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Highlights

What are the main findings?

e Increasing hot-rolling speed from 4 to 10 m/min raises tensile strength by 22% and
elongation by 18% in STS304/1050A1/STS304 composites.

e High-speed rolling triggers deformation-induced martensitic transformation in steel
(+17% strength) and dynamic recovery in aluminum (+37% ductility).

e The Considere intersection point shifts rightward with rolling speed, indicating de-
layed necking and enhanced uniform deformation.

e  Fracture dimples coarsen at 10 m/min, confirming ductile failure and a synergistic
“steel hardening + aluminum softening” mechanism.

What are the implications of the main findings?

e  Optimizing the hot-rolling speed can improve the strength—ductility trade-off in steel-
aluminum laminated composites via differential layer responses.

e  Optimizing rolling speed (10 m/min) provides a practical, cost-effective route for
producing formable high-strength lightweight clad plates.

e  The findings guide industrial processing to achieve both high load-bearing capacity
and good stamping formability without post-annealing.

e  The synergistic mechanism offers a new design paradigm for dissimilar metal lami-
nates requiring tailored property combinations.

Abstract

This study investigates the effect of hot-rolling speed on the microstructure and mechan-
ical properties of STS304/1050A1/STS304 (304 stainless steel /1050 aluminum alloy /304
stainless steel) three-layer composite plates. The results show that as rolling speed in-
creases, the tensile strength increases from 300.3 MPa to 366.2 MPa and the elongation
after fracture increases from 42.96% to 50.56%, achieving simultaneous improvement in
strength and ductility. At high rolling speeds, the strengthening of the STS304 layer is at-
tributed to deformation-induced martensitic transformation and dislocation multiplication
(17.2% increase in tensile strength), while the softening of the Al1050 layer is predomi-
nantly attributed to dynamic recovery (37.3% increase in elongation after fracture), which
contributes to a synergistic “steel strengthening and aluminum softening” effect. The
rightward shift in the intersection point on the work-hardening rate curves indicates en-
hanced uniform deformation capacity, and the coarsening of dimples on fracture surfaces
is consistent with ductile fracture mechanisms. Appropriately increasing the hot-rolling
speed represents an effective process route for optimizing the strength—ductility synergy of
such steel /aluminum composite plates.
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1. Introduction

With the increasing adoption of lightweight strategies in aerospace engineering,
new energy vehicles, and high-end equipment manufacturing, layered metal compos-
ites have attracted considerable attention due to their ability to synergistically com-
bine the performance advantages of their constituent materials [1-4]. Among them,
STS304/1050A1/STS304 (304 stainless steel/1050 aluminum alloy/304 stainless steel)
three-layer composite plates, which integrate the high strength and corrosion resistance of
stainless steel with the low density and excellent thermal conductivity of an aluminum alloy,
are expected to become an ideal material for manufacturing lightweight, high-strength
structural components [3,4]. The hot-rolling bonding method is regarded as one of the most
promising techniques for producing such large-scale layered composites due to its short
process route, high efficiency, and suitability for industrial continuous production [5,6].

However, in contrast to conventional single-metal rolling, the hot-rolling process for
composite plates involves intense physical interactions between dissimilar metals. To fully
realize their lightweight potential, the composite plates must exhibit excellent formability
during subsequent stamping operations. This requires that the hot-rolled composite bil-
lets possess not only sufficient strength but, more critically, low yield strength and high
elongation after fracture to ensure they can withstand large deformations without cracking
during forming [7,8]. Consequently, optimizing the hot-rolling process to achieve overall
“softening” and high ductility in the composite plate while maintaining interfacial bonding
strength has become a key technological bottleneck hindering its industrial application.

Current research on the hot rolling of steel/aluminum composite plates primarily
focuses on optimizing process parameters such as rolling temperature, multi-pass rolling
schedules, and reduction ratio [9,10]. Recent studies have extensively investigated the con-
trol of interfacial intermetallic compound (IMC) thickness through temperature regulation
and post-rolling annealing, as well as the effects of large reductions on grain refinement and
bond strength [11,12]. However, these approaches often face inherent trade-offs: lowering
the temperature suppresses IMC growth but impairs interfacial diffusion bonding, while
increasing reduction ratios raises the driving force for bonding but may cause edge cracking
and excessive work hardening in the steel layer. To promote interfacial metallurgical bond-
ing and inhibit the excessive growth of brittle intermetallic compounds, existing processes
often favor lower rolling speeds, aiming to extend the thermomechanical interaction time
and facilitate interdiffusion of elements at the interface [13]. However, this conservative
process window introduces significant drawbacks: the prolonged contact time between the
workpiece and rolls at low rolling speeds leads to substantial heat loss at the interface. This
increases the deformation resistance of the materials under subsolidus temperatures, results
in insufficient dynamic recovery, and ultimately causes the composite plate to exhibit high
overall strength and work-hardening capacity but inadequate ductility [14,15]. This directly
constrains the efficiency and yield of subsequent cold forming processes.

