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(57) A highly formable and easily phosphated high-
manganese cold-rolled steel plate having the tensile
strength of 1000‑1600 MPa, and a manufacturing meth-
od therefor. The steel plate is of a matrix face-centered
cubic and surface body-centered cubic composite struc-
ture; a matrix comprises high-density twin crystals (1‑10)
*105m‑1 and a low-density dislocation (1‑10)*1013m‑1.
The matrix comprises components in percentage by
weight of: C: 0.5‑0.8%; Mn: 12‑20%; Si: 0.1‑0.5%; Al:
1.2‑1.8%; N: 0.01‑0.1%; RE: 0.01‑0.1%; and the balance

being Fe and inevitable impurities, wherein Mn + 25C -
1.5Al ≥ 28%, and Si + 20Re ≥ 1.0%. According to the
present invention, by means of selection of a cold rolling-
continuous annealing process, a steel plate may achieve
the tensile strength of 1000‑1600 MPa and the elongation
of 20‑55%, and has excellent phosphating performance
and a cold forming radius of 0t. The steel plate is steel for
integrated material design for an automobile high-
strength safety structural component.
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Description

Technical Field

[0001] The present disclosure relates to the field of high-manganese cold-rolled steel, in particular to a highly formable
and easily phosphated high-manganese cold-rolled steel plate having a tensile strength of 1000‑1600 MPa and a method
for manufacturing the same.

Background Art

[0002] Under the background of increasingly stringent environmental protection and low carbon requirement, a large
number of ultra-high-strength steel plates with a strength of more than 780MPa are used in automobile bodies to replace
traditional automotive steel, and it is a technical consensus that the thickness of steel plates is thinned by improving the
strength of steel plates to achieve "weight reduction, energy saving, safety improvement and manufacturing cost
reduction". Every 10% reduction in vehicle weight can save fuel consumption by 5%~8%, and at the same time, it can
reduce the emission of greenhouse gas CO2, and pollutants such as NOx, SO2 and the like.
[0003] However, the microstructure and metallurgical mechanism of traditional steel are difficult to meet the future
demand of the automotive industry for ultra-high strength steel for high-formability automobiles. Thus, the steel mill has to
develop a variety of specialized materials with different strength, formability, and performance to meet the different
performance needs of the body materials, resulting in complex types of body materials, covering the range of
340~1500MPa in strength, and 3~50% in elongation. These materials include ferritic steel, precipitation strengthened
steel, martensitic steel, duplex steel, and complex phase steel and cover dozens of different products, which have brought
problems of complex material solutions, high production management costs and frequent switching of manufacturing
processes to steel enterprises and automobile enterprises, and have seriously affected the production stability, production
efficiency and cost control of enterprises. In recent years, through the introduction of advanced metallurgical mechanisms
and material design, new steel materials with simple composition and a wide range of adjustable microstructure and
property have been developed. By adjusting the processing technology, it is possible to achieve a single ingredient design
covering a wide range of performance requirements. This material design idea, known as the uni-material solution, can
greatly reduce the complexity of automotive materials. It not only simplifies the material management and design of
automotive enterprises, but also realizes the design and management with a single process in welding, coating, and other
processes that have a decisive impact on the composition design. At the same time, for steel enterprises, the relatively
simple product design can achieve a high degree of consistency in the steelmaking, continuous casting and hot rolling
processes, effectively improve efficiency and reduce costs, and enhance the market competitiveness of enterprises.
[0004] Among the various integrated material solutions, the development and application of phase change strengthen-
ing-based advanced high-strength automotive steels has become one of the main research topics of major steel
companies in the world. When the tensile strength of the fully-austenitic steel with high C and Mn content reaches
1000MPa, the elongation can reach 50% or more. However, there is no heat treatment phase change in the fully-austenitic
steel, so it is not easy to control the microstructure, especially it is difficult to achieve higher strength. If such problems
cannot be effectively solved, it will not be able to be applied in the automotive industry. Moreover, due to the high content of
the easily oxidized element Mn, the high-manganese fully-austenitic steel has the problem of poor coating performance
caused by surface oxidation.
[0005] At present, the main methods for regulating the properties of high-manganese steel are the addition of alloying
elements such as Nb, V, Ti, Cr, Mo, etc. There are many patents related to the manufacture, but the addition of these
elements has its own problems in metallurgy. The role of V is unstable and difficult to control, and there are great problems
in industrial use. Nb and Ti mainly improve the yield strength of the material, but have no obvious effect on the tensile
strength. The effect of Mo is stable, but it is expensive and will significantly improve the thermal strength of the material,
which brings great technical difficulties to the hot rolling process.
[0006] The European patent EP3492618B1 has disclosed a 1500MPa grade steel with high product of strength and
elongation for automobiles. The mass percentages of chemical elements are: C 0.1%, 0.3%, Si 0.1%~2.0%, Mn 7.5%
~12%, A1 0.01%~2.0%, with the balance of iron and unavoidable impurities. The microstructure of the steel of the
invention is austenite + martensite + ferrite or austenite + martensite. The steel can reach a grade of 1500MPa level, and its
product of strength and elongation is not less than 30GPa%. However, austenite in the microstructure of the invention is a
metastable structure, and martensite transformation will occur during the deformation process, which will adversely affect
the properties such as low-temperature toughness and shear edge performance. Moreover, the steel of the invention
requires very complex and time-consuming multi-step heat treatment, and its production efficiency and cost are very
unfavorable.
[0007] The Chinese patent publication CN106191404B has disclosed a manufacturing method for high-strength and
high-plasticity TWIP steel, which is performed by ultra-large deformation asynchronous rolling and cold-rolling combined
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with annealing treatment to obtain ultra-fine grains of 1µm or lower, and supplemented by the addition of microalloys such
as Nb and Ti to achieve a tensile strength of 1400MPa and an elongation of 7% or more. The invention requires cold rolling
after warm rolling at 400 °C and the total deformation of more than 95%, and needs asynchronous rolling. The process is
complex and very difficult. It does not have the feasibility of large-scale industrial production.
[0008] The International Patent Publication WO2014097184A4 has disclosed a high-strength and high-plasticity
austenitic stainless steel, which comprises (wt.%) C: 0.01‑0.50, N0.11‑0.50, Mn: 6‑12, Ni: 0.01‑6.0, Cu: 0.01‑6.0, Si:
0.001‑0.5, Al: 0.001‑2.0, Cr: 11‑20, Nb: 0.001‑0.5, Mo: 0.01‑2.0, Co: 0.01‑2.0, Ti: 0.001‑0.5%. It can provide a tensile
strength of 1200MPa and an elongation of 60%. The material has superior properties, but it needs to add more expensive
alloying elements such as Cr, Ni, Mo, Co, etc. Thus, it can only be used in special applications, and is basically not
economical and feasible in general automotive applications.
[0009] US patent application US20120288396 (A1) has disclosed an austenitic steel with ultra-high ductility, which
comprises Mn: 8~16%, Cu: ≤3%, C satisfying 33.5C+Mn≤25 and 33.5-Mn≥22, and optional other elements such as Cr, Ti,
Nb, N, etc., and the balance of Fe and impurities. The austenite fraction in the steel of this application is 99% or more. The
yield strength is 300~630MPa, and the elongation is about 30%. For automotive steel, the addition of Cu is not conducive to
cost control, and the elongation of about 30% does not have obvious advantages compared with traditional high-strength
steel phase transformation.
[0010] The International Patent Publication WO2009084792 (A1) has disclosed a delayed cracking resistant high-
strength high Mn steel and its manufacturing method, which comprises C: 0.3~0.9, Mn: 15~25%, Si≤0.1~2%, Al: 0.01~4%,
Cr≤10%, N≤0.6%,Cu≤3%. In addition,V,Ti, Mo, Nb,Cr, Wand other elementsmay be added. In thisapplication, the tensile
strength of the steel is 920MPa or more, and the elongation is≥55%. The steel in this application has superior performance.
But the content of Mn and Cr is high, and the cost control is relatively unfavorable.
[0011] China Patent Application 200810239893. X has disclosed a P-strengthened TWIP steel and its manufacturing
process, which comprises: C: 0.01~0.08, Mn: 15~35%, Si≤1~6%, Al: 1~6%, P: 0.062~0.2%, and the balance of Fe and
impurities. The steel in this application has a tensile strength of 610~915MPa, a yield strength of 225~610MPa, and an
elongation of 45~85.5%. The forming performance of the steel is superior, but the yield strength and tensile strength are
low. It is difficult to meet the requirements of ultra-high-strength steel for automobiles in the future. In addition, P-
strengthened high-strength steels are difficult to weld with other steel grades.

