
ww.sciencedirect.com

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 5 : 6 1 2 3e6 1 3 3
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Achieving superior strength and ductility
combination in Fee28Mne8Ale1C low density steel
by orthogonal rolling
Yi Xiong a,b,*, Ze-wei Luan a, Xiao-qin Zha c, Yong Li d, Yun Yue a,
Feng-zhang Ren a, Shu-bo Wang e, Wei Cao e

a School of Materials Science and Engineering, Henan University of Science and Technology, Luoyang 471023, China
b Provincial and Ministerial Co-construction of Collaborative Lnnovation Center for Non-ferrous Metal New Materials

and Advanced Processing Technology, Luoyang 471023, Henan, China
c Luoyang Ship Material Research Institute, Luoyang 471000, Henan, China
d Central Iron and Steel Research Institute, Beijing 100081, China
e Nano and Molecular Systems Research Unit, University of Oulu, FIN-90014, Finland
a r t i c l e i n f o

Article history:

Received 12 May 2023

Accepted 6 July 2023

Available online 12 July 2023

Keywords:

Low-density steel

Orthogonal rolling

Microstructure

Mechanical properties
* Corresponding author. School of Materia
China.

E-mail address: xiongy@haust.edu.cn (Y.
https://doi.org/10.1016/j.jmrt.2023.07.059
2238-7854/© 2023 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

FeeMneAleC austenitic steels have promising prospects for lightweight applications, due

to their low density, excellent strength, and ductility. But the specific strength ratio of these

alloys are still low as compared to other alloys. Herein, an orthogonal rolling (OR) process

was used to improve the mechanical strength of a Fee28Mne8Ale1C low-density steel. The

effect of this deformation method on the microstructural evolution and mechanical

properties was studied by means of microscopy techniques, e.g. optic, scanning and

transmission electron microscope, electron backscattered diffraction, X-ray diffraction,

micro hardness and tensile test measurements. Microstructural characterization results

show that OR significantly promotes the activation of multiple slip systems within grains

in the material. The development of more uniform deformation microstructure, compared

with that that after unidirectional cold rolling to the same strain was mainly due the

improvement of the uniformity of strain distribution by rolling deformation in multiple

directions. It resulted in an average 84.5 nm sized ultrafine grain structures after 8-pass OR.

The tensile and yield strengths were significantly increased to 1813 MPa and 1798 MPa,

respectively. Despite of the still-exiting strength-ductility trade-off, a much higher elon-

gation at tensile failure of 9.6% was achieved, compared to only 5.2% of unidirectional cold

rolled material. This superior strength and ductility combination was likely promoted by

the increased dislocation density and deformation substructures in forms of dislocation

cells, and deformation twins induced by OR.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

FeeMneAleC based low-density steels have attracted much

attention in the field of lightweight steels, especially for the

automotive industry, due to their low density, excellent

strength and ductility [1e4]. According to alloy composition

and phase composition at room temperature, FeeMneAleC

low-density steel is divided into ferritic steel, austenitic steel

and dual-phase steel, among which austenitic low-density

steel has the most promising prospects, due to its

outstanding weight reduction and unique deformation

strengthening mechanism resulting from the addition of a

large number of lightweight Al elements [5e8]. However, due

to the rich slip system of the face-centered cubic (fcc) struc-

ture of austenite, the yield strength (YS) is relatively low,

which limits its practical application in the engineering field

[9]. Therefore, methods such as solid solution strengthening

and precipitation hardening by adding alloying elements

[10,11], grain refinement by cold rolling annealing and severe

plastic deformation [12,13], and work hardening/deformation

strengthening [14] are usually used to improve themechanical

properties of the alloy.