Furthermore, systematic research on the influence of rolling speed (strain rate)—a crit-
ical parameter—on the macroscopic mechanical properties and microstructure (particularly
interfacial behavior) of composite plates remains insufficient. In the field of single-metal
rolling, studies have demonstrated that increasing the rolling speed can significantly influ-
ence the competition between dynamic recrystallization and dynamic recovery through
enhanced deformation heating, thereby regulating the softening/hardening behavior and
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texture evolution of the material [16,17]. For instance, in dual-phase steels, high strain rates
have been shown to suppress dynamic recrystallization and promote dynamic recovery,
leading to microstructures characterized by coarse grains and high dislocation densities [18].
Jia et al. [19] reported that when the rolling speed is appropriately increased, the alloy can
undergo complete dynamic recrystallization, resulting in a uniform, fine equiaxed grain
structure; conversely, excessively high or low speeds lead to deformation dominated by
twinning or incomplete recrystallization, significantly degrading the mechanical properties
and formability of the alloy. However, for steel/aluminum/steel composite plates, the
deformation mechanisms of the constituent layers may change significantly under high
strain rates, and the underlying influence mechanisms remain far from clear.

Therefore, the study attempts to determine whether increasing the hot-rolling
speed—within a temperature window that avoids excessive IMC formation—can serve
as an effective strategy to overcome the strength—ductility trade-off commonly encoun-
tered in steel/aluminum laminated composites. To this end, the effects of rolling speed
(4-10 m/min) on the microstructure and mechanical properties of both the individual
constituent layers and the overall composite are systematically investigated. Particular
attention is paid to how the deformation behavior of the steel and aluminum layers evolves
differently with increasing strain rate and whether such differential responses can be ex-
ploited to achieve a complementary balance between strengthening and ductilization. The
findings are expected to provide not only a mechanistic understanding of speed-dependent
deformation in dissimilar metal laminates, but also practical guidance for optimizing
hot-rolling parameters in industrial production.

2. Materials and Methods
2.1. Materials

The layered metal composite (LMC) used in this study was fabricated via a hot-roll
bonding process, which bonds two different materials in a STS304/ A11050/STS304 configu-
ration, with thicknesses of 0.5 mm for the STS304 layers and 1 mm for the Al1050 layer. The
primary objective of the preparation process was to achieve a well-bonded metallurgical
interface while enabling subsequent investigation into the effects of thermomechanical
treatment on the properties of the constituent layers. A schematic flowchart of the complete
experimental procedure, from raw materials to post-rolling annealing, is presented in
Figure 1. The composite plate was first rolled at 350 £ 5 °C, reducing its thickness from
2 £ 0.02 mm to 1.4 & 0.02 mm. The chemical compositions, determined by spectroscopy,
are presented in Table 1.
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Figure 1. Preparation process of steel-aluminum composite sheet.
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Table 1. Chemical composition of constituent materials of LMC used in this study.

Scheme S304
Element C Mn Ni Cr Mo
Composition % 0.0857 0.91 8.23 16.80 0.040
Element Si P Al Fe
Composition % 0.343 0.0408 0.0062 73.0
Al11050
Element Al Si Fe Cu Mn
Composition % 99.6 0.037 0.242 <0.00010 0.0029
Element Mg A\ Ti Pb
Composition % 0.00033 0.0302 0.0116 <0.00050

2.2. Surface Preparation and Rolling Conditions

Prior to stacking, the mating surfaces of the STS304 and Al1050 sheets were degreased
with acetone and wire-brushed to remove surface oxides and contaminants, followed
by ultrasonic cleaning in ethanol for 10 min to ensure clean and roughened surfaces for
enhanced bonding. The prepared sheets were then stacked in the STS304/ A11050/STS304
sequence and preheated at 350 = 5 °C for 10 min in a resistance furnace to achieve a uniform
temperature distribution. Hot-roll bonding was performed in a single pass with a reduction
ratio of 40%, and four different rolling speeds (4, 6, 8, and 10 m/min) were employed to
investigate the effect of strain rate on the microstructure and mechanical properties. After
rolling, the composite plates were air-cooled to room temperature.

2.3. Microstructural Characterization

Specimens for microstructural observation were cut from the as-rolled composite
plates perpendicular to the rolling direction (RD) using wire electrical discharge machining
(WEDM) (Sodick Inc., Yokohama, Japan) standard metallographic preparation procedures.
Metallographic specimens were prepared by standard mechanical grinding and polishing
down to a 1 pm diamond finish. Aqua regia (HCI:HNO3 = 3:1) and Keller’s reagent
(2.5% HNO3, 1.5% HCI, 1.0% HEF, 95% HO) were used to etch the samples to reveal
the microstructures of STS304 and Al1050, respectively. After specimen preparation and
etching, the microstructure and morphology of the samples were examined using an optical
microscope (OM) (Carl-Zeiss AG, Oberkochen, Germany) and a polarized light microscope
(POM) (Leica Microsystems, Wetzlar, Germany). Phase identification of the constituent
layers was performed by X-ray diffraction (XRD) (Rigaku Corporation, Tokyo, Japan)
using Cu Ka radiation at a scanning rate of 4°/min, with the diffraction peaks indexed
by reference to standard PDF cards. The fracture surfaces of the tensile-tested specimens
were observed using scanning electron microscopy (SEM) (Thermo Fisher Scientific (FEI),
Hillsboro, OR, USA) to characterize the fracture morphology and reveal the underlying
deformation and failure mechanisms.

2.4. Mechanical Testing

Vickers hardness measurements were performed on the surface of each constituent
layer using a Vickers hardness tester under a load of 200 gf with a dwell time of 15 s.
Five indentations were made on each layer surface, and the average value with standard
deviation is reported.

