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ABSTRACT

Researchers have always aimed to break the trade-off relationship between strength and ductility.
In this study, a carbon diffusion strategy was provided to improve the strength and ductility of com-
posite martensite steel simultaneously, as well as increase uniform ductility by 190%. The process
strengthens the martensite without losing the hardening ability of austenite constituents and brings
in a substantial transition layer. This strategy can also be applied to other composite alloys with light
elements, thus providing a pathway for making high-strength and high-ductility materials.
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IMPACT STATEMENT

An element diffusion strategy was provided, breaking the rule of averages and making composite
martensite steel exhibit a higher strength and ductility than the monolithic martensite steel.

1. Introduction

Increasing the strength and ductility of materials has
always been desirable [1-4] not only for material
researchers but for industry applications. However, a
trade-off relationship between them is often activated,
thus reducing the safety of structural parts. Martensite
steel is an important structural material not only because
of its high strength but also because of its simple heat
treatment procedure. However, the ductility of marten-
site, especially its uniform ductility, is quite low under
as-quenched-tempered conditions [4,5].

Many effects have been taken to deal with this
weakness on martensite steel [4-10]. Introducing soft
constituents, such as ferrite [6] and retained austen-
ite [7], into a martensitematrix, as well as combining

soft austenite steel [8-10], is a major method. On the
basis of different pathways, such as multistep partition-
ing, including flashing [4] and quench and partition-
ing [7,11], tailoring the retained austenite, especially
its stability, to control transformation-induced plasticity
processes, is attractive in the field of high-strength steel.
Ductility can be increased, but tensile strength is usually
reduced. Recently, some novelty methods, such as chem-
ical boundary engineering [12] and dislocation engineer-
ing [1], have been developed to make high-strength and
high-ductility steel.

Combining high-strength metals with high-ductility
ones and producing multilayered structures with alter-
nating hard and soft layers are other effective methods
to improve the ductility of high-strengthmetals [13-15].
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The deformability of the hard layer can be increased
under the coordination of the soft layer. Austenite steel
with low strength and high ductility is an appropriate
partner for martensite steel. Similarly, the strength of
composite steel is reduced on the basis of the content of
austenite steel and its strength difference with the base
martensite steel, following the ‘rule of averages’ [16]. Pre-
vious studies normally limited element diffusion, such as
that of carbon atom, between layers via short-time heat
treatment after the bonding process [10] or nickel layer
insertion [8] to avoid the deterioration of the mechani-
cal properties of high-strength and high-ductility layers
[16]. This results in a nearly unchanged fundamen-
tal microstructure on the martensite layer, except for a
refined grain size, which cannot fully compensate the
strength loss due to the soft austenite. Thus, whether
we can introduce an extra strengthening path to balance
strength loss without deteriorating improved ductility
must be explored.

In the present study, a new element diffusion strat-
egy, namely, long-range diffusion of light elements, such
as carbon, is provided. This strategy does not degrade
the mechanical properties of each layer and increases the
strength and ductility of the composite martensite steel
compared with the initial monolithic martensite steel.

2. Materials and methods

The nominal chemical composition of the martensite
steel sheet is 0.22 C-1.44 Si-1.20 Mn-1.52 Cr-0.36 Mo
(in wt%), and the austenite steel is chosen as traditional
Hadfield steel, with a simple composition of 1.0 C-13.2
Mn-0.18 Si (in wt%). The thickness ratio of the marten-
site and Hadfield sheets is 2:1, with an initial thickness of
1.6 and 0.8 mm, respectively. After all sheet surfaces were
smoothed and cleaned, five martensite sheets and four
Hadfield sheets were stacked into laminates in an alter-
nating sequence, and then the laminates were placed in
a steel box (material: Q235 steel). The box was welded
using inert gas shielded arc welding. Then, the box was
heated to 1150°C and held for 30 min, followed by three
passes of hot rolling process, with a total reduction of
85%. The rolled box was further held at 1150°C for 5 min
for element diffusion, and then it was water quenched
to room temperature, followed by tempering treatment
at 200°C for 1h. Moreover, the reference monolithic
martensite steel and Hadfield steel were hot rolled and
tempered using the same procedure as the above box.
The outside box was removed before microstruc-
ture characterization and tensile tests. Microstructures
were examined by optical microscopy (Axiover 200MAT)
and transmission electron microscopy (TEM, FEI-Talos
F200S), and the concentrations of alloying elements in
each layer were detected via electron microprobe analysis