Introduction of high-density dislocations and grain

refinement through plastic deformation is an effectiveway for

strength enhancement in metallic materials [15,16]. Among

these approaches, cold rolling is widely used, owing to its

advantageous combination of high processing efficiency

together with excellent dimensional accuracy and stable

microstructure for final products [17,18]. For example, Ren

et al. [14] reported the effect of cold rolling on the structure

and properties of Fee30Mne11Al-1.2C steel, the results show

that cold rolling can effectively increase the strength of low-

density steel, but lead to a decrease in plasticity at the same

time. After 90% rolling deformation, the yield strength of the

material increases from 570 MPa without deformation to

2 GPa, while the elongation decreases to About 5%. Zhang et al.

[19] and Mishra et al. [20] adopted the method of cold rolling

followed by annealing to improve the adverse effect of cold

rolling on the plasticity of low-density steel, but lead to a

decrease in strength at the same time. An et al. [12] prepared

Fee28Mne11Ale1Ce5Ni low-density steel with high strength

and plasticity combination by cold rolling and annealing, due

to the fine grain strengthening caused by cold rolling and the

B2 precipitation strengthening effect during the annealing

process, 1.7 GPa tensile strength and 15% elongation were

obtained finally. Cold rolling is an important link in the study

of low-density strengthening and ductility of austenite. But

the current research is carried out in the form of unidirec-

tional rolling. Due to the use of a single strain in this rolling

method, the activation of the slip system is limited, resulting

in non-uniform plastic deformation [21]. Additionally, cold

rolling also leads to strong texture, subsequent anisotropy in

mechanical properties and reduced formability of rolled

sheets which limits the wide application of cold rolled mate-

rials in industry [22].

To improve the adverse effect of cold rolling deformation

on materials and obtain better microstructure uniformity and

mechanical properties, the current rolling process is to change

the rolling direction by introducing an additional cross-rolling
step in the deformation process [23,24]. It has been reported

that deformation Changes in the route will affect the sub-

structure formed in the previous step, therefore, changing the

rolling route will have a significant impact on the crystal

texture, microstructure and mechanical properties of the

material [25]. For example, Mohammadzehi et al. [26]

compared the effects of ordinary cold rolling and cross rolling

on AISI 316 austenitic stainless steel, and the results showed

that cross-rolling has a high potential for the enhancement of

mechanical properties at low thickness reductions, preser-

vation of equiaxed structure even at high thickness re-

ductions, and decreasing of anisotropy and directionality of

properties. In addition, cross-rolling will also promote the

activation of the slip system and obtain a more uniform

deformation structure. For example, Tian et al. [27] used cross-

rolling to promote the activation of non-substrate slip during

plastic deformation and improved the Mg alloy sheet. Form-

ability prepared a rare earth magnesium alloy plate with no

cracks and good plasticity. However, the current research on

cross-rolling is all rotating around the ND direction, which is

still a unidirectional compression in essence, so the activation

effect on the slip system is limited, and the grain refinement

effect is not obvious. On the other hand, multi-direction

forging is a common method to prepare fine structures

[28,29]. For example, Shahriyari et al. [30] employed this

method to prepare CueZn alloy with a uniform and fine grain

structures (�1 mm). Investigation by Sakai et al. [31] showed

that this method accelerated the intersection or torsion of

shear bands in different directions, thus leading to the

development of ultrafine crystal structure. However, the pro-

cess is only suitable for metals with low deformation resis-

tance, such as aluminum alloy [32], copper alloy [33],

magnesium alloy [34], low carbon steel [35], etc.

In the present paper, this work draws on the advantages of

multi-directional forging and cross-rolling to design an

orthogonal rolling deformation on Fee28Mne8Ale1C low-

density steel. The aim is to effectively obtain uniform and

fine structures by changing the rolling path and planes in

multiple directions to facilitate the activation of the slip sys-

tems in materials at room temperature. Comprehensive

characterizations and measurements were carried out to

explore the effect of this plastic deformation approach on the

microstructure evolution and subsequently on the mechani-

cal properties of the low-density steel.

2. Materials and experimental procedures

Low-density Fee28Mne8Ale1C (in wt%) steel was firstly pre-

pared casting after melting the raw ingredients in a vacuum

induction furnace. The density of as-cast ingot was measured

to be 6.82 g/cm2 using the Archimedean principle. After cast-

ing, the ingo was heated to 1200 �C for 2 h, followed by hot

forging to billets with a cross section of 100 mm � 100 mm.