To assess the mechanical properties, tensile specimens (overall length: 34 mm, gauge
length: 12 mm) were cut along the rolling direction (RD) using WEDM and tested at
a constant displacement rate of 0.75 mm/min according to GB/T 228.1-2010d [18]. To
accurately evaluate the mechanical properties of each layer without the constraint of
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the interface, the tensile samples were separated into independent 304 stainless steel
layers and Al1050 layers. For the Al1050, precise sampling was performed by cutting
along the interface using WEDM,; for the STS304, the aluminum layer was removed by
chemical corrosion using a 50% NaOH solution to achieve separation. To ensure that the
NaOH treatment did not alter the mechanical properties or surface condition of the STS304
specimens, the separated steel layers were immediately rinsed with distilled water and
ethanol, and no visible surface damage or pitting was observed. This was crucial for directly
attributing property variations to the microstructure evolution within each material. For the
composite-plate tensile tests, the specimens retained the full three-layer structure without
separation. A schematic diagram of specimen sampling for microstructural observation
and mechanical testing is shown in Figure 2.
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Figure 2. Schematic diagram of specimen sampling.

Standard dog-bone-shaped tensile specimens were machined and subjected to quasi-
static uniaxial tensile tests at room temperature using a universal testing machine. At least
four specimens were tested for each condition, and key mechanical parameters, including
the ultimate tensile strength (Rm), yield strength (Rp), elongation after fracture at fracture,
and work-hardening exponent (n), were determined from the obtained stress—strain curves.
The (n) value was calculated by fitting the plastic region of the true stress—true strain curve
to the Hollomon equation (o = Ke").

3. Results and Discussion

The raw materials used in the experiment are 304 stainless steel and 1050 industrial
pure aluminum. As an austenitic stainless steel, 304 steel exhibits high strength and good
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plasticity, with an original tensile strength of approximately 600-750 MPa and an elongation
after fracture of about 50%—-60%; 1050 aluminum is an industrial pure aluminum featuring
low strength but excellent plasticity, with an original tensile strength of approximately
80-100 MPa and an elongation after fracture reaching 35%-45%.

Table 2 presents the microhardness variations in each layer in the composite plates
under different rolling rates. As the rolling rate increases, the hardness of the 304 steel layer
rises significantly from 301.9 HV to 344.4 HV, whereas that of the 1050 aluminum layer
decreases slightly from 37.0 HV to 35.0 HV. The increase in hardness of the steel layer is
primarily attributed to profound changes in dislocation behavior under high strain rates.
With an increase in the rolling rate, the dislocation multiplication rate accelerates markedly,
leading to a sharp rise in dislocation density per unit time. Meanwhile, the high strain rate
restricts the time available for dynamic recovery, suppressing the dislocation annihilation
process. Consequently, dislocations accumulate extensively, forming dense dislocation tan-
gles and cellular structures, thereby generating a significant work-hardening effect. Owing
to the low stacking-fault energy (approximately 20 mJ/m?) of 304 austenitic stainless steel,
dislocations readily undergo planar slip and tangling, while cross-slip is difficult, and the
dynamic recovery process is strongly inhibited. As a result, the work-hardening effect is
most pronounced, and the hardness increase is the largest. In contrast, 1050 aluminum, a
high-stacking-fault-energy metal (approximately 160-200 mJ/m?), exhibits strong dislo-
cation cross-slip and climb capabilities, facilitating dynamic recovery. Moreover, at high
rolling rates, intense plastic deformation generates substantial deformation heat, leading to
a marked local temperature rise in the aluminum layer, which further activates the dynamic
recovery process. This dynamic softening effect effectively counteracts the work hardening
induced by dislocation multiplication, resulting in a slight overall decrease in hardness.

Table 2. The microhardness of each layer surface of the composite plate at different hot-rolling rates.

Materials 4 m/min Sy 6 m/min Sy 8 m/min Sy 10 m/min Sy
STS 304 301.9 11.2 312.8 19.0 328.3 15.3 344.4 10.7
A11050 37.0 25 36.3 1.4 35.9 1.1 35.0 1.2

As shown in Figure 3a, two primary phases—austenite (PDF#98-000-0258) and ferrite
(PDF#98-000-0259)—are identified in the X-ray diffraction patterns of 304 steel under differ-
ent rolling rates. With an increase in the rolling rate, the integrated intensities of the three
characteristic diffraction peaks of o’-martensite ((110), (200), (211)) all increase significantly,
while the intensities of the austenite peaks correspondingly decrease, indicating that a
high rolling rate markedly promotes the occurrence of deformation-induced martensitic
transformation. This phenomenon is attributed to the increased strain rate at high rolling
rates, which provides a stronger mechanical driving force for martensitic transformation;
meanwhile, if the temperature rise during deformation is controlled within an appropriate
range, it also facilitates the full activation of martensitic transformation.

The significant enhancement of the characteristic peak intensities of martensite directly
verifies that the transformation is effectively activated at high rolling rates. The newly
formed o/-martensite acts as an effective barrier to high-density dislocations, producing a
strong secondary hardening effect during subsequent deformation, which corresponds to
the appearance of stage II (the rising segment) in the work-hardening rate curve. Therefore,
increasing the rolling rate is an important processing means to control the degree of
martensitic transformation in 304 steel and thereby optimize the work-hardening behavior
of the composite plate.
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Figure 3. X-ray diffraction patterns of (a) the STS304 layer and (b) the Al1050 layer under different
rolling rates.