(EMPA, JXA-8530F). An X-ray diffraction (XRD, Smart-
Lab) profile was recorded using a Rigaku 9 kW with Co
K, radiation. All the profiles were obtained by varying
20 from 40° to 120°, with a step scan of 0.02°. The time
spent for collecting data per step was 4 s. The diffraction
profiles were corrected for instrumental broadening by
using a silicon sample, which had large crystallites and
was free from the defects. The Williamson-Hall method
was used to estimate the dislocation density and the
classical ‘sin?y” method was applied to evaluate inter-
nal stress by using ¢ = 0°, 15°, 30°, and 45° for 110
reflection. Tensile tests were conducted at room temper-
ature using a SHIMADZU AG-IS machine at a strain
rate of 1 x 1073571, and the gauge size of the speci-
men was 10 mm x 3mm x 1.5mm (L x W x H), cutting
along the rolling direction. Vickers hardness measure-
ments were performed on a Quness 10A+ microhardness
tester, and a load of 100 g was applied for 10s at each
location.

3. Results and discussions

The stacking structure in the box is shown in Figure 1(a),
with the outside set as the martensite layer. The ini-
tial microstructures of the martensite and Hadfield steel
were typical lath martensite and full austenite, respec-
tively, as shown in Figure 1(b) and 1(c). After the hot
working process, the layers were fully connected, and no
microvoid and crack appeared at interfaces, as shown in
Figure 1(d). The final thickness of the martensite and
Hadfield layers was 260 £ 18 and 1354+ 12 um, respec-
tively, which are similar to the initial thickness ratio. At
a high temperature of 1150°C, the two constituents were
all in austenite state, and the strength difference between
them was small, allowing the synchronous deformation
of each layer. Interestingly, a substantial amount of twin
martensite occurred in the martensite layer, especially
near the interface (Figure 1(e) and 1(f)), indicating the
increased carbon content in this layer. No considerable
difference was observed in the center of Hadfield layer
(Figure 1(g)), but dislocations and deformation twins
had high density at the interface region of this layer
(Figure 1(f)).

Figure 2 shows the distribution of alloying elements
between the neighbor layers tested via EMPA. The con-
tent gradient of all alloying elements, even carbon,
could be observed, and a transition layer (approxi-
mately 20 um thick) exited between the neighbor layers
(Figure 2(a)), indicating that the alloying elements were
diffused. The carbon content in the center of the Had-
field layer was reduced from 1.0 wt% to 0.79 wt%, result-
ing in the increased carbon content from 0.22 wt% to
0.39 wt% in the center of the neighboring martensite layer
(Figure 2(a)). The activity of carbon atoms was estimated
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Figure 2. EMPA results on the content of alloying elements between neighbor layers (a and c) and calculated carbon activity using
Thermal Calc software (b).

using Thermal Calc software, which revealed that the  reduced activity difference decreased the driving force of
activity difference of carbon at 1150°C was 0.0206 mol/L  carbon diffusion. Moreover, the diffusion of heavy ele-
before diffusion and was reduced to 0.006 mol/L after-  ments, such as Mn, just occurred in the transition layer,
ward (Figure 2(b)). The activity of carbon atoms was esti- ~ without Mn increments in the center of the martensite
mated by using the mean carbon content and the content  layer (Figure 2(a)). This result is due to the slower dif-
of other alloying elements in the center of each layer. The  fusion rate of heavy elements with a large atomic radius,
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Note: UD, TD, UTS, and YS indicate uniform ductility, total ductility, ultimate tensile strength, and yield strength, respectively.

as compared with carbon atoms, and the fast-rolling pro-
cess and short holding time afterward. Certain content
of Si element is important for the carbon diffusion pro-
cess, which increases carbon activity in austenite [17]
and reduces activity difference, thereby slowing down the
diffusion process. Undoubtedly, the added short hold-
ing time of 5 min after the hot rolling process is another
crucial factor for the element diffusion process. More-
over, the carbon content in the Hadfield layer and near
the interface was higher than the interior. The interface
seemed to have acted as a barrier impeding the diffu-
sion process, even for light elements, such as carbon,
although metallurgical bonding was realized after the hot
rolling-bonding process, as shown in Figure 1(f).