Four group of sampleswith a dimension of 8� 8� 100mm3 for

orthogonal rolling (OR), and one group sample with a thick-

ness of 5mm for unidirectional cold rolling (CR) were cut from

center of the forged billets the forging direction. Before rolling,

all sampleswere treated by solution treatment at 1000 �C� 1 h

followed by water quenching to room temperature. A LG-300
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three-phase asynchronous two-high mill was used to carry

out OR in which 1 pass OR deformation occurred in multiple

planes: the RD (rolling direction)-TD (transverse direction)

plane and RD-ND (normal direction) plane by 90� rotation

about RD, as schematically shown Fig. 1. RD, TD and ND were

designated by referring to the very first rolling pass. Finally,

samples after 2, 4, 6, 8 OR passes were obtained. The com-

mercial Forge softwarewas used to simulate the OR process to

obtain the equivalent strain values. More OR and simulation

details can be found in our previous work [36]. The modelled

equivalent strain values for 2, 4, 6, 8 OR passes were 0.43, 0.83,

1.25 and 1.62, respectively. One group of samples were pre-

pared by unidirectional CR to a total thickness reduction of

80%, for comparative analysis of microstructure and me-

chanical properties. The achieved true strain was 1.6, similar

the equivalent strain, 1.62 of 8 passes OR.

Samples for optical microscope metallographic observa-

tion were prepared by grinding and polishing step by step

following the metallographic sample preparation methods.

An OLYMPUS PMG3 optical microscope was used for imaging

the etched surface of specimens. The etchant was 5 g copper

chloride dissolved in 100 ml hydrochloric acid and 100 ml

ethanol solution. Samples for EBSD were prepared by elec-

trolytic polishing in an electrolyte that was composed of 5%

perchloric acid and 95% (vol.%) acetic acid. The applied voltage

was 50 V and polishing time was 30 s, respectively. TEM thin

foils was finally thinned by Gatan 691 ion thinning instrument

and then observed by JEM-2010 TEM operating at 200 keV. X-

ray diffraction (XRD) profiles for phase composition and

microstrain analysis were collected in 30�e100� range by D8

ADVANCE X-ray diffractometer equipped with Cu-Ka X-ray

source (wavelength l ¼ 0.15406 nm).

The hardness of samples were measured using a HV-1000

microhardness tester, and were the average of at-least 5

measurements of each sample. Tensile specimens, with

dimension shown in Fig. 2Were machined flat from the rolled

materials along RD. The mechanical properties at room tem-

perature were then determined by tensile tests using Instron
Fig. 1 e Schematic diagram of individual orthogonal rolling pass
5587 tensile testing machine with a tensile speed of 0.2 mm/

min. After tensile failure, JSM-7800F FESEM was employed to

observe the fracture surface morphology.
3. Results

3.1. Microstructure evolution

3.1.1. Optical microscope characterizations
Fig. 3(a) shows that the undeformed Fee28Mne8Ale1C low-

density steel possesses equiaxed grain structure with an

average grain size of about 40.3 mm. A small amount of

annealing twins can also be clearly observable. After 2-pass

OR at a strain level of 0.43, the grains, viewed at the ND-TD

plane, remain equiaxed (Fig. 3(b)), which become elongated

along RD (Fig. 3(c)). A lot of slip bands appear. The grains

become further elongated, while the number of slip bands

increases but the inter-slip band spacing decreases gradually

with increase in OR passes. It is worth noting that slip bands

orient roughly 45� to RD at lower strains (Fig. 3(c) (e) for 2 and 4

pass OR). This direction represents the direction of maximum

shear stress during OR. In some grains, it can be found that

two differently oriented slip bands intersect each other, which

is attributed to the activation of different slip systems by

multiple changes in the direction of applied rolling force.

These slip bands are almost indistinguishable, while the slip

bands perpendicular to RD appears after 6-pass OR as shown

in the rectangular region in Fig. 3(h). Further increasing OR to 8

passes, the deformed grains change from flat to banded

shapes, and number of slip bands further increase. Those

present slip bands are oriented either parallel with RD (elliptic

region in Fig. 3(i)) or perpendicular to RD (rectangular region in

Fig. 3(i)). On the other hand, the microstructure of unidirec-

tional CR low-density steel is completely different in Fig. 3(j).

