrystallization. This previously unreported approach is
applicable to most low-carbon, low-alloy steels for producing ultrahigh strength materials in industrial scale.

INTRODUCTION

Steels are the most widely used structural materials since the inception
of the industrial age. Ultrastrong steels with low cost are highly desir-
able for large-scale industrial applications (I1-3). Many approaches
have been developed to make steels strong, among which increasing
carbon content is, so far, most efficient and economical. However, in-
creasing carbon content may lead to some undesired side effects such
as degradation of weldability and workability (4, 5). Therefore, engi-
neers and scientists have explored alternative approaches.

Recently, severe plastic deformation (SPD) techniques have been
developed to produce ultrastrong nanostructured materials (6, 7).
SPD techniques typically apply very large strains to refine the grain
sizes of metals down to the ultrafine-grained regime (1000 to 100 nm)
or even nanocrystalline regime (<100 nm) (8, 9). The major issues
for using SPD techniques to produce ultrahigh strength materials
include scaling-up and cost in industrial-scale productions (10).
Nevertheless, the knowledge acquired from the SPD field can pro-
vide guidance for optimizing the microstructures and mechanical
properties of steels.

Deformation-induced structural refinement is governed by the
competition among dislocation generation, dynamic recovery, re-
crystallization, and grain boundary (GB) migration (11). Structural
refinement is enhanced if the dislocation generation is enhanced or
if dynamic recovery and recrystallization are suppressed during the
deformation process. Dislocation generation is affected by both the
external deformation mode and internal microstructure of materials.
Microstructural heterogeneities are known to boost the densities of
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both geometric necessary dislocations (GNDs) and statistically stored
dislocations during plastic deformation (12). On the other hand, dy-
namic recovery and recrystallization annihilate dislocations, which
impedes structural refinement. Lowering processing temperature or
having precipitates in the material can slow down the kinetics of
dynamic recovery and recrystallization but at the expense of de-
formability. In addition, the pinning effect of interstitial atoms on
dislocations and interfaces help with achieving nanostructures. At
moderate temperatures, the interstitial atoms are sufficiently mobile
for dynamic segregation at dislocations. As a result, the mobility of
dislocations and tendency for dislocation annihilation are reduced
(13-15), which may cause the well-known dynamic strain aging
phenomenon (15). Since the solute atoms act to pin dislocations, it
will help with dislocation storage and consequently promote micro-
structure refinement.

In this work, we pursue the extreme structural refinement in a
low-carbon steel by making use of the microstructural heterogene-
ities and interstitial atoms. A bulk ultrastrong (>2 GPa) low-carbon
steel featuring nanolamellae with a record-breaking average thick-
ness of ~17.8 nm was produced by simple industrial warm rolling at
300°C. Our experiments also show an unexpected observation that
warm rolling may produce finer microstructures than cold rolling
in the context of well-designed initial microstructures, which reveals
a unreported principle of compatible codeformation in refining
heterostructures by plastic deformation. Furthermore, this previ-
ously unreported strategy should be applicable to the majority of
low-carbon and low-alloy steels and can be implemented in any
steel mills without modification to existing facilities.

RESULTS

Cold rolling of the steel samples at room temperature for 30, 60, and
90% thickness reduction led to yield strengths of 1.01, 1.25, and 1.58 GPa,
respectively (Fig. 1A). Unexpectedly, warm rolling of the same sam-
ples at 300°C for the same thickness reductions produced much higher
yield strengths of 1.49, 1.73, and 2.05 GPa, respectively (Fig. 1B).
These results contradict our conventional knowledge and intuition
that cold rolling should produce higher strength because a lower
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temperature impedes the dislocation recovery and dynamic recrys-
tallization. To explore the underlying physics of the higher strength
obtained under warm rolling, microstructures of the steel samples
are analyzed below.

The effect of rolling temperature on the microstructural evolu-
tion is demonstrated in Fig. 1 (Al to A3 and B1 to B3). As shown in
Fig. 1 (Al to A3), cold rolling at room temperature led to gradual
alignment of phase zones parallel to the rolling direction. However,
the refinement of the martensitic phase was not very effective be-
cause the strong martensitic phase carried only a small fraction of
the global plastic strain due to stain partitioning (16). With 90% of
thickness reduction, some martensitic region in cold-rolled sample
is still more than 2 pm in thickness, as shown in Fig. 1 (A3). In con-
trast, warm rolling at 300°C resulted in notable plastic flow in both
the martensite and ferrite phases and even produced coshear bands
at 60% thickness reduction (Fig. 1B2). After 90% rolling reduction,
both the ferritic and martensitic zones were substantially refined
and stretched along the rolling direction (Fig. 1B3).