As shown in Figure 3b, with increasing rolling rate, the diffraction peak intensities
of (111) and (200) for 1050 aluminum (PDF#99-000-0073) exhibit a clear upward trend,
while the diffraction peak of the (220) crystal plane shows only a slight increase. This
phenomenon indicates that a more pronounced preferred orientation occurs in aluminum
grains at high rolling rates, with grains gradually rotating toward the (111) and (200)
planes during rolling, forming a more concentrated rolling texture component. Meanwhile,
the broadening degree of each diffraction peak increases slightly with rising rolling rate,
reflecting a certain increase in dislocation density; however, due to the high stacking-
fault energy and strong dynamic recovery effect of aluminum, the extent of dislocation
accumulation is limited.

As shown in Figure 4, the average grain sizes of the STS304 layer under different
rolling speeds are approximately 28.2 uym at 4 m/min, 29.5 um at 6 m/min, 31.9 um at
8 m/min, and 32.3 um at 10 m/min. It can be observed that as the rolling speed increases,
the grain size increases slightly. This is primarily attributed to the significant accumulation
of deformation heat under high strain rates, which promotes grain boundary migration
and slight grain growth. The increase in grain size helps to reduce the hindering effect of
grain boundaries on dislocation slip, thereby enhancing the plastic deformation capability
of the material.

Figure 5 shows the grain structures of the Al1050 layer under different rolling speeds.
The average grain sizes measured by the linear intercept method are approximately 67.7 pm
at4 m/min, 71.2 um at 63 m/min, 75.6 um at 8 m/min, and 78.5 pum at 10 m/min. It can be
observed that as the rolling speed increases, the grain size of the aluminum layer exhibits a
gradually increasing trend. Recent investigations on aluminum alloys have revealed that
high strain rates promote dynamic recovery as the dominant restoration mechanism while
suppressing dynamic recrystallization, leading to grain coarsening and reduced dislocation
density [19,20]. The observed microstructural and mechanical responses of the A11050 layer
in the present study—grain coarsening, reduced hardness and strength, and increased
elongation after fracture—are in good agreement with these established characteristics of
dynamic recovery in aluminum alloys under high-strain-rate deformation.

The optical micrographs of the interface at different rolling speeds are shown in
Figure 6. At the interface of the as-rolled composite plate, no evident intermetallic com-
pound layer is observed under any rolling speed condition (4-10 m/min). The interface
remains clean and straight, with good contact between the steel and aluminum layers [5].
The absence of brittle intermetallic phases is beneficial for maintaining the ductility of
the composite plate while ensuring adequate interfacial bonding. This provides a crucial
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basis for achieving a synergistic optimization of strength and ductility through the present
hot-rolling process.

Figure 4. Grain structure of the STS304 layer under different rolling rates: (a) 4 m/min; (b) 6 m/min;
(c) 8 m/min; (d) 10 m/min.

Figure 5. Grain structure of the Al 1050 layer under different rolling rates: (a) 4 m/min; (b) 6 m/min;
(c) 8 m/min; (d) 10 m/min.

The mechanical properties of each constituent layer of the composite plate change
significantly after rolling. The tensile test results for the STS304 layer are presented in
Table 3 and Figure 7. The as-received STS304 exhibits an ultimate tensile strength (R,,) of
775.1 MPa, a yield strength (R,) of 409.8 MPa, an elongation after fracture (&) of 74.3%,
and a work-hardening exponent (n) of 0.420. After rolling, as the rolling speed increased
from 4 m/min to 10 m/min, the ultimate tensile strength, elongation after fracture, and
work-hardening exponent of the steel layer all show an upward trend: the ultimate tensile
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strength increases by 17.2%, the elongation after fracture improves by 18.7%, and the
work-hardening exponent rises by as much as 93.0%. The yield strength first decreases
and then increases, with a relatively small overall change (—3.3%). The comprehensive
optimization of the mechanical properties of the STS304 layer indicates that high-speed
rolling promotes dislocation multiplication and uniform deformation, achieving significant
strengthening while maintaining good ductility. As rolling speed increases, the enhanced
work-hardening capacity leads to a notable increase in ultimate tensile strength. Meanwhile,
the occurrence of overall dynamic recovery under high strain rates avoids localized stress
concentration and delays premature necking, thereby also increasing the elongation after
fracture. Ultimately, high-speed rolling enables a simultaneous improvement in the strength
and ductility of the STS304 layer.

()
10 pm 10 pm
| |
: @
10 pm 10 pm
| -

Figure 6. Optical micrographs of the A11050/STS304 composite-plate interface at different rolling
speeds: (a) 4 m/min, (b) 6 m/min, (c) 8 m/min, (d) 10 m/min.

Table 3. Tensile properties of the STS304 layer under different rolling rates.

Reduction Ratio R,,,/MPa Sy R,/MPa Sy &l% Sy n Sy
As-Received 775.1 34.2 409.8 17.4 74.3 2.5 0.420 0.014
4 m/min 922.6 20.5 830.5 16.4 42.7 1.6 0.194 0.008
6 m/min 939.1 18.9 800.2 21.5 45.1 2.8 0.232 0.006
8 m/min 977.0 214 734.1 23.6 47.6 2.0 0.281 0.017
10 m/min 1081.3 12.0 803.1 26.5 50.7 3.3 0.326 0.021