The resulting mechanical properties from this new
process and its comparison with the reference mono-
lithic steel are shown in Figure 3(a). Not only did uni-
form ductility and total ductility increased by 190% and
40%, respectively; the yield strength and ultimate tensile
strength considerably increased in comparison with the
monolithic martensite steel treated by the same hot work-
ing process. The higher strain-hardening rate of compos-
ite steel, as shown in Figure 3(b), should be responsible
for the increased mechanical properties. The strength
and elongation of this composite steel were also higher
than the one without a final 5min holing process after
hot rolling for element diffusion (Figure S1). This result
directly demonstrates that introducing the carbon dif-
fusion strategy can simultaneously improve the strength
and ductility of high-strength composite steel. Further-
more, the high-ductility feature of the Hadfield steel and
its coordinating effect on martensite steel was not dete-
riorated, albeit providing some carbon atoms to marten-
site. The carbon atoms are crucial to the hardening ability
of austenite [18]. Moreover, the reducing rate of flow

stress after necking was much slower than the mono-
lithic martensite, indicating a higher safety feature of this
composite steel.

The long-range diffusion of carbon atoms into
martensite inevitably increases its strength and creates a
thick transition layer in combination with the diffusion
of other elements, such as manganese, directly result-
ing in a gradually increased hardness from the interior
of the Hadfield layer (235HYV) to the martensite layer
(649 HV), as shown in Figure 4(a). Although some car-
bon and manganese atoms were lost, the hardness of the
Hadfield layer was higher than the reference monolithic
Hadfield steel (228 HV), with a slight increase in the inte-
rior and a higher increase near the interface (black line
in Figure 4(a)). After the hot working process, the trans-
formation strain due to martensite transformation in the
martensite layer directly caused a slightly compressive
deformation on the adjacent Hadfield layer. Therefore,
the dislocation density at the interface region and inte-
rior of the Hadfield layer, estimated via XRD results, was
approximately 5.07 x 1014 and 2.28 x 10'* m~2, respec-
tively, which are higher than that in the reference Had-
field steel (approximately 1.61 x 10'* m~2). This should
be responsible for the increased hardness in Hadfield
layer. The dislocations can trap the carbon atoms effec-
tively [19]. Therefore, more carbon atoms were trapped
at the interface of the Hadfield layer during the diffusion
process, resulting in a higher carbon content at the inter-
face region, as shown in Figure 2(a). Moreover, relatively
higher carbon and manganese contents (Figure 2(a)) and
relatively larger deformation degrees were observed near
the interface (Figure 1(f)), further improving the hard-
ness at the interface region of the Hadfield layer. For the
martensite layer, the higher contents of austenite stabi-
lized elements, such as carbon and manganese, near the
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interface (Figure 2(a)), resulting in more retained austen-
ite after martensite transformation (Figure 4(b)), in turn
bringing in a lower hardness in this region compared with
that in the interior.

According to the modified mixture law [20], to
increase the strength of composite steel, the strength
increment in martensite layer should be larger than the
strength decrement due to the introduction of a soft
Hadfield layer, that is,

VMmAHy > Vyg(Hy — H'y) (1)

where V)1 and Vg are the volume fraction of the marten-
site and Hadfield layers, respectively; Hy; and Hy ’ are the
hardness of the monolithic martensite steel and the Had-
field layer, respectively; AHjyy is the hardness difference
between the martensite layer and the monolithic marten-
site steel. In accordance with the interior hardness and
mean thickness of each layer, the hardness increment in
the left of Formula (1) was estimated to be 106 HV, and
the hardness decrement in the right was approximately
77 HV, satisfying Formula (1). This factor is the reason for

the increased strength of the composite steel compared
with the monolithic martensite steel.