Both the cold rolling and warm rolling produced nanolamellar
structure (Fig. 2, A and B). However, at the same rolling, reduction
0f 90% warm rolling produced an average thickness of 17.8 + 8.8 nm
(Fig. 2, B and C), which is much thinner than what was produced by
cold rolling (55 + 25 nm; Fig. 2A). In the warm-rolled sample, nanol-
amellar structures are uniformly distributed (as shown in fig. S1).
To our knowledge, this is a record fine structure among all dual-phase
steels ever reported. The high-resolution transmission electron mi-
croscopy (TEM) image (Fig. 2D) shows the lattice structures in
three distinct nanolamellae (labeled I, II, and III), which are sepa-
rated by high-angle boundaries, as indicated by the fast fourier trans-
formation (FFT) patterns (Fig. 2, E and F). While the lamella I is
oriented to the [012] zone axis, the lamella II is at the [T11] zone
axes. Therefore, the misorientation angle between lamellae I and II
is 39°. The high-angle lamellar boundaries observed in Fig. 2 differ

from the reported low-angle boundaries in most SPD-processed
single-phase metallic materials (17). The dislocation density within
lamellae was measured to be as high as ~8.74 x 10'® m™? (Fig. 2G).
For the detail of dislocation density measurement, readers are re-
ferred to fig. S2.

Atom probe tomography (APT) analysis was conducted to reveal
the distribution of alloying elements. Figure 3A shows that carbon
atoms in the warm-rolled sample are agglomerated into planar fea-
tures. On the other hand, distribution of Si and Mn atoms are uni-
form in the sample (Fig. 3B). It is noticed that even in the low-carbon
content region, the weight fraction of carbon is still as high as
~0.1%, which is far beyond the carbon solubility in ferrite (18). Fig-
ure 3C reveals a clear fluctuation of carbon content with reference to
the contents of Mn and Si, measured along the black line drawn in
Fig. 3A. According to the carbon distribution in APT mapping, the
measured average spacing between the carbon segregation peaks in
the warm-rolled sample is ~15.2 nm, which is close to the lamellar
thickness observed in TEM. Figure 3D shows that the strong segre-
gation of carbon is usually constrained into a planar region with a
width of ~3 nm. Analysis based on the APT result reveals that the
planar regions with high-carbon content are actually the martensite
lamellar boundaries, i.e., the ferrite-martensite interfaces. This key
finding will be discussed later.

Figure 3 (E and F) shows that in the cold-rolled microstructure,
a typical high carbon content region is of the size of ~50 nm, and
Fig. 3 (G and H) shows that the average carbon content in this region
is ~0.44%, which indicates that the region is martensite lamellae. Mean-
while, the weight fraction of carbon in the low-carbon content region
is ~0.013%, which is close to ideal solubility of carbon in ferrite.

By comparing the distributions of carbon atoms in cold-rolled
and warm-rolled steel samples (Fig. 3), it is indicated that interfaces
served as diffusion pathways for carbon atoms from the prior mar-
tensite to the ferrite. The appropriate temperature during warm rolling

[ ]
=
=3
=
T

CR 90%

—
n
=3
=
T

CR 60%

1000

CR 30%

Fibrous DP

Engineering tensile stress (MPa)
n
=3
=

=

B
[ WR 90%

i WR 60%

Pty

A

{9
£
i
I
i
1

i

b
i

Fibrous DP

! f
10 15

Engi

0

Fig. 1. Scanning electron microscopy micrographs and mechanical properties of typical steel samples. (A and B) Engineering stress-strain curves of the cold-rolled
and warm-rolled steel samples as compared to the initial fibrous dual-phase (DP) samples. (A1), (A2), and (A3) are the scanning electron microscopy (SEM) micrographs
showing the microstructures of the samples with cold rolling reduction of 30, 60, and 90%, respectively. (B1), (B2), and (B3) are the SEM micrographs the SEM micrographs
showing the microstructures of the samples with warm rolling reductions of 30, 60, and 90%, respectively. (C) SEM micrograph showing the fibrous DP microstructure.
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Fig. 2. TEM characterization of the as-rolled microstructures. (A) and (B) are bright-field TEM images showing the microstructures in the cold-rolled (CR) and warm-
rolled (WR) steel samples, respectively. (C) The grain size distributions in rolled steel samples. (D) A high-resolution TEM image showing details in typical nanolamellae.
Panels (E) and (F) are the diffraction patterns attained by fast fourier transformation in the selected areas in marked E and F in (D). (G) A high-resolution TEM image show-

ing a high density of dislocations stored in a nanolamella.

is also important to enhance carbon segregation along martensite/
ferrite interfaces.