Due to the action of rolling force in a single direction, the

equiaxed grains are compressed into flat shape, and the di-

rection of developed slip bands is mainly parallel to ND.
. RD, TD, ND refers to the first rolling pass, i.e. the left panel.

https://doi.org/10.1016/j.jmrt.2023.07.059
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Fig. 2 e Dimensions (in mm) of the tensile specimens

(thickness: 1 mm).
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3.1.2. TEM observations
More microscopic details about the OR deformed microstruc-

tures are examined and illustrated by TEM, as shown in Fig. 4.

Under lower strain of 0.43 (2 pass OR), the ORed microstruc-

ture in Fig. 4(a) exhibits a significant amount of planar slip

bands, in which the co-planar slip bands are parallel to each
Fig. 3 e Ptical microscope images for Fee28Mne8Ale1C low-den

OR; (f,g) 6 pass OR; (h,i) 8 pass OR; and (j) after unidirectional C
other while non-coplanar ones intersecting with each other.

This leads to the formation of Taylor lattice [37]. At these in-

tersections, dislocations are seen to accumulate. Moreover,

the slip bands develop through the entire grain until impinge

on grain boundaries, revealing relatively week interactions

between these intersecting slip bands. After 4-pass OR

(Fig. 4(b)), there is not obvious microstructural changes

compared with Fig. 4(a), but the spacing between slip bands

reduces significantly and dislocation pile-ups at the slip band

intersections increase. Quantitatively, the average slip band

spacing reduces from 312 nm at 2-pass to 140 nm at 4-pass OR.

After 6-pass OR (Fig. 4(c)), the slip bands formed by the slip

of the dislocation plane gradually disappears, and the dislo-

cation wall and dislocation cell begin to be observed, which

means that the dislocation cross slip is activated. Dislocation

density increases significantly after 8-pass OR, as unveiled in

Fig. 4(d). Meanwhile, dislocation entanglements and cells are

observed also to form in localized regions. The afore-

frequently-observed features of planar slip bands disappear
sity steels: (a) before OR; after (bec) 2 pass OR; (d,e) 4 pass

R to 80% thickness reduction.

https://doi.org/10.1016/j.jmrt.2023.07.059
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Fig. 4 e TEM images of Fee28Mne8Ale1C low-density steels after: (a) 2-pass OR; (b) 4-pass OR; (c) 6-pass OR; (d) BF-TEM

image for 8-pass ORed steel; (e) corresponding DF-TEM of (d); (f) BF-TEM image of nanotwins in 8-pass ORed steel; (g) after

unidirectional CR for a 80% reduction; (h) corresponding DF-TEM of (g).
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in this case. Quantitative analysis of the corresponding DF-

TEM image reveals an average grain size of 84.5 nm, pre-

senting significant grain refinement by 8-pass OR. Resultant

selected area electron diffraction pattern (SAED) appears to be

a relatively continuous ring, suggesting that these nano-scale

grains have multiple orientations. Nanotwins have also been

found in some grains, as representatively illustrated in

Fig. 4(f). Indexation of the corresponding SAED indicated

twins. As a comparison, mainly dislocation cells form in the

80% unidirectional cold rolled steel Fig. 4(g), which is a typical

dislocation structure developed by dislocation cross-slip.

Quantitative analysis of the corresponding DF-TEM image

reveals an average grain size of 119.4 nm.

3.1.3. XRD analysis
Fig. 5 (a) reveals that the Fee28Mne8Ale1C low-density steel

before any OR or unidirectional CR has single austenitic (g)

phase. Deformation induced martensitic transformation is

not detected after OR nor comparative unidirectional CR,
suggesting a good phase stability of such high-Mn low-density

steel with high Al content. However, the diffraction peaks are

observed to become broader with increase in OR passes.

Taking the diffraction peak of austenitic (220) plane as an

example, the full-width at half maximum (FWHM) of it for the

8-pass ORed sample has broadened to 1.011�, compared with

0.502� of that for the undeformed counterpart in Fig. 5(b).