Summary

[0012] The object of the present disclosure is to provide a highly formable and easily phosphated high-manganese cold-
rolled steel plate having a tensile strength of 1000‑1600 MPa and a method for manufacturing the same. The steel plate
has the characteristics of a wide range of adjustable performance, can realize combinations of a variety of performances
including yield strength (YS) of 700‑1400MPa, tensile strength (TS) of 1000‑1600MPa, elongation (EL) of 20‑55%, and
satisfy TS2×EL≥49TPa2%. It has excellent phosphate coating performance, excellent bending performance, and a bend
radius of up to 0t, which is suitable for a variety of automotive structural parts and safety parts with different strength and
formability requirements on automobiles.
[0013] In order to realize the above purposes, the present disclosure provides a high-manganese cold-rolled steel plate
having a tensile strength of 1000‑1600 MPa, which is a composite structure comprising a matrix and a surface layer;
wherein the matrix is a face-centered cubic phase structure, comprising high-density twin crystals and low-density
dislocations, wherein the twin crystal density is (1~10)×105m‑1, and the dislocation density is (1~10)×1013m‑1; wherein
the matrix comprises the following chemical composition by weight percentage:

C: 0.5~0.8%,
Mn: 14~18%,
Si: 0.1~0.5%,
RE: 0.01~0.10%,
P: ≤0.020%,
S: ≤0.010%,
Al: 1.2~1.8%,
N: 0.01~0.1%,
with a balance of Fe and unavoidable impurities, and also satisfies: Mn+25C‑1.5Al≥28%, Si+20RE≥1.0%,
wherein the surface layer is a ferroalloy layer having a body-centered cubic phase structure, which comprises
C≤0.03wt%, Mn≤0.5wt%, Al≤0.1wt%,
wherein the high-manganese cold-rolled steel plate has a yield strength of 700~1400MPa, a tensile strength of
1000~1600MPa, an elongation of 20~55%, and satisfies TS2×EL≥49TPa2%.