A high-ductility soft layer is a key factor to guaran-
tee the deformability of the matrix in composite metals.
The Hadfield steel is a classical high-ductility alloy due to
its high strain-hardening ability [21,22]. Previous stud-
ies have demonstrated that decreasing carbon content
in high manganese steel reduced dynamic interactions
between carbon atoms and dislocations, thus reducing its
strain-hardening ability and ductility [20,23]. The effect
of reduced manganese content on the Hadfield layer was
weak due to a small reduction in content and slight effect
on stacking fault energy when manganese content was
within this range [24]. However, the hardness evolution
with increasing strain (Figure 4(c)) revealed the higher
strain-hardening behavior of the Hadfield layer com-
pared with the reference steel, especially when the strain
exceeded the turning point of 3.3%. This guarantees the
coordination ability of the Hadfield layer on the adja-
cent martensite layer, resulting in a persistent deforming
behavior, as shown in Figure 4(d). A higher hardening
rate in the interface region than that in the interior of
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martensite layer is attributed to the higher fraction of
retained austenite (Figure 4(b)).

In conclusion, the high strain-hardening ability of the
Hadfield layer is reserved even though it contributed
20% carbon to martensite. This point is strategic for the
success of the element diffusion strategy in this study.
First, the initial hardening rate of the Hadfield layer
is comparable to that of the monolithic steel. Accord-
ing to the element distribution results (Figure 2(a)),
a transition layer (approximately 20 um thick) existed
between two layers, and its thickness increased to approx-
imately 45 um in accordance with the hardness distri-
bution (Figure 4(a)). This result indicates that the com-
posite steel is composed of Hadfield, martensite, and
gradient layers. Several interesting studies on gradient
structure have revealed that the stress incompatibility
yielded at the interface between fine and coarse grains
could cause a strain gradient, which would be accommo-
dated by geometrically necessary dislocations (GNDs) in
the gradient region [10,13, 25-27]. The pileup of GNDs
yielded back stress, which considerably enhanced strain
hardening and increased the ductility of the gradient
structure [25-27]. This phenomenon occurs not only in
gradient materials but also in lamellar composite struc-
tures [10,13] and nonhomogeneous materials [28,29].
The large strength difference between the martensite and
Hadfield layers inevitably yielded heterogeneous defor-
mation and therefore induced a strain gradient at the
interface to fit the different strains across the interface
and force the two different kinds of layers to deform
simultaneously during the deformation process. This het-
erogeneous deformation also contributed to the higher
strain-hardening rate of composite steel, especially to
the up-turn hardening during the early deforming stage
(Figure 3(b)), due to back stress hardening [25]. More-
over, a strain gradient was also formed in the Hadfield
layer during the cooling process due to the marten-
site transformation in the adjacent layer. Therefore, the
high strain-hardening ability of the Hadfield layer was
reserved due to the extra back stress hardening from the
heterogeneous deformation of neighbor layers, although
some carbon and manganese atoms were lost.

Furthermore, the hardness evolution tendency is
shown in Figure 4(c) reveals a simultaneously accelerated
hardening rate in different regions of the Hadfield layer
after the turning point, suggesting that other harden-
ing mechanisms must be activated after 3.3% strain. The
uniform ductility of the monolithic martensite steel in
the present study was 3.6%. Moreover, increasing carbon
content usually results in decreased uniform ductility.
Therefore, the turning point in Figure 4(c) is in accor-
dance with the theoretical necking strain of the produced
martensite layer. Micronecking readily happened in the

martensite layer after turning strain due to its natural fea-
ture characterized by the lateral shrinkage. This lateral
instability was constrained and was stopped quickly by
the adjacent Hadfield layer, similar to that observed on
gradient Cu material [30]. Lateral stress was forced on
the Hadfield layer afterward, thus activating additional
slip systems and facilitating the accumulation of dislo-
cations (Figure S2). Therefore, an extra hardening effect
occurred, and the hardening rate of the Hadfield layer was
increased after the turning point.

4. Conclusions

In summary, an element diffusion strategy was proposed
and demonstrated to be effective on breaking the trade-
off relationship between the strength and ductility of
martensite composite steel, with strength and ductility
improved by 9.5% and 40%, respectively. A multilay-
ered structure with a gradient transition layer distributed
between the neighbor layers was fabricated. The high
strain-hardening rate of the Hadfield layer was reserved,
even though some carbon atoms, which are critical for
excellent mechanical properties, were lost. The proposed
strategy is a general conception, and other light elements,
such as nitrogen, can also be selected.
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