Williamson-Hall method points out that the broadening of

diffraction peak is caused by both grain refinement and

microscopic strain, which can be expressed by [38,39]:

bt ¼
Kl

D cos q
þ 4ε tan q (1)

where Kl=ðDcosqÞ is the broadening contribution resulted from

significant grain refinement, in which K (¼ 0.9), l (0.15406 nm),

D and q are the shape factor, wavelength of the X-ray source,

grain size and peak position in radians, respectively. 4ε tanq

represents the peak broadening induced by microstrain ε.

Through careful fitting analysis, the calculatedmicrostrains of

https://doi.org/10.1016/j.jmrt.2023.07.059
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Fig. 5 e XRD patterns of Fee28Mne8Ale1C low density steels. (a) XRD profiles; (b) FWHM of representative austenitic (220)

peak.
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the initial and rolled samples are shown in Fig. 6. It is seen that

the microstrain gradually increases to 6.1 � 10�3 after 8-pass

OR, which is 2.2 times of the initial sample that is 2.8 � 10�3.

Correspondingly, dislocation density can be calculated by [40]:

r¼ 2
ffiffiffi

3
p

ε

Db
(2)

where ε is the averagemicrostrain, b is themodulus of Burgers

vector. The calculated dislocation densities are also illustrated

in Fig. 6, which is 3.2 � 1014/m2 for the undeformed (0-pass)

sample and then increases to 2.84 � 1015/m2 after 8-pass OR.

Unidirectional CR can also greatly promote the dislocation

density in this low-density steel that is 1.5� 1015/m2 at similar

strain level around 1.6. However, this ismuch lower than, only

about 53% of that for the 8-pass ORed sample.

3.1.4. EBSD analysis
Fig. 7 show the inverse pole figure (IPF) with corresponding

pole figure, and grain boundary orientation histogram of the

low density steels. Prior to rolling, the material consists of

randomly oriented equiaxed grains with an average grain size

of 43 mm and a few annealed twins. Consequently, it is seen
Fig. 6 e Calculated microstrain and dislocation density of

Fee28Mne8Ale1C low-density steel.
that HAGBs dominate, accounting for 94.65% in the material.

After 2-pass OR, the grain size decreases significantly to

17.8 mm, but the grain shape still remain equiaxed. Mean-

while, the fraction of LAGBs starts to increase and grain

orientation starts to converge, which results in a maximum

texture strength of 2.55 (Fig. 7(b)). The grain size has been

further reduced to 12.3 mm due the appearance of a small

number of broken grains, when the OR passes increase to 4.

Texture becomes stronger, as the maximum texture strength

increases to 3.19 (Fig. 7(c)). After 8-pass OR (Fig. 7(d)), those

initial equiaxed grains break into a large number of fine ones,

resulting in the development of {110}<100> Gaussian texture

with a maximum texture strength of 4.18. Moreover, the

proportion of HAGBs decreases to 2.36% and the LAGBs ratio

increases to 97.64%. On the contrary, elongated grains along

RDwith also broken grains are found in the 80% unidirectional

CRed sample (Fig. 7(e)). The developed deformation texture

mainly consists of a {110}<112> brass type texture component

with a maximum strength of 4.4. In addition, the specimen

possess a lower fraction of LAGBs, about 92.64%, than that

after 8-pass OR.

3.2. Mechanical properties

3.2.1. Strength and elongation
Fig. 8(a) shows the tensile strength, yield strength, and elon-

gation at tensile failure of Fee28Mne8Ale1C low-density

steels extracted from experimental engineering

stressestrain curves that representatively present in Fig. 8(b).

The undeformed sample has a hardness, tensile strength,

yield strength, and elongation of 284 Hv, 882 MPa, 505 MPa,

and 64%, respectively, giving a yield-to-tensile strength ratio

of 0.57. The strength and hardness gradually increasewith the

increase of OR passes. After 8-pass OR, the hardness, tensile

strength and yield strength have increased to 545 HV,

1813 MPa and 1798 MPa, i.e., an increase of 92%, 106% and

254%, respectively. However, the elongation has decreased to

9.6%. Nevertheless, this enhancement in comprehensive

mechanical properties is seen to be much better than that of

the unidirectional CR sample to a similar strain of 1.6 with

https://doi.org/10.1016/j.jmrt.2023.07.059
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Fig. 7 e IPF mapping and PF of Fee28Mne8Ale1C low-

density steel: (a) undeformed; (b) OR 2 passes; (c) OR 4

passes; (d) OR 8 passes; (e) CR 80%; (f) Comparison of low

and high angle grain boundaries. In the IPF maps, the solid

black, and green lines depict the high and low angle grain

boundaries (HAGBs, >15�) and low angle grain boundaries

(LAGBs,≤ 15�).
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yield strength of 1603 MPa, tensile strength 1688 MPa and

elongation of only 5.2%.