[0014] Preferably, in the chemical composition of the matrix, the C content is 0.5~0.7wt%, for example 0.55wt%,0.6wt%,
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0.65wt%.
[0015] Preferably, in the chemical composition of the matrix, the Mn content is 15~17wt%, for example 15.5wt%, 16wt%,
16.5wt%.
[0016] Preferably, in the chemical composition of the matrix, the Al content is 1.2~1.5wt%, for example, 1.25wt%,
1.3wt%, 1.35wt%, 1.4wt%, 1.45wt%.
[0017] Preferably, in the chemical composition of the matrix, the Si content is 0.2~0.4wt%, for example, 0.25wt%,
0.3wt%, 0.35wt%.
[0018] In one or more embodiments, in the chemical composition of the matrix, the RE content is 0.02%, 0.04%, 0.06%
or 0.08%.
[0019] In one or more embodiments, in the chemical composition of the matrix, the P content is 0‑0.020wt%, for
example, 0.001wt%, 0.003wt%, 0.005wt%, 0.010wt%, 0.015wt%.
[0020] In one or more embodiments, in the chemical composition of the matrix, the S content is 0‑0.010wt%, for
example, 0.001wt%, 0.002wt%, 0.003wt%, 0.005wt%, 0.007wt%.
[0021] In one or more embodiments, in the chemical composition of the matrix, the N content is 0.02%, 0.04%, 0.06% or
0.08%.
[0022] In one or more embodiments, in the matrix, the twin crystal density is 2×105m‑1, 4×105m‑1, 6×105m‑1 or
8×105m‑1.
[0023] In one or more embodiments, in the matrix, the dislocation density is 2×1013m‑1, 4×1013m‑1, 6×1013m‑1 or
8×1013m‑1.
[0024] In one or more embodiments, the chemical composition of the matrix satisfies: Mn+25C‑1.5Al is 28‑34%, for
example 29%, 30%, 31%, 32%, 33%, 33.6%.
[0025] In one or more embodiments, the chemical composition of the matrix satisfies: Si+20RE is 1.0‑2.5%, for example
1.2%, 1.5%, 1.8%, 2.0%, 2.2%, 2.4%.
[0026] In one or more embodiments, in the chemical composition of the surface layer, the C content is 0‑0.03wt%, for
example, 0.001wt%, 0.005wt%, 0.01wt%, 0.02wt%.
[0027] In one or more embodiments, in the chemical composition of the surface layer, the Mn content is 0‑0.5wt%, for
example, 0.01wt%, 0.02wt%, 0.03wt%, 0.04wt%.
[0028] In one or more embodiments, in the chemical composition of the surface layer, the Al content is 0‑0.1wt%, for
example, 0.01wt%, 0.02wt%, 0.04wt%, 0.06wt%, 0.08wt%.
[0029] Preferably, the surface layer thickness of the high-manganese cold-rolled steel plate is 0.5‑2µm, for example,
0.6µm, 0.8µm, 1µm, 1.2µm, 1.4µm, 1.6µm, 1.8µm.
[0030] In one or more embodiments, the high-manganese cold-rolled steel plate has a yield strength of 800MPa,
900MPa, 1000MPa, 1100MPa, 1200MPa or 1300MPa.
[0031] In one or more embodiments, the high-manganese cold-rolled steel plate has a tensile strength of 1100MPa,
1200MPa, 1300MPa, 1400MPa or 1500MPa.
[0032] In one or more embodiments, the high-manganese cold-rolled steel plate has an elongation of 25%, 30%, 35%,
40%, 45% or 50%.
[0033] In one or more embodiments, the high-manganese cold-rolled steel plate has a tensile strength and an
elongation that satisfy: TS2×EL is 49‑60TPa2%, for example 52TPa2%, 54TPa2%, 56TPa2%, 58TPa2%.
[0034] In the composition design of the high-manganese cold-rolled steel plate according to the present disclosure:

C: It is the most effective austenite stabilizing element in steel, which can effectively improve the stacking fault energy
of the material and inhibit austenite phase transformation, thereby improving austenite stability. In the high-
manganese steel, the addition of an appropriate amount of C can significantly reduce the Mn content at the same
level of austenite stability, thereby reducing the material cost. However, too high C content not only deteriorates the
welding performance of the material, but also brings technical difficulties in continuous casting process of steelmak-
ing. In the matrix of the steel plate of the present disclosure, the C content is in the range of 0.5~0.8% by weight.
Mn: It is an effective austenite stabilizing element. In the high-manganese steel, the role of Mn is similar to that of C,
which can effectively increase the stacking fault energy of the material, reduce the martensitic transition temperature
Ms, and improve the austenite stability. In addition, unlike the role of Mn in ordinary carbon steel, the increase of Mn
content in high-manganese austenitic steel will lead to a decrease in the strength of the material, so it is necessary to
reduce the Mn content as much as possible under the premise of ensuring the austenite stability of the material. In the
matrix of the steel plate of the present disclosure, the Mn content is in the range of 14‑18% by weight.
Al: It can effectively improve the delayed cracking resistance of the material. However, the addition of Al will
significantly deteriorate the smelting and continuous casting performance of steel, and it is easy to lead to water
plugging during continuous casting. Moreover, in the process of smelting and continuous casting, the formation of a
large amount of Al2O3 will reduce the fluidity of molten steel, resulting in slag entrapment and slab cracking. On the
premise of ensuring that the delayed cracking performance of the material is qualified, the Al content needs to be
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reduced as much as possible. In the matrix of the steel plate of the present disclosure, the Al content is in the range of
1.2~1.8% by weight.
Mn+25C‑1.5Al≥28%: Since both C and Mn can play a role in stabilizing austenite and realizing the full austenite
structure, C and Mn can promote each other to a certain extent. However, Al has the effect of significantly reducing the
austenite stability, which is hedged with the effect of C/Mn. Through the analysis of a large number of test data, it is
confirmed in the present disclosure that when the addition amount of Mn, C and Al in the steel plate matrix satisfies the
relationship of Mn+25C‑1.5Al≥28%, it can ensure that the austenite in the steel of the present disclosure has sufficient
stability, so as to realize that the microstructure at room temperature is full austenite.
RE: It is generally believed that the role of RE (rare earth elements) in steel is to improve the inclusion morphology,
purify the steel, and improve the strength and formability of the material. But in the steel of the present disclosure, RE
plays a more important role. On the one hand, secondary cold rolling heat treatment is an effective method to improve
the strength of high manganese austenitic steel. But the work-hardening ability of high manganese austenitic steel is
very high, and secondary cold rolling usually brings a significant decrease in plasticity. After cold deformation, the
addition of RE can effectively delay the formation of twin crystals, thereby reducing the work-hardening ability of the
material at the initial stage of deformation, and improving the plasticity of the material after cold working, which is
conducive to the secondary cold working production of the material. In the annealing stage, a large number of fine
dispersed particles formed by RE in the material can effectively nail the twin crystal grain boundaries, improve the
stability of the twin crystal in the heat treatment, and realize the purpose of the present disclosure of retaining the cold-
deformed twin crystal as much as possible, improving the strength of the material, without damaging the deformation
ability of the material. On the other hand, RE is a good hydrogen absorbing material, which can react with H to form
stable hydrides, thereby reducing the diffusible H content in the material and improving the delayed cracking
resistance of the material. However, the addition of too much RE has the problem of difficulty in dispersing in the
molten steel, resulting in a large number of rare earth inclusions, which will affect the cleanliness of the molten steel.
Therefore, the RE range in the matrix of the steel plate according to the present disclosure is designed to be
0.01~0.1%.
Si: In the high-manganese steel, Si can effectively inhibit cementite precipitation, improve the grain cleanliness of the
material, thereby improving the shaping of the material. However, Si will reduce the austenite stability, and excessive
addition is not conducive to maintaining a full austenite structure, so in the matrix of the steel plate according to the
present disclosure, Si is an alloying element for enhancing the shaping of materials, and the content is controlled at
0.1~0.5%, and at the same time, it satisfies Si+20×RE≥1.0%.
P: It has a certain solution strengthening effect. But the addition of P will significantly deteriorate the plasticity and
reduce the welding performance of the material. In the matrix of the steel plate according to the present disclosure, as
an impurity element, P is controlled at a low level as much as possible.
S: As an impurity element, it is controlled at a low level as much as possible.
N: The role of N is similar to that of C and N is an effective austenite stabilizing element. In the high manganese steel,
the increase of the N content is beneficial to increasing austenite stability and improving material properties. However,
excessive N addition can easily lead to N2 precipitation, forming N2 bubbles in the material, and seriously deteriorating
the continuity and performance of the material. In the matrix of the steel plate according to the present disclosure, the N
content is controlled at 0.01~0.1%.