It was expected that segregation of carbon atoms to nanolamellar
interfaces helped with stabilizing the nanolamellae in the warm-rolled
steels. Nanocrystalline structure usually becomes unstable upon heat-
ing and/or deformation (19). There are literatures showing that in-
terfacial segregation and solute drag effect are capable of stabilizing
the interfaces in alloys (20, 21). To verify this concept, in situ TEM
observation was performed to analyze the thermal stability of the
nanolamellae in the warm-rolled samples. Figure 4 (A to E) shows
the evolution of the nanolamellar structures at the annealing tem-
perature of 300°C for 0, 30, 60, 90, and 120 min, respectively. The
thicknesses of the lamellar boundaries and the overall morphology
in the area were nearly unchanged during annealing at 300°C (Fig. 4F),
indicating that the nanolamellar structure was stable at this tempera-
ture. In situ heating experiments at the temperatures of 400° and
450°C were also performed. No growth of nanolamellae was observed
until the annealing temperature was increased to 450°C (fig. S3). Sys-
temic analysis on the microstructural and hardness results indicates
that the thermal stability of the nanolamellae can be maintained at
temperatures up to 400°C (fig. S4A).

It is worth noting that the warm rolling to 90% thickness reduction
can make steel samples reach an ultimate tensile strength of 2.15 GPa,
which is a record strength for low-carbon and low-alloy steels
(Fig. 5A). Although steels with strengths above 2 GPa have been re-
ported in the literature (2, 3, 22), they are associated with high-alloy
contents that allow for the partitioning of alloying elements or the
controlled precipitation to achieve a good mechanical performance,
which not only increases the cost of raw materials and manufacturing
processes(fig. S5) but also notably degrades their weldability (4).
Figure 5B is a comparison between the strength of the warm-rolled steels
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samples and those of steels with various carbon contents, highlighting
the strengthening efficiency of extreme structural refinement as compared
to that of carbon-adding approach. Therefore, from the perspective of
manufacturing, warm rolling of heterostructured dual-phase steels is
a previously unexplored, feasible, and economical approach for produc-
ing strong, low-cost steels in large-scale industrial manufacturing.

DISCUSSION

Heterostructures have been reported to produce heterodeformation-
induced (HDI) hardening to improve ductility (23). In the as-rolled
samples, the HDI hardening is not very effective due to two reasons:
First, HDI hardening was caused by the piling up of GNDs. However,
the nanothickness of the ferrite lamellae limits the GND pile up. The
optimum lamellar thickness for HDI development has been found
to be in the range of a few micrometers, as we observed earlier in Cu
(24). Second, in the warm-rolled specimens, strength difference be-
tween the ferrite and martensite lamellae is markedly decreased, which
reduces the HDI stress.

The advantage of the dual-phase heterostructure is its capability
of sustaining large plastic strain. As a comparison, the full martens-
ite of the same low-carbon steel can only be plastically deformed to
60% thickness reduction without fragmentation of the martensitic
lamellae (fig. S6). In contrast, the dual phase structure is able to sus-
tain 90% of reduction in both the cold and warm conditions, which
is attributed to the good deformation compatibility in heterostruc-
ture. As demonstrated in the current study, it is unexpected that warm
rolling produced much finer lamellar than cold rolling (Fig. 1), which
contradicts our conventional intuition. This was caused by the im-
proved mechanical compatibility and the higher plasticity of the mar-
tensite lamellae at the warm rolling temperature of 300°C. During
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Fig. 3. APT analysis for the cold- and warm-rolled samples. (A and B) Three-dimensional (3D) atomic maps of C, Si, Mn, and Fe in a 90% warm-rolled sample. (C) Con-
centrations of C, Si, and Mn atoms measured along the black line drawn in (A). (D) Concentration of C atoms in range of 0 to 100 nm, referenced to (C). (E and F) 3D
atomic mappings of C, Si, Mn, and Fe in a cold-rolled sample. (G) Concentration of C, Si, and Mn atoms measured along the black line drawn in (E). (H) Selected profile of

C concentration in range of 30 to 130 nm, referenced to (G). wt %, weight %.

the cold rolling at room temperature, the martensite phase is much
stronger than the ferrite phase, and ferritic lamellae will sustain most
plastic strain. There is not enough stress that can be transferred to
the martensitic lamellae to effectively deform them. At the same time,
local stress concentrations will break the martensitic lamellae instead
of uniformly deforming them, leading to the fragmentation of the
martensitic lamellae (Fig. 1, A1 to A3). This conclusion is supported
by the fact that full martensite of the same low-carbon steel can be
plastically deformed to 60% thickness reduction without the frag-
mentation of martensitic lamellae (fig. S6). Therefore, heterostruc-
tures and the mechanical compatibility between the heterogeneous
zones can be explored for effective structure refinement using plas-
tic deformation.