3.2.2. Fractography
Fig. 9(s) shows the fracture surface of undeformed

Fee28Mne8Ale1C low-density steel is characterized by large

and deep dimples, indicating that the specimen has good

plasticity. Such a feature is consistent with the 65%elongation

of this sample. The dimples become smaller and flatter for 2-

pass ORed sample in Fig. 9(b), compared with undeformed
one. It is seen that the size and depth of dimples decreases

with further increase in OR passes, while the distribution of

dimples become more dense and uniform, indicating that

ductile fracture is still dominant. After 8-pass OR, the average

diameter of dimples is measured to only 0.62 mm, corre-

sponding to a relatively low macroscopic fracture elongation

of 9.6%. Differently, flat dimples and a small number of

cleavage planes can be observed for the 80% cold rolled sam-

ple in Fig. 9(f), showing the characteristic of a mixed ductile-

brittle fracture with low elongation of only 5.2%.
4. Discussion

The microstructural evolution of Fee28Mne8Ale1C low-

density steel during OR is characterized by multiple stages,

i.e., planar slip of dislocations occurring at low strains, and

following wave slip with increasing deformation, which is

consistent with the previous study on the microstructural

evolution of Fee30Mne11Al-1.2C low-density steel subjected

to conventional CR [14]. However, comparing the micro-

structures after 8-pass OR and CR 80% with the same equiv-

alent strain (Fig. 4), part of the dislocation planar slip still

retains after 8-pass OR, which evolves into dislocation cells

after CR. Thismay be related to the activation capability of slip

systems by different rolling methods. It is known that the

applied resolved shear stress on slip systems of individual

grain is different due to grain orientations during plastic

deformation of polycrystalline materials, lea ding to a varying

degree of difficulty to realize homogeneous deformation

[41,42]. During unidirectional CR, the material is subjected to

single direction of rolling force. The activation of slip system,

thus, is limited, i.e., the grains with soft orientation are pref-

erentially and firstly involved in deformation, while the hard-

oriented grains must be rotated and/or twinned to develop a

favorable orientation for deformation [41,43]. Thus, unidirec-

tional rolling is easy to trigger increased dislocation cross-slip,

leading to dislocation interactions and the formation of

dislocation walls and cells, and other sub-structures.

In contrast, OR can applies rolling forces in multiple di-

rections by repeatedly changing rolling planes, which can

activate more slip systems to participate in plastic deforma-

tion and also reduce non-essential grain rotations. Therefore,

OR promotes the development of slip bands with multiple

orientations (Fig. 4) and results in more low-angle grain

boundary angles (Fig. 7) in the investigated steel. For high

MneAleC austenitic low-density steels, the transition from

dislocation plane slip to wave slip is owing to the hardening of

slip plane [44], resulting from the dislocation multiplication

and pileupwithin the slip plane.With increasing deformation,

wave slip of dislocations occurs, either when the dislocations

on parallel slip bands are close enough to annihilate, or when

the increasing stresses make cross slip possible. Thus, higher

strains is needed to realize the change of dislocations move

from plane slip to cross slip, attribute to the activation ofmore

slip systems.