[0035] The present disclosure adopts C, Mn, Si, Al, RE in the composition design without adding expensive alloying
elements and can provide high Mn cold-rolled fully austenitic steel products with low material cost, good product
manufacturability and superior performance.
[0036] The present disclosure further provides a manufacturing method for the high-manganese cold-rolled steel plate
having a tensile strength of 1000‑1600 MPa, comprising steps of:

1) smelting and casting
Smelting is performed according to the chemical compositions of the matrix, followed by casting to obtain a slab,
2) hot rolling
The slab is heated at a heating temperature of 1170~1230°C. The final hot rolling temperature is 970~1030°C and the
coiling temperature is 650~850°C,
3) cold rolling
Pickling and cold rolling are performed. The cold rolling deformation is 10~40%,
4) annealing

[0037] The annealing is continuous annealing. The annealing temperature T is 250~400 °C and the annealing time t is
120~180s. The annealing temperature and annealing time comply with the following relationship: 1100≤(T+273)Igt≤1400,
with austenite recovery occurring and finally stabilizing to room temperature.
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[0038] In a preferred embodiment, according to the tensile strength of the finished steel plate in the range of
1000~1600MPa, the corresponding cold rolling and annealing process can be selected:

when 1000MPa ≤ the tensile strength < 1250MPa, the cold rolling deformation is 10~20%, and the annealing process
satisfies 1100≤(T+273)Igt≤1200,
when 1250MPa ≤ the tensile strength < 1350MPa, the cold rolling deformation is 20~30%, and the annealing process
satisfies 1200≤(T+273)Igt≤1250,
when 1350MPa ≤ the tensile strength < 1500MPa, the cold rolling deformation is 30~35%, and the annealing process
satisfies 1250≤(T+273)Igt≤1350,
when 1500MPa ≤ the tensile strength ≤1600MPa, the cold rolling deformation is 35~40%, and the annealing process
satisfies 1350≤(T+273)Igt≤1400.

[0039] In one or more embodiments, the slab heating temperature in step 2) is 1180°C, 1190°C, 1200°C, 1210°C or
1220°C.
[0040] In one or more embodiments, the final hot rolling temperature in step 2) is 980°C, 990°C, 1000°C, 1010°C or
1020°C.
[0041] In one or more embodiments, the coiling temperature in step 2) is 680°C, 700°C, 750°C, 800°C or 820°C.
[0042] In one or more embodiments, the cold rolling deformation in step 3) is 15%, 20%, 25%, 30% or 35%.
[0043] In one or more embodiments, the annealing temperature T in step 4) is 280°C, 300°C, 320°C, 350°C or 380°C.
[0044] In one or more embodiments, the annealing time t in step 4) is 130s, 140s, 150s, 160s or 170s.
[0045] In one or more embodiments, the annealing temperature and the annealing time in step 4) satisfy: (T+273)lgt is
1150, 1200, 1250, 1300 or 1350.
[0046] Preferably, in step 1), smelting is performed by an electric furnace or a converter.
[0047] Preferably, step 1) and step 2) adopt conventional continuous casting + hot rolling, or adopt thin slab continuous
casting and continuous rolling process.
[0048] In the manufacturing method for the high-manganese cold-rolled steel plate according to the present disclosure:
The steel of the present disclosure is a fully austenitic structure with no other type of phase transformation, and the effect of
using hot rolling high-temperature heating furnace heat preservation is to reduce the rolling load, so that the composition of
the casting billet is homogeneous.
[0049] The present disclosure adopts a higher coiling temperature, in order to allow the surface of the steel plate to be
oxidized externally at high temperature, resulting in the obvious enrichment of C, Si, Mn and other easily oxidized elements
on the surface of the steel plate, forming a subsurface layer of poor elements. With the subsequent pickling process, a layer
of body-centered cubic (BCC) structural layer of poor elements can be formed on the surface of the steel plate, and the
composite structure of the surface BCC phase structure ferroalloy layer and the matrix face-centered cubic (FCC) phase
structure ferroalloy layer is realized. Thus, the phosphate coating performance of the material is significantly improved.
[0050] In the recovery annealing of the steel according to the present disclosure, the increase of the annealing
temperature and annealing time is conducive to the diffusion of elements and promotes the recovery of austenite.
Therefore, there is a certain degree of mutual compensation between the annealing temperature and the annealing time.
Through analysis of a large number of test data, it is confirmed that when the annealing temperature Tand the annealing
time t meet the relationship of 1100≤(T+273)Igt≤1400, it can be ensured that a suitable full-austenite recovery micro-
structure is obtained after annealing, so as to ensure the properties of the steel of the present disclosure. In the annealing
stage, RE improves the stability of the twin crystals during the heat treatment, maintains the high-density twin crystals and
low-density dislocations in the final material, and achieves better combined strength-elongation performance.
[0051] In the present disclosure, the cold-rolled and annealing process can be optionally adjusted according to the
strength requirements of the finished steel plate to realize a wide range of adjustable performance within a tensile strength
of 1000‑1600MPa. The forming performance is superior and can meet the performance and formability requirements of
different parts in the automobile body. For example, the steel plate with a tensile strength of 1000MPa grade is suitable for
A, B, C pillar inner plates, floor beams, longitudinal beams and other parts; the steel plate with a tensile strength of
1200MPa grade is suitable for A, B, C pillar reinforcing plates, thresholds, door bumpers and other parts; and the steel plate
with a tensile strength of 1500MPa grade is suitable for front and rear anti-collision beams, door knocker reinforcing plates
and other parts. The details are as follows:

when 1000MPa ≤ the tensile strength < 1250MPa, the cold rolling deformation is 10~20%, and the annealing process
satisfies 1100≤(T+273)Igt≤1200,
when 1250MPa ≤ the tensile strength < 1350MPa, the cold rolling deformation is 20~30%, and the annealing process
satisfies 1200≤(T+273)Igt≤1250,
when 1350MPa ≤ the tensile strength < 1500MPa, the cold rolling deformation is 30~35%, and the annealing process
satisfies 1250≤(T+273)Igt≤1350,
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when 1500MPa ≤ the tensile strength ≤ 1600MPa, the cold rolling deformation is 35~40%, and the annealing process
satisfies 1350≤(T+273)Igt≤1400.

[0052] In addition, the present disclosure adopts continuous annealing, because continuous annealing has obvious
advantages such as superior structure and performance, high production efficiency, energy saving, etc. In the annealing
process, the deformed microstructure recovery process of the high manganese steel is completed.
[0053] Compared with the prior art, the present disclosure has the following beneficial effects:
The steel plate of the present disclosure is a composite structure of a ferroalloy layer with surface body-centered cubic
(BCC) phase structure and a ferroalloy layer with matrix face-centered cubic (FCC) phase structure. The steel plate has
characteristics of a large range of adjustable performance, and can realize a variety of performance combinations of a yield
strength (YS) of 700‑1400MPa, a tensile strength (TS) of 1000‑1600MPa, and an elongation (EL) of 20‑55%, with excellent
phosphate coating and bending properties. It is suitable for a variety of automotive structural parts and safety parts with
different strength and formability requirements on automobiles.
[0054] The present disclosure mainly takes advantage of the characteristics of high manganese steel that is easy to
produce a large number of deformation twin crystals under cold deformation, and realizes the coexistence of high-density
twin crystals and low-density dislocations in the final material through the fine control of composition design, cold
deformation and subsequent heat treatment, which not only significantly improves the strength level of the material,
but also does not damage the plastic deformation ability of the material. In particular, the addition of rare earth element RE
can effectively inhibit the occurrence of twin crystals during deformation, control the twin crystal density in an appropriate
range, and maintain the stability of the twin crystals in the subsequent heat treatment, so as to effectively reduce the
dislocation density, but not affect the formed twin crystal density.
[0055] The present disclosure can optionally adjust the cold rolling and annealing process according to the strength
requirements of the finished steel plate, that is, by adjusting the twin crystal and dislocation density, the performance of
high manganese steel with the same composition design can be adjusted in a wide range. The strength level covers the
tensile strength (TS) of 1000‑1600MPa, and the elongation (EL) of 20‑55%, which can meet the mechanical properties and
formability requirements of most parts at different parts of automobile body in white.
[0056] In the present disclosure, the addition of rare earth elements to high manganese steel can effectively delay the
formation of twin crystals, thereby reducing the work hardening ability of the material in the early stage of deformation,
improving the plasticity of the material after cold working, which is conducive to the recovery annealing of the material. At
the same time, the purification, precipitation and hydrogen storage properties of rare earth elements are utilized to provide
high formability, high strength and good delayed cracking resistance, and the smelting and continuous casting perfor-
mance of the material is significantly improved. The steel of the present disclosure is subjected to electric furnace or
converter smelting, conventional continuous casting or thin slab continuous casting, hot rolling, pickling, cold rolling,
continuous annealing. It has high production efficiency and good product performance uniformity.
[0057] In addition, the present disclosure makes full use of slow cooling stage after hot-rolled coiling. By controlling the
coiling temperature, the oxidation enrichment of easily oxidized elements such as Si and Mn on the surface of the steel
plate is adjusted. A poor C, Si, Mn ferroalloy BCC phase structure layer with a certain thickness is formed on the surface of
the steel plate, and the phosphate coating performance of the steel plate after pickling and cold rolling is significantly
improved.
[0058] The present disclosure can achieve the performance covering the tensile strength in the range of
1000~1600MPa and elongation in the range of 20~55% through appropriate composition design and cold rolling-
continuous annealing process control, which can meet the performance requirements of most structural parts and safety
parts of automobile body in the future, and is a powerful choice to realize the uni-material solution of the automobile body.
[0059] The steel plate of the present disclosure will have a good application prospect in the automobile safety structural
parts, especially suitable for manufacturing vehicle structural parts and safety parts with very complex shapes and high
requirements for forming performance, such as door anti-collision bar, bumper and B-pillar etc.