Upon warm rolling, the codeformation of martensite and ferrite
is enhanced (Fig. 1). This is due to the reduced mechanical incom-
patibility between the martensite and ferrite lamellae, i.e., reduced
strength and increased plasticity in martensite at elevated tempera-
tures (fig. S4B). The concept of codeformation has been explored in
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the fabrication of multilayer metallic composite (e.g., Cu/Nb systems)
or the production of UFG metals (e.g., ultrafine grained IF steels by
accumulative roll bonding) (25-27). The current work finds that
two constituent phases have the same crystal structure but of differ-
ent carbon content and dislocation density. Different from the
immiscible Cu/Nb system, the scale of microstructure during re-
finement cannot be stabilized by the phase boundary. Instead, the
ferrite/martensite interfaces are stabilized by carbon segregation,
which can only be observed at a moderate temperature. As a result,
the warm rolling can produce much finer microstructure than ARB
processing of IF steel (27).

At certain elevated temperatures (in the current case, <350°C),
martensite laths were able to sustain large plastic strain before crack
formation, and carbon atoms are diffused into the newly formed
boundaries. According to the APT results in Fig. 3, redistribution of
carbon atoms clearly occurred during warm rolling, and strong seg-
regation of carbon atoms are found in the lamellar boundaries in
the martensitic phase. Carbon segregation at interfaces helps with
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relaxing local stress and impedes GB migration (28), which is evi-
denced by the in situ TEM observation shown in Fig. 4. Solute seg-
regation to dislocation boundaries and GBs notably lowers the
migration kinetics of the boundaries and can thus help with stabiliz-
ing the nanostructures of the material (7, 29-31). This idea has been
widely adopted in designing stable nanocrystalline alloys (32, 33). The
enthalpy of segregation relative to the enthalpy of mixing determines
the propensity for segregation. In this work, carbon segregation should
have occurred during the grain refinement process due to the high
diffusivity of interstitial carbon atoms and the high dislocation den-
sity produced by rolling. With increasing carbon segregation to the
lamellar boundaries, the nanolamellae became more stable.
However, the warm-rolled nanolamellar structure may lose the
thermal stability at temperatures higher than 350°C, as evidenced
by the hardness drops (fig. S4A) and grain growth (fig. S3). Effect of
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temperature on stability of interfacial segregation were well studied
in previous works on formation of complexions by a simple anneal-
ing procedure (34). In this case, as the temperature increases to a
certain high level, the driving force for GB migration increases
notably, meanwhile the propensity for carbon segregation decreases
at higher temperature, which reduces the overall pinning force on
GBs (35, 36).

In the warm-rolled sample, the ferritic phase becomes oversatu-
rated with carbon atoms as indicated by the APT results in Fig. 3A.
Oversaturation of carbon in ferrite can markedly strengthen fer-
ritic phase, thus allowing ferrite to sustain a higher stress (37, 38).
The ferritic phase underwent extreme grain refinement, which en-
ables it to sustain higher flow stress. The strength increases of the
ferrite lamellae by both carbon oversaturation and grain refinement
acted to reduce the mechanical incompatibility between the ferritic
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and martensitic phases so that they can be codeformed to refine the
microstructure.

The interstitial carbon atoms can also dynamically impede the
motion of dislocations at moderate temperatures (13-15) and re-
tard dislocation recovery. During plastic deformation of high purity
metals, dislocations will quickly organize into the cell walls and sub-
boundaries, creating dislocation cells and subgrains with dislocation-
free interiors (7). In the present case, dislocations are organized to
form the lamellar boundaries, but unexpectedly, high densities of
dislocations also exist in the grain interiors (Fig. 2G). This is a strong
indication of the carbon pining effect on dislocations. Therefore, dif-
fusion of carbon atoms to ferrite is supposed to contribute substan-
tially to the extreme grain refinement and increased dislocation
storage in the ferritic phase.