As shown in Figure 8a—d, the work-hardening rate curve can be divided into four dis-
tinct stages. Stage I (strain ¢ < 0.02) is the initial rapid decline stage, where the work-
hardening rate drops sharply from a very high value. This stage corresponds to the rapid
multiplication and tangling of dislocations, with the material exhibiting a strong initial
work-hardening capacity. Stage Il is the plateau and recovery stage of the work-hardening
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rate, where the curves under different rolling rates show significant differences. This is
the core characteristic of the work-hardening behavior of 304 stainless steel. As strain
increases, the austenite structure begins to undergo transformation to x-martensite under
applied stress. The newly formed martensite hard phase acts as an effective dislocation
barrier, significantly increasing the rate of dislocation accumulation and producing a strong
secondary hardening effect, thereby raising the work-hardening rate. After reaching a
peak, it maintains a relatively high level, indicating that under high strain rates the hard-
ening behavior of the composite plate is mainly influenced by the 304 steel. Stage III is
the secondary decline stage, where the work-hardening rate gradually decreases again,
corresponding to the dynamic softening mechanism gradually becoming dominant. The
work-hardening rate in Stage IlI increases with increasing rolling rate, indicating that the
dominant deformation mechanism returns to dislocation slip and accumulation. At this
point, high-density dislocations and numerous martensite interfaces already exist inside
the material, and these structures significantly suppress the dynamic recovery process;
therefore, the decline slope of the work-hardening rate in this stage is gentler than that
in the first stage. Stage IV is the unstable necking stage. When the hardening rate curve
intersects the true stress curve, the material satisfies the necking criterion, the uniform
deformation capacity is exhausted, and localized necking begins until fracture. This stage
is essentially the same for all rolling rates.

1400
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——4 m/min
1200 - —— 6 m/min
——— 8 m/min
10 m/min
1000

(=)

S
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1
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Figure 7. Engineering stress—strain curves of STS304 layers at different rolling rates.

This indicates that the dislocation multiplication rate accelerates under high strain
rates, providing more favorable conditions for deformation-induced martensitic transfor-
mation. The secondary hardening recovery effect in Stage Il is enhanced, manifested as
a raised and prolonged plateau segment of the hardening rate curve. With an increase
in the rolling rate, the interfacial bonding strength is significantly enhanced, providing a
more reliable metallurgical bonding basis between the 304 steel and the aluminum layer,
allowing the strengthening effect of the steel layer to be effectively transmitted to the
entire composite plate. Meanwhile, the high strain rate promotes deformation-induced
martensitic transformation in the 304 steel layer, simultaneously increasing its strength
and work-hardening capacity, while the enhanced bonding strength further ensures the
coordination between the steel and aluminum phases during deformation. The synergistic
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effect of these factors enables the composite plate to achieve high strength and high ductility
while simultaneously optimizing interfacial bonding and constituent performance.
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Figure 8. Work-hardening rate and true stress—strain curves of 304 steel under different rolling speeds:
(a) 4 m/min; (b) 6 m/min; (c¢) 8 m/min; (d) 10 m/min.

According to the Considere [21] criterion, the critical condition for plastic instability
(i.e., the onset of necking) of a material under uniaxial tension is given by

do

E—U’ (1)

This equality indicates that the work-hardening rate is exactly equal to the current
flow stress. When this condition is met, the stage of uniform plastic deformation ends and
localized necking begins. Therefore, the intersection point of the work-hardening rate curve
(do/de—¢) and the true stress—strain curve (0—¢) determines the maximum uniform strain
£_B of the material. When do/de > o, the hardening rate is higher than the current stress
level, and deformation can proceed uniformly. When do/de < o, the hardening rate is
insufficient to maintain uniform deformation, and localized necking starts. The intersection
point corresponds to the onset of necking, and its abscissa is ep.

It can be clearly observed that as the rolling rate increases, the intersection point
shifts continuously to the right: at 4 m/min, the intersection point is located at 0.323; at
6 m/min, it shifts to 0.346; at 8 m/min, it further shifts to 0.355; and at 10 m/min, it
reaches 0.376. This indicates that under high strain rates, the secondary hardening effect
in Stage II is enhanced, and the softening rate in Stage III is reduced, resulting in an
overall upward shift in the work-hardening rate curve. Consequently, the intersection
point with the stress curve naturally shifts to the right, delaying the onset of necking.
Under high strain rates, the necking position of the composite plate gradually approaches
that of the 304 steel layer. This is because with increasing rolling rate the interfacial
bonding strength is significantly enhanced, and the work-hardening capacity of the 304 steel

https://doi.org/10.3390/coatings16080955


https://doi.org/10.3390/coatings16080955

Coatings 2026, 16, 955

12 of 20

layer is markedly improved, making it the dominant component in the load-bearing
and necking resistance of the composite plate. With the guarantee of bonding strength,
the strain partitioning between the steel and aluminum layers during the later stage of
deformation tends to become synchronized. With an increase in the rolling speed, the
enhanced interfacial bonding facilitates more effective stress transfer across the interface.
The steel layer, having a higher work-hardening rate, sustains the majority of the load, while
the aluminum layer, undergoing dynamic softening, accommodates strain and relieves local
stress concentrations. This complementary interaction suppresses premature necking and
promotes more uniform deformation, as reflected by the rightward shift in the Considere
intersection point with increasing rolling speed.

In summary, due to the hard strengthening phase in the composite plate, although
the change in the properties of the STS304 layer itself with increasing rolling speed is
relatively small, the improvement in its ductility and strength significantly contributes to
the enhancement of the overall properties of the composite plate. This phenomenon mainly
arises from the combined effect of softening in the aluminum layer and strengthening in
the steel layer, allowing the stable hardening capacity of the steel layer to be fully utilized,
thereby achieving a simultaneous improvement in both the strength and ductility of the
composite plate.