Description of the Drawings

[0060]

Fig. 1 is a schematic diagram of the composite layer structure of the high manganese cold-rolled steel plate according
to the present disclosure,
Fig. 2 is a photograph of the matrix face-centered cubic (FCC) phase structure in the composite layer structure of the
high manganese cold-rolled steel plate according to the present disclosure,
Fig. 3 is a photograph of the matrix RE precipitation phase in the composite layer structure of the high-manganese
cold-rolled steel plate according to the present invention,
Fig. 4 is a schematic diagram that shows the elongation change of the steel of Examples according to the present
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disclosure and the steel of Comparative Examples under the condition of cold rolling deformation,
Fig. 5 is a schematic diagram that shows the strength-elongation properties combination of the steel of Examples
according to the present disclosure and the steel of Comparative Examples after cold deformation and heat treatment.
In Fig. 5, the point at which the tensile strength is 1001MPa and the elongation is 55% corresponds to Example 14.

Detailed Description

[0061] The present disclosure will be further explained below in combination with specific examples and the figures.
[0062] The products were obtained after the compositions of Examples 1‑16 of the present disclosure were subjected to
smelting, hot rolling, cold rolling, annealing and temper rolling, which comprised the following steps of:

1) smelting and casting
Smelting was performed according to the chemical compositions shown in Table 1, followed by casting to obtain a
slab,
2) hot rolling
The slab was heated, hot rolled and coiled,
3) cold rolling
Pickling and cold rolling were performed,
4) annealing
Continuous annealing was performed with austenite recovery occurring and finally stabilizing to room temperature,
5) temper rolling.

[0063] In step 1), Examples 2, 4, 6‑9, 12‑14 adopted electric furnace smelting, and Examples 1, 3, 5, 10, 11, 15, 16
adopted converter smelting. In step 1), 2), Examples 1‑4, 6‑14 adopted conventional continuous casting + hot rolling, and
Examples 5, 15, 16 adopted thin slab continuous casting and continuous rolling process.
[0064] The matrix compositions of the steel plates of Examples 1‑16 are shown in Table 1. The matrix is a face-centered
cubic phase structure and the surface layer is a body-centered cubic phase structure. The characteristics of the surface
layer and the matrix of the steel plate are shown in Table 2. The production process is shown in Table 3, and the mechanical
properties and phosphating performances are shown in Table 4.
[0065] As can be seen from Table 1 and Table 2, through appropriate composition design and process coordination, the
present disclosure provided the composite structure of the surface ferroalloy layerwith BCCphase structure and the matrix
ferroalloy layer with FCC phase structure as shown in Fig.1-Fig.3. In the present disclosure, the surface layer phase
structure was detected by electron back scatter diffraction (EBSD), and the matrix phase structure was detected by EBSD
and X-ray diffraction (XRD).
[0066] The matrix chemical compositions of the steel plates in Comparative Examples 1‑4 are shown in Table 1.
[0067] The product of Comparative Example 1 was manufactured according to the steps of the Example. The production
process parameters are shown in Table 3. With respect to the steel plate of Comparative Example 1, the matrix is a face-
centered cubic phase structure, and the surface layer is a body-centered cubic phase structure. The characteristics of the
surface layer and the matrix are shown in Table 2.
[0068] The mechanical properties of the steel plate in Comparative Example 1‑4 are shown in Table 4.
[0069] The performance test of the steel plate of the above Examples and Comparative examples was performed in the
present disclosure, and the index included the surface BCC layer composition and thickness, mechanical properties (yield
strength, tensile strength, elongation), bend radius, phosphating performances, twin crystal density, dislocation density.
[0070] For the testing method of mechanical properties, please refer to the United States Society for Testing and
Materials standard ASTM E8/E8M‑13 "Standard Test Methods For Tension Testing of Metallic Materials", and the tensile
test adopted ASTM standard 50mm gauge tensile specimen, with the tensile direction perpendicular to the rolling
direction.
[0071] For twin crystal density, EBSD was used to measure the ratio of twin crystal boundary length to grain area in the
field of view.
[0072] For the testing method of dislocation density, please refer to "Y.Zhong, F.Yin, T. Sakaguchi, K. Nagai, K. Yang,
Dislocation structure evolution and characterization in the compression deformed Mn-Cu alloy, Acta Materialia, Volume
55, Issue 8, 2007, Pages 2747‑2756". The specific method was as follows: a 10×20mm sample was cut from the steel
plate, and the XRD (X-ray diffraction) pattern was tested after surface polishing, and the full spectrum was fitted and
calculated by MWAA (Modified Warren-Averbach Analysis) to obtain the dislocation density value of the sample. The test
results are shown in Table 4.
[0073] The surface layer composition was detected by energy dispersive spectroscopy (EDS).
[0074] The surface layer thickness was measured by scanning electron microscopy (SEM).
[0075] The bend radius was tested in accordance with the standard of GB/T232‑2010 " Metal Materials-Bend Test".
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[0076] The phosphating performance was tested in accordance with the standard of GB/T6807‑2001 "Specifications for
phosphating treatment of iron and steel parts before painting".
[0077] As can be seen from Table 4, the steel of the present disclosure can achieve a wide range of performance
adjustment under appropriate composition and process design, and provide an ultra-high strength cold-rolled steel plate
with a yield strength (YS) of 600~1300MPa, a tensile strength (TS) of 1000~1600MPa, and an elongation (EL) of 20~55%.
[0078] As shown in Fig. 4, after cold deformation, the elongation of the present disclosure is significantly better than that
of the comparative steel. It shows that the RE addition of the present disclosure helps to slow down the elongation
decrease of the steel plate under cold rolling deformation, which is conducive to maintaining high formability after
secondary cold rolling processing, and providing better microstructure characteristics for subsequent heat treatment.
[0079] As shown in Fig. 5, the combined performance of strength and elongation of the material is better than that of the
comparative steel after cold deformation and heat treatment. It shows that in the annealing stage according to the present
disclosure, RE improves the stability of twincrystals in the heat treatment process, maintains high-density twin crystalsand
low-density dislocations in the final material, and realizes superior combined performance of strength and elongation.