For deformation of metals and alloys with fcc crystal

structure, the first stage, easy slip, only present in single

crystals, but the second, rapid hardening stage and third, dy-

namic recovery stage dominate in polycrystalline materials

https://doi.org/10.1016/j.jmrt.2023.07.059
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Fig. 8 e Mechanical properties of the Fee28Mne8Ale1C low-density steel: (a) Yield and tensile strength, and elongation and

hardness as a function of OR passes; (b) Representative engineering stressestrain curves for undeformed. 8-Pass OR and

unidirectional CRed samples.
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[45]. The second stage is characterized by a monotonic in-

crease in the density of stored dislocations, resulting in rapid

hardening; the dynamic recovery stage produces cross-slip of

dislocations, forming cellular sub-structures and gradual

decrease in hardening rate [46]. In this study, it is found that

OR promotes the development of slip bands so that disloca-

tion wave slip is activated at higher strain conditions. This

facilitates the reduction of dynamic reversion of dislocations

during plastic deformation, and therefore the ORed sample

possess higher dislocation density than that unidirectional CR

at the same equivalent strain condition, like the findings in

316L stainless steel [26]. In addition, the slip bands with

different orientations intersect each other due to the change

of the direction of the applied load, resulting in grain frag-

mentation, which fully develops into a new grain structure

under the subsequent high cumulative strain. Therefore, the

grain refinement effect of orthogonal rolling is more signifi-

cant than that of ordinary cold rolling.
Fig. 9 e Fracture surfaces of the Fee28Mne8Ale1C low-density s

passes; (e) OR 8 passes; (f) CR 80%.
Based on the above analysis, the significant increase of

dislocation density and grain refinement caused by orthog-

onal rolling will have a significant impact on the mechanical

properties of Fee28Mne8Ale1C low-density steel. Studies

have shown that solid solution strengthening (sSS), dislocation

strengthening (sD), grain boundary strengthening (sGB) and

secondary phase strengthening (sSP) are the main methods to

improve the strength (s) of metal materials [41]. Usually, the

theoretical strength of materials can be determined by etc. (3)

expression:

s¼ sSS þ sD þ sGB þ sSP (3)

where, sSS, sD, sGB, and sSP are the contributions of solid so-

lution strengthening, dislocation strengthening, fine grain

strengthening and second phase strengthening to the tensile

strength of the material, respectively. Among them, the in-

crease of dislocation density and grain refinement during the

rolling deformation process are the main reasons for the
teel: (a) undeformed; (b) OR 2 passes; (c) OR 4 passes; (d) OR 6
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increase of material strength. High-density dislocations will

provide significant dislocation strengthening for the material.

According to Taylor hardening law, the yield strength of the

material is proportional to the square root of the dislocation

density. The strengthening effect can be evaluated according

to the Taylor hardening equation [47]:

sD ¼MaGb
ffiffiffi

r
p

(4)

where, M ¼ 3.06 [48] is the Taylor factor of randomly distrib-

uted grain orientation, ɑ ¼ 0.23 [48] is the empirical strength

coefficient, G ¼ 67.3 GPa [48] is the shear modulus of the ma-

terial, b ¼ 0.286 nm [48] is the Burgers vector, r is the dislo-

cation density of material, as shown in Fig. 6, the calculation

results show that the enhancement effect of dislocation

strengthening on the strength of OR8 passes and CR80% is

722 MPa and 524 MPa, respectively.

Grain refinement is another important factor leading to the

improvement of material strength. During plastic deforma-

tion process, grain boundaries are effective barriers to hinder

dislocation movement. The smaller the grain size, the more

the grain boundaries, and the more significant the strength-

ening effect, the grain refinement also helps to reduce stress

concentration effects during plastic deformation, and the

recognized grain refinement effect is often evaluated by the

HallePetch equation [19]:

sGB ¼ s0 þ Kyd
�1=2 (5)

where s0 is the contribution of lattice friction stress and solid

solution strengthening of alloying element (s0 ¼ 97 þ 279wt%

Cþ1.5wt%Mn þ 20.5wt%Al, in MPa [19]), ky ¼ 461 MPa/mm2 [19]

is a material constant, and d represents the grain size. Note

here that since the grains are not equiaxed after rolling

deformation, the grain size available for calculation should be

corrected according to the grain geometry. For example, the

geometry factor along the flattened grains of a large strain

plate after rolling is about 1.4. The calculation results show

that the contribution of grain refinement to strength after

OR8ed and CR80% is 1442 MPa and 1229 MPa. The theoretical

yield strengths of the low-density steel after OR8ed and CR

80% cold rolling are 2164 MPa and 1753 MPa, which are

366 MPa and 150 MPa different from the experimental values.

The reason may be related to a certain deviation in the

HallePetch relationship when the grain size is in the nano-

meter range, jiang et al. [13] also showed a similar research

phenomenon on FeeMneAleC low-density steel after high-

pressure torsion. In summary, the combined effect of

increased dislocation density and grain size refinement

caused by rolling deformation leads to higher strength of ORed

specimens.