The tensile test results for the A11050 layer are presented in Table 4 and Figure 9. The
as-received Al1050 exhibits an ultimate tensile strength (R,) of 63.6 MPa, a yield strength
(Rp) of 45.2 MPa, an elongation after fracture of 32.8%, and a work-hardening exponent of
0.194. After rolling, as the rolling speed increases from 4 m/min to 10 m/min, the ultimate
tensile strength of the aluminum layer decreases from 90.5 MPa to 84.4 MPa and the yield
strength decreases from 82.9 MPa to 75.4 MPa, while the elongation after fracture increases
from 19.1% to 26.2% and the work-hardening exponent n increases from 0.045 to 0.08. This
trend is in stark contrast to that of the steel layer. The high strain rate significantly limits the
time for dynamic recrystallization, making dynamic recovery the dominant deformation
mechanism, which leads to grain coarsening rather than refinement and thus material
softening. The softening behavior of the aluminum layer effectively enhances the overall
ductility of the composite plate.

Table 4. Tensile properties of the A11050 layer under different rolling rates.

Reduction Ratio R,,,/MPa Sy R,/MPa Sy &l% Sy n Sy
As-Received 63.6 0.5 45.2 2.5 32.8 6.9 0.194 0.012
4 m/min 90.5 24 82.9 3.6 19.1 5.6 0.045 0.011
6 m/min 89.4 1.8 79.3 2.1 23.9 39 0.044 0.010
8 m/min 87.6 2.2 77.0 2.2 25.8 4.8 0.070 0.011
10 m/min 84.4 2.7 75.4 4.1 26.2 2.3 0.082 0.014

Figure 10a—d shows the work-hardening rate curves of the 1050 aluminum layer at
different rolling rates. As can be seen from the Figure 10, the work-hardening rate curves
of the aluminum layer exhibit a typical monotonic decreasing trend. With increasing
strain, the work-hardening rate gradually decreases from an initially relatively high value,
indicating that dynamic recovery continuously plays a role during deformation, and the
dislocation annihilation rate gradually tends to balance with the multiplication rate.
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Figure 9. Engineering stress—strain curves of Al1050 layer under different rolling rates.

800

600

400

200

0

1000

4 m/min

;n?

- 800
g
o
g
. L600 =
: £
1 =
Laoo B
1 <
i o
' F200 &
0.065 P

0

0.00

0.05

0.10 0.15 0.20 0.25

Ture Strain

800

600

400

200

0

1000

—

8 m/min
.
&
800
e
2
g
600 o
g
=
D
400 'E
<
=
200 ‘5
0.118 =
.
0

0.00

0.05

0.10 0.15 0.20 0.25

Ture Strain

(b)1000 —r 1000
6 m/min

=
800 -800 £
? =2
£ :
2 600 L6oo =
2 2
£ |
s D
£ 400 L400 2
e ]
= ==}
= &
200 - 200 %
0.071 3

0 —— . . 0

0.00  0.05 010 0.5 020 025

Ture Strain
(d)1000 —-1000

10 m/min _
o«
800 -800 £
? =
B 2
2 6004 Leoo £
» o0
2 £
£ =
- D
£ 400 L400 2
k4 <
= ==}
= o
200 - 200 5
z

0 . —— . 0

0.00 0.5 0.10 0.5 0.20 025

Ture Strain

Figure 10. Work-hardening rate and true stress—strain curves of 1050 aluminum under different

rolling speeds: (a) 4 m/min; (b) 6 m/min; (c) 8 m/min; (d) 10 m/min.

As the rolling rate increases from 4 m/min to 10 m/min, the work-hardening rate

curves shift downward overall, with a lower initial hardening rate and a reduced rate

of decline. This variation reveals that under high strain rates, the dynamic recovery

process promotes the softening behavior of the aluminum layer, and the accumulation

of deformation heat further facilitates this softening. High-rate rolling leads to rapid

accumulation of deformation heat, and the local temperature rise activates more sufficient

dynamic recovery while suppressing dynamic recrystallization, resulting in a decrease in

dislocation density and a weakening of work-hardening capacity. This is highly consistent
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with the trend shown in Table 5, where the strength of the aluminum layer decreases and
its ductility improves, with a significant enhancement in plasticity.

Table 5. Tensile properties of the clad plate under different rolling speeds.

Reduction Ratio R,,,/MPa S, R,/MPa Sy &l% S, n Sy
4 m/min 300.3 12.7 211.9 8.2 43.0 2.3 0.136 0.005
6 m/min 322.7 8.8 190.5 6.1 45.1 2.8 0.167 0.007
8 m/min 352.1 9.5 192.8 6.9 474 29 0.186 0.008
10 m/min 366.2 10.2 197.0 7.4 50.6 2.6 0.207 0.008

The intersection point of the two curves corresponds to the onset of necking, and its
abscissa is the maximum uniform strain, denoted as €p. It can be clearly observed from the
figures that the intersection point of the 10 m/min specimen shifts significantly to the right
compared with that of the 4 m/min specimen, and the corresponding ep value increases
notably, which is entirely consistent with the trend shown in Table 4, where the elongation
after fracture of the aluminum layer increases from 19.1% to 26.2%. The increase in ep
indicates that, although the work-hardening capacity of the aluminum layer decreases,
dynamic softening effectively delays the occurrence of localized necking, allowing the
material to maintain uniform deformation over a wider strain range.