Table 1 unit: weight percentage

No. C Mn Al Si RE N P S

Ex. 1 0.50 17.9 1.37 0.41 0.09 0.01 0.015 0.003

Ex. 2 0.51 17.8 1.45 0.5 0.04 0.06 0.009 0.005

Ex. 3 0.52 18.0 1.22 0.40 0.06 0.01 0.016 0.010

Ex. 4 0.54 17.5 1.2 0.24 0.06 0.08 0.017 0.005

Ex. 5 0.55 16.7 1.61 0.32 0.09 0.06 0.010 0.002

Ex. 6 0.56 16.2 1.21 0.37 0.10 0.09 0.004 0.003

Ex. 7 0.56 17.0 1.24 0.37 0.05 0.08 0.009 0.002

Ex. 8 0.62 15.9 1.50 0.35 0.04 0.08 0.007 0.006

Ex. 9 0.62 15.0 1.30 0.20 0.04 0.06 0.020 0.004

Ex. 10 0.69 16.1 1.38 0.46 0.08 0.01 0.013 0.008

Ex. 11 0.70 16.7 1.32 0.06 0.10 0.04 0.014 0.010

Ex. 12 0.72 17.6 1.76 0.10 0.08 0.05 0.007 0.005

Ex. 13 0.75 16.3 1.80 0.37 0.07 0.09 0.006 0.010

Ex. 14 0.77 16.3 1.71 0.5 0.03 0.08 0.005 0.005

Ex. 15 0.79 14.0 1.34 0.46 0.08 0.05 0.004 0.003

Ex. 16 0.80 15.9 1.57 0.43 0.03 0.02 0.003 0.003

CEx. 1 0.60 16 1.2 0.30 0.09 0.060 0.010 0.002

CEx. 2 0.60 16 1.2 0.25 - 0.028 0.013 0.006

CEx. 3 - 20 3.0 3.0 - - - -

CEx. 4 0.50 18 2.3 - - - - -

Table 2

No.
Surface layer (BCC layer) Characteristic Index Matrix (FCC layer) Characteristic index

Thickness
µm C wt. % Mn wt. % Al wt. % Twin crystal density

105m‑1
Dislocation density

1013m‑1

Ex. 1 0.8 0.027 0.05 0.09 2.3 2.3

Ex. 2 1.6 0.006 0.02 0.03 3.4 7.8

Ex. 3 1.2 0.011 0.03 0.06 1.8 5.3

Ex. 4 1.7 0.002 0.01 0.02 5.6 9.2

Ex. 5 0.5 0.03 0.05 0.09 3.0 3.3
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(continued)

No.
Surface layer (BCC layer) Characteristic Index Matrix (FCC layer) Characteristic index

Thickness
µm C wt. % Mn wt. % Al wt. % Twin crystal density

105m‑1
Dislocation density

1013m‑1

Ex. 6 2 0.002 0.01 0.01 9.9 9.7

Ex. 7 1.5 0.007 0.02 0.04 4.8 3.5

Ex. 8 1 0.015 0.05 0.08 1.7 5.3

Ex. 9 0.6 0.028 0.05 0.09 2.2 6.1

Ex. 10 1.5 0.006 0.02 0.03 9.4 9.4

Ex. 11 1.7 0.005 0.01 0.02 8.5 5.6

Ex. 12 1.1 0.013 0.03 0.06 6.9 9.3

Ex. 13 0.9 0.016 0.05 0.09 7.3 7.9

Ex. 14 1 0.014 0.04 0.06 8.4 4.2

Ex. 15 1.9 0.001 0.01 0.01 8 8.9

Ex. 16 1.4 0.008 0.03 0.04 1.3 5.1

CEx. 1 0.3 0.05 0.2 0.2 12.6 15.1

CEx. 2 - - - - - -

CEx. 3 - - - - - -

CEx. 4 - - - - - -

Table 3

No.
Heating

temperature
°C

Final hot
rolling

temperatur e
°C

Coiling
temperatur

e °C

Cold rolling
deformation

%

Cold rolling
annealing

temperatur e
T °C

Cold
rolling

annealin g
time t s

(T+273)
lg t

Ex. 1 1208 1018 678 15 250 127 1100

Ex. 2 1208 990 764 31 361 123 1324

Ex. 3 1198 1000 726 21 279 180 1245

Ex. 4 1199 1017 815 40 400 120 1400

Ex. 5 1174 1030 650 19 267 127 1136

Ex. 6 1186 1023 850 37 366 144 1379

Ex. 7 1210 989 742 14 261 157 1172

Ex. 8 1218 997 692 22 265 171 1201

Ex. 9 1211 970 664 32 326 139 1283

Ex. 10 1230 977 743 39 365 148 1385

Ex. 11 1204 1000 792 29 280 159 1217

Ex. 12 1194 985 719 36 359 137 1350

Ex. 13 1203 979 683 30 298 155 1250

Ex. 14 1217 1023 717 10 262 164 1184

Ex. 15 1170 1016 830 35 348 148 1348

Ex. 16 1182 1008 731 24 289 143 1211

CEx 1 - - 600 38 450 100 1446

CEx 2 - - - - 700 120 2023
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(continued)