It has been reported that the finest grain sizes of interstitial-free
(IF) steel produced by accumulated rolling bonding and of the mar-
tensitic steel processed by cold rolling are ~210 (27) and ~200 nm
(39), respectively. In contrast, by simple warm rolling, we produced
nanolamellar structures with a mean boundary spacing of 17.8 nm
in the heterostructured dual-phase steel. High-resolution TEM re-
sults show that the lamellar boundaries are high-angle GBs (HAGBs;
Fig. 2, D to F). Unlike twinning, which changes the orientation of
crystal structure to a fixed high angle, dislocation entanglement and
accumulation tilt the crystal structure gradually (7, 9). Moreover, it
has been noticed that lamellar boundaries created in metals are usu-
ally low-angle GBs even under SPD conditions (17). Without defor-
mation twinning and further martensitic transformation, there should
be other mechanisms active to help with the HAGB formation un-
der the warm rolling condition. The misorientation of dislocation
boundaries is determined by the arrangement of dislocations and
their Burgers vectors (40). Dislocation arrangements near the inter-
faces of homogeneously structured and heterostructured materials
are different. To accommodate the strain gradients in heterostruc-
tured materials, a large amount of GNDs with the same Burgers vector
are formed, creating lattice bending and misorientation gradients
(23), which should help with increasing the misorientation of the
heterostructured interfaces, especially when these GNDs are absorbed
by interfaces.

The key contributors to the ultrahigh strength observed in the
warm-rolled low-carbon steel include the Hall-Petch strengthening
of the prior soft ferrite by thin lamellar thickness, the dislocation
strengthening by high intragranular dislocation density, and the solute
strengthening by extra carbon solutes diffused from the martensitic
region. In addition, the carbon segregation to the boundaries hin-
ders the dislocation nucleation (31), and it has been reported that
the plastic deformation in nanostructured metals is controlled by
dislocation emission from GBs (9). As shown in fig. S7, the strength
of IF steels generally follows the Hall-Petch relationship even down
to ~20 nm, with the strengths of low-carbon steels slightly lying above
those of IF steels, which indicates that the dominant strengthening
contributor is lamellar thickness.

In conclusion, heterostructure-mediated warm rolling in conjunc-
tion with controlled solute diffusion and segregation offer a previously
unexplored strategy for producing a bulk nanosteel with a record lamellar
spacing of 17.8 nm, which has never been observed in single-phase
martensite or ferrite to date. The nanosteel has a record-high yield strength
of 2.05 GPa and ultimate strength of 2.15 GPa in the category of low-
carbon steels. Our result leads to the conclusion that interstitial-
containing heterostructure can be effectively explored to process
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stable nanolamellar structures by standard industrial processes. Re-
ducing mechanical incompatibility among heterogenous domains
is needed to effectively refine the heterostructure. The strategy re-
ported here opens the door for large-scale manufacturing of low-
carbon low-alloy steels with nanostructures and ultrahigh strength.

MATERIALS AND METHODS

The low-carbon steel used in this study has a nominal composition
(weight %) of 0.19 C-1.01 Mn-1.46 Si. The processing of the nanol-
amellar dual-phase steel can be divided into three sequential steps
(fig. S9) The first step is to form a high density of lath martensite in
the steel by austenitizing heat treatment at 950°C for 60 min and sub-
sequent quenching in water. The second step is to obtain ultrafine
fibrous ferrite-martensite dual-phase microstructure by intercritical
annealing at 820°C for 10 min and subsequent quenching processes.
The last step is to refine the microstructure of the low-carbon steel
by rolling at designated temperatures. In searching for the rolling
temperature for optimizing the mechanical properties of the steel
sample in the current research, a series of rolling temperatures in
the range between room temperature and 350°C was tested. For the
warm rolling process, the dual-phase steel samples with a thickness
of 8 mm and width of 30 mm were preheated at the designated tem-
peratures for 20 min before rolling. The thickness reduction of each
pass was ~0.5 mm, and the samples were reheated in the furnace for
5 min after each pass. Cold rolling was performed at room tempera-
ture with a thickness reduction of ~0.5 mm for each pass, and the
sample was held in air for 2 min after each pass.

Microstructures were observed on the transverse plane using
scanning electron microscopy and TEM. TEM was performed in a
TECNAI 20 LaB6 G2 20 microscope operating at 200 kV. The TEM
foils were ground down to ~20 pm in thickness and then thinned by
ion milling at —30°C.

A local electrode atom probe (LEAP 4000X SI, Cameca Instru-
ments) was used to analyze the element distributions in the cold- and
warm-rolled samples. The measurements were performed in voltage
mode at 50 K, and the pulse repetition rate was 200 kHz. Samples
for APT analyses were prepared with the tips perpendicular to the
rolling direction using a dual-beam focused ion beam (Zeiss Auriga).

Uniaxial tensile tests were performed at the strain rate of 3 x
107 s on specimens with a gauge length of 10 mm and width of
2.5 mm. Five tests were repeated for each sample having the same
microstructures.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/39/eaba8169/DC1
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