In summary, the evolution of the work-hardening behavior of the aluminum layer
stands in stark contrast to that of the steel layer: the steel layer achieves strengthening
by suppressing dynamic recovery and promoting dislocation multiplication, whereas the
aluminum layer gains ductility through dynamic softening. Together, the two layers form a
synergistic mechanism in the composite plate characterized by hard-phase strengthening
and soft-phase softening, which collectively determines the overall strength—ductility
synergy of the composite plate. Although the aluminum layer does not directly contribute
to strength enhancement, it regulates the stress increase rate and delays necking through
softening, thereby improving the overall ductility while creating favorable conditions for
the strengthening effect of the steel layer to be fully realized.

Table 5 and Figure 11 present the engineering stress—strain curves of the composite
plates under different rolling speeds. As the rolling speed increased from 4 m/min to
10 m/min, the ultimate tensile strength (R,,) continuously rose from 300.3 MPa to 366.2 MPa,
the elongation after fracture increased from 43.0% to 50.6%, and the work-hardening
exponent 7 also increased from 0.136 to 0.207. The yield strength (R,), however, exhibited
a trend of initially decreasing and then increasing: it dropped from 211.9 MPa at 4 m/min
to 192.8 MPa at 8 m/min before rising again to 197.0 MPa at 10 m/min.

Under high rolling speeds, dynamic recovery became the dominant softening mecha-
nism in the composite plate, leading to dislocation rearrangement and grain coarsening,
which optimized the overall plastic deformation capability. This effectively regulated the
stress increase rate of the composite and created favorable conditions for work hardening
in the steel layer.

At the lower rolling speed of 4 m/min, the lower rolling speed could not effectively
promote dynamic recrystallization, and dynamic recrystallization in the aluminum layer
served as the dominant softening mechanism, resulting in a decrease in the overall yield
strength of the composite plate. When the speed increased to 4-10 m/min, dynamic re-
crystallization in the aluminum layer could no longer proceed sufficiently, and dynamic
recovery in each layer gradually became the dominant softening mechanism. This caused
the yield strength to increase again, while also raising the work-hardening exponent ,
indicating an enhancement in the uniform deformation capability of the material. This vari-
ation pattern suggests that increasing the rolling speed can simultaneously improve both
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the strength and formability of the composite plate without sacrificing ductility. Among
the conditions tested, the rolling process at 10 m/min exhibited the best comprehensive me-
chanical properties, representing the optimal process parameter in this experimental study.

—— 4 m/min
—— 6 m/min
400 - —— 8 m/min
— 10 m/min
300
&
-9
=
N’
]
g 200
n
100 +
0 T T T T ; T v T v T v
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Figure 11. Engineering stress—strain curves of the composite plate under different rolling rates.

As seen in Figure 12, the specimen at 4 m/min does not exhibit this stage, while the
work-hardening rates of specimens at 6-10 m/min show a clear recovery trend. The work-
hardening rate curve exhibits an overall upward shift. This variation reveals the synergistic
effect of intensified dislocation multiplication and suppressed dynamic recovery under
high strain rates, leading to a continuously increasing dislocation density and enhanced
hardening capacity, which is highly consistent with the increase in tensile strength of the
composite plate from 300.3 MPa to 366.2 MPa. Moreover, the extension and increase in the
work-hardening rate also explain why the 10 m/min specimen maintains high elongation
after fracture while achieving high strength.

The intersection point of the hardening rate curve and the stress—strain curve shifts
significantly to the right, i.e., ep increases. The corresponding ep value increases slightly,
indicating a delay in the onset of necking, which is highly consistent with the tensile test
results. Although the rolling rate increases, the growth rate of the overall stress level does
not cause an excessively rapid rise in stress due to strengthening, thus creating favorable
conditions for the rightward shift in the intersection point between the hardening rate
curve and the stress curve.

In summary, the rolling speed exerts a dual role in regulating the properties of the
steel /aluminum composite plate: on one hand, it enhances the overall strength by strength-
ening the steel layer; on the other hand, it maintains good ductility through overall dynamic
softening. The high rolling speed of 10 m/min fully leverages this synergistic effect, achiev-
ing simultaneous optimization of strength and ductility. Subsequent microstructural obser-
vations will further elucidate the dislocation evolution, interfacial bonding characteristics,
and softening mechanism of the aluminum layer under different rolling speeds.
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Figure 12. Work-hardening rate and true stress—strain curves of the composite plates under different
rolling speeds: (a) 4 m/min; (b) 6 m/min; (c) 8 m/min; (d) 10 m/min.

Under the rolling speed of 4 m/min, the fracture surface of the aluminum layer
exhibits relatively shallow and small dimples, with distinct cleavage planes and tear ridges
present in some regions (Figure 13a,b), indicating insufficient microvoid coalescence during
the fracture process and relatively limited plastic deformation capacity. This is in good
agreement with the elongation after fracture of 43.0% for the aluminum layer in the 4 m/min
specimen from the tensile test results. When the rolling speed was increased to 10 m/min,
the fracture morphology of the aluminum layer changed significantly: the dimples became
markedly coarsened and deepened, with a more uniform and dense distribution, and
the tear ridges on the dimple walls were more developed, exhibiting typical microvoid
coalescence ductile fracture characteristics (Figure 13c,d). The coarsening and deepening of
the dimples directly reflect that the material underwent more extensive plastic deformation
prior to fracture, with sufficient growth and coalescence of microvoids after nucleation. This
is fully consistent with the increase in elongation after fracture of the aluminum layer to
50.6% and the rise in the work-hardening exponent n from 0.136 to 0.207 for the 10 m/min
specimen. The evolution of the dimples in the aluminum layer is attributed to the dynamic
softening mechanism under high-speed rolling: deformation heat raises the temperature of
the aluminum layer, activating dynamic recovery and even partial recrystallization, leading
to a decrease in dislocation density and grain coarsening and thereby enhancing the plastic
flow capability.