No.
Heating

temperature
°C

Final hot
rolling

temperatur e
°C

Coiling
temperatur

e °C

Cold rolling
deformation

%

Cold rolling
annealing

temperatur e
T °C

Cold
rolling

annealin g
time t s

(T+273)
lg t

CEx 3 - - - - - - -

CEx 4 - - - - - - -

Table 4

No. YS MPa TS MPa EL % TS2×EL TPa2% bend radius 180° Phosphating performance

Ex. 1 794 1100 48 58 0t good

Ex. 2 1242 1407 27 53.4 0t good

Ex. 3 1095 1301 31 52.4 0t good

Ex. 4 1255 1500 23 51.7 0t good

Ex. 5 1003 1248 35 54.5 0t good

Ex. 6 1388 1600 20 51.2 0t good

Ex. 7 764 1076 50 57.8 0t good

Ex. 8 1047 1266 33 52.8 0t good

Ex. 9 1203 1352 28 51.1 0t good

Ex. 10 1345 1558 21 50.9 0t good

Ex. 11 1158 1348 29 52.6 0t good

Ex. 12 1304 1529 22 51.4 0t good

Ex. 13 1281 1431 24 49.1 0t good

Ex. 14 719 1001 55 55.1 0t good

Ex. 15 1299 1498 23 51.6 0t good

Ex. 16 1010 1250 36 56.2 0t good

CEx. 1 1305 1628 12 31 4t unqualified

CEx. 2 521 998 55 54 - -

CEx. 3 300 850 75 54 - -

CEx. 4 470 1000 60 60 - -

Claims

1. A high-manganese cold-rolled steel plate having a tensile strength of 1000‑1600 MPa, which is a composite structure
comprising a matrix and a surface layer;
wherein the matrix is a face-centered cubic phase structure, comprising high-density twin crystals and low-density
dislocations, wherein the twin crystal density is (1~10)×105m‑1, and the dislocation density is (1~10)×1013m‑1;
wherein the matrix comprises the following chemical composition by weight percentage:

C: 0.5~0.8%,
Mn: 14~18%,
Si: 0.1~0.5%,
RE: 0.01~0.10%,
P: ≤0.020%,
S: ≤0.010%,
Al: 1.2~1.8%,
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N: 0.01~0.1%,
with a balance of Fe and unavoidable impurities, and also satisfies: Mn+25C‑1.5Al≥28%, Si+20RE≥1.0%,
wherein the surface layer is a ferroalloy layer having a body-centered cubic phase structure, which comprises
C≤0.03wt%, Mn≤0.5wt%, Al≤0.1wt%,
wherein the high-manganese cold-rolled steel plate has a yield strength of 700~1400MPa, a tensile strength of
1000~1600MPa, an elongation of 20~55%, and satisfies TS2×EL≥49TPa2%.

2. The high-manganese cold-rolled steel plate according to claim 1, wherein, in the chemical composition of the matrix,
the C content is 0.5~0.7wt%.

3. The high-manganese cold-rolled steel plate according to claim 1, wherein, in the chemical composition of the matrix,
the Mn content is 15~17wt%.

4. The high-manganese cold-rolled steel plate according to claim 1, wherein, in the chemical composition of the matrix,
the Al content is 1.2~1.5wt%.

5. The high-manganese cold-rolled steel plate according to claim 1, wherein, in the chemical composition of the matrix,
the Si content is 0.2~0.4wt%.

6. The high-manganese cold-rolled steel plate according to any one of claims 1‑5, wherein the surface layer thickness of
the high-manganese cold-rolled steel plate is 0.5‑2µm.

7. A manufacturing method for the high-manganese cold-rolled steel plate according to any one of claims 1‑6,
comprising steps of:

1) smelting and casting
wherein the chemical composition of the matrix according to any one of claims 1‑5 is subjected to smelting,
followed by casting to obtain a slab,
2) hot rolling
wherein the slab is heated at a heating temperature of 1170~1230°C, the final hot rolling temperature is
970~1030°C and the coiling temperature is 650~850°C,
3) cold rolling
wherein the steel is subjected to pickling and cold rolling and the cold rolling deformation is 10~40%,
4) annealing

wherein the annealing adopts continuous annealing with an annealing temperature Tof 250~400 °C and an annealing
time t of 120~180s, wherein the annealing temperature and annealing time comply with the following relationship:
1100≤(T+273)Igt≤1400, and the steel is finally stabilized to room temperature.

8. The manufacturing method for the high-manganese cold-rolled steel plate according to claim 7,
wherein the corresponding cold rolling and annealing process is selected according to the tensile strength of the
finished steel plate:

when 1000MPa ≤ the tensile strength < 1250MPa, the cold rolling deformation is 10~20%, and the annealing
process satisfies 1100≤(T+273)Igt≤1200,
when 1250MPa ≤ the tensile strength < 1350MPa, the cold rolling deformation is 20~30%, and the annealing
process satisfies 1200≤(T+273)Igt≤1250,
when 1350MPa ≤ the tensile strength < 1500MPa, the cold rolling deformation is 30~35%, and the annealing
process satisfies 1250≤(T+273)Igt≤1350,
when 1500MPa ≤ the tensile strength ≤ 1600MPa, the cold rolling deformation is 35~40%, and the annealing
process satisfies 1350≤(T+273)Igt≤1400.

9. The manufacturing method for the high-manganese cold-rolled steel plate according to claim 7,
wherein in step 1), smelting is performed by an electric furnace or a converter.

10. The manufacturing method for the high-manganese cold-rolled steel plate according to claim 7,
wherein step 1) and step 2) adopt conventional continuous casting + hot rolling, or adopt thin slab continuous casting
and continuous rolling process.
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