The ORed Fee28Mne8Ale1C low-density steels exhibits

the common strength-ductility tradeoff dilemma. The refined

grains improve strengths but prevents effective storage of

dislocations within grains. Moreover, high initial dislocation

density in deformed materials provides little room for further

accumulation of dislocations as well as low strain hardening

capacity [49]. However, compared with conventional rolling,

the ORed specimens exhibited a more excellent balance of

strength and plasticity under the same equivalent strain,

whichmay be due to the following two reasons: One is that OR
promotes the activation of more slip systems, increases the

dislocation storage capacity in the material and makes the

material have certain strain hardening ability and better

ductility. The second is that orthogonal rolling leads to the

activation of nanotwins, forming a heterostructure composed

of ultrafine grains and nanotwins. Previous studies have

shown that nano-twin boundaries have a unique strength-

ening effect compared with ordinary grain boundaries. The

introduction of nano-twins in ultrafine-grained metals can

not only provide higher strength, but also hardly sacrifice the

ductility of the metal [50]. The enhanced strain hardening

ability is attributed to the coherence of twin boundaries. Since

the twin boundary is a special low-energy coherent grain

boundary, the interaction between dislocations and twin

boundaries is fundamentally different from the interaction

between dislocations and grain boundaries in polycrystalline

materials [51]. When dislocation slip encounters a grain

boundary, it will be strongly resisted by the grain boundary

and stress concentration will be generated at the grain

boundary. Due to the disordered structure of the grain

boundary, it is difficult for dislocations to move and store

effectively at the grain boundary, resulting in an increase in

strength but a decrease in ductility. However, coherent twin

boundaries can not only act as grain boundaries to hinder the

movement of dislocations, but also serve as sources and/or

sinks of dislocations, and twin boundaries can act as slip

planes on which dislocations can move and stack, therefore,

the stress concentration at the dislocation-twin intersection

can be effectively released by the dislocation slip along the

twin boundary [52]. Therefore, the plastic deformation sta-

bility and work hardening ability of low-density steels are

improved by introducing nano-twins in metals with ultrafine-

grain structure, resulting in high strength and plasticity.
5. Conclusions

In this work, microstructural evolution and mechanical

properties of Fee28Mne8Ale1C low-density steel subjected to

orthogonal rolling have been investigated. The 8-pass ORed

samples have also been studied in contrast with the unidi-

rectional cold rolled ones to a same equivalent strain.

Following conclusions can be drawn.

1. Due to the repeatedly changing of applied force during OR,

the activation of multiple slip system is more obvious and

the stored dislocation density after OR increases

significantly.

2. A more homogeneous fine-grained structure after OR has

been observed, compared to conventional unidirectional

cold rolling. An average grain size of 84.5 nm is developed

after 8-pass OR. This grain refinement is attributed to the

dislocation interaction as well as interaction between dis-

locations and twins.

3. The yield strength and ultimate tensile strength of the 8-

pass ORed steel are remarkably increased up to 1798 MPa

and 1813 MPa, respectively. Compared with conventional

CR, multiple slip systems, twins and high-density stored

dislocations can be activated during OR, which promotes a

https://doi.org/10.1016/j.jmrt.2023.07.059
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more significant improvement of the mechanical proper-

ties of steel.

4. Fractography observation reveals that ductile dimple

fracture still dominates in this heavily deformed material,

achieving an elongation of 9.6% that is much higher than

that of 5.2% of unidirectional rolled steel with a mixed

ductile-brittle fracture. The deformation twins and more

slip systems can provide extra room to accommodatemore

dislocations while hindering dislocations movements.

Therefore, a good combination of strength and ductility

can be obtained after 8-pass OR.
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