The fracture morphology of the STS304 layer exhibits a distinctly different evolution
trend. Under the 4 m/min condition, the dimples on the steel-layer fracture surface are
relatively shallow (Figure 14a,b), reflecting good ductility but limited overall toughness.
When the rolling speed was increased to 10 m/min, the dimple size on the steel-layer frac-
ture surface increased significantly, with greater depth, exhibiting typical ductile fracture
characteristics (Figure 14c,d). This indicates that the plastic deformation capacity of the
steel layer also improves under high-speed rolling, consistent with the data showing an
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18.7% increase in elongation after fracture and a 16.1% increase in ultimate tensile strength
for the steel layer in the tensile tests. Unlike the aluminum layer, the strengthening of
the dimples in the steel layer originates from intensified dislocation multiplication and
suppressed dynamic recovery under high strain rates, leading to increased dislocation
density and enhanced work-hardening capacity. This allows the material to undergo uni-
form hardening during deformation and delay necking, ultimately manifesting as more
extensive dimple growth on the fracture surface.

Figure 13. SEM diagram of Al1050 fracture: (a,b) 4 m/min; (c,d) 10 m/min. (b) and (d) are local
magnifications of (a) and (c), respectively.

Figure 14. SEM diagram of STS304 fracture: (a,b) 4 m/min; (¢,d) 10 m/min. (b) and (d) are local
magnifications of (a) and (c), respectively.

In summary, the mechanisms by which high-speed rolling affects the steel and alu-
minum components are fundamentally different: the aluminum layer achieves ductility
gains through dynamic softening, while the steel layer achieves simultaneous improvement
in strength and ductility through the suppression of dynamic recovery. This synergistic
effect of “soft-phase softening and hard-phase strengthening” enables the composite plate
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rolled at 10 m/min to exhibit both high strength and high elongation after fracture. Frac-
ture analysis provides direct microscopic evidence of the evolution of the constituent-layer
properties, offering a reliable experimental basis for optimizing the overall performance of
the composite plate.

4. Conclusions

This study systematically elucidates the regulatory mechanism of hot-rolling speed
on the microstructure evolution and mechanical properties of steel /aluminum/steel three-
layer composite plates, with a focus on clarifying the differential deformation behaviors
induced in the steel and aluminum constituents by rolling speed and their synergistic
effects. The main conclusions are as follows:

(1) As the rolling speed increased from 4 m/min to 10 m/min, the ultimate tensile
strength of the composite plate increased from 300.3 MPa to 366.2 MPa, the elongation
after fracture increased from 42.96% to 50.56%, and the work-hardening exponent (n)
increased from 0.136 to 0.207, achieving a synergistic optimization of high strength
and high ductility. A rolling speed of 10 m/min was identified as the optimal process
parameter within this system, representing the process window for simultaneous
improvement in strength and ductility.

(2) With increasing rolling speed, the STS304 layer exhibited intensified work hardening,
with its hardness increasing from 301.9 HV to 344.4 HV, ultimate tensile strength in-
creasing by 17.24%, and work-hardening exponent increasing by 93.01%. In contrast,
the Al11050 layer, due to the suppression of dynamic recrystallization and the promo-
tion of dynamic recovery, showed a decrease in hardness from 37.0 HV to 35.0 HV, a
6.8% reduction in ultimate tensile strength, and a 37.3% increase in elongation after
fracture. The two layers formed a functionally distinct synergistic mechanism within
the composite plate.

(3) Under high rolling speeds, the work-hardening rate curve of the STS304 layer shifted
upward overall, with the secondary hardening effect induced by martensitic transfor-
mation in Stage II being enhanced and the softening rate in Stage III being reduced.
Although the work-hardening rate of the aluminum layer decreased, its dynamic
softening effectively delayed the onset of necking, causing the intersection point
satisfying the Considere criterion for the overall composite plate to shift to the right,
with the maximum uniform strain significantly increasing.

(4) Under rolling at 10 m/min, the dimples on the fracture surface of the aluminum layer
were significantly coarsened and deepened, exhibiting typical microvoid coalescence
ductile fracture characteristics. The dimples on the fracture surface of the steel layer
were also more developed, with pronounced tear ridges. The fracture morphology
verifies the synergistic fracture mechanism of “soft-phase softening and hard-phase
strengthening,” indicating that uniform hardening and sufficient plastic deformation
were achieved under high-speed rolling. The synergistic effect of the two layers
endows the composite plate with both high strength and high elongation after fracture.

With increasing rolling speed, the overall strength and ductility of the composite
plate are improved. The significant increase in the strength of the steel is the greatest
contributor to the overall strength enhancement, while the significant increase in the
ductility of the aluminum is the greatest contributor to the overall ductility enhancement.
Through the synergistic effect of the two layers, the composite plate achieves a simultaneous
improvement in strength and ductility.
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