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their superior performance and the hot rolling process is crucial to ensuring the
bonding quality of the interface. Taking this clad plate as the research object, this
study systematically investigates the influence laws of the hot rolling process on
the evolution of interface microstructure and bonding characteristics by
comparing annealed samples with double hot-rolled ones. The results indicate that
a sound metallurgical bond is formed between the 304 layer and the Q235 layer,
with the microstructures on both sides of the interface being austenite and ferrite
+ pearlite, respectively; a ferrite decarburized layer with a thickness of
approximately 140 pm forms on the Q235 side. After double hot rolling, the grains
of the clad plate are significantly refined.
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1. Introduction

With the development of microphone pop filters for audio equipment toward higher precision and greater
reliability, stringent requirements have been imposed on material performance [1]. Materials used for
microphone pop filters must combine the excellent corrosion resistance of stainless steel with the mechanical
strength and formability of carbon steel to ensure structural stability in service environments [2]. The 304
stainless steel/QQ235 carbon steel clad plate, with its balanced advantages of strong corrosion resistance, excellent
mechanical properties, and low cost, has emerged as an ideal material for manufacturing microphone pop filters
[3]. The bonding quality of its interface directly determines the overall service life of the clad plate [4]. As the
core technology for the large-scale production of clad plates, the hot rolling process has gradually replaced
explosive welding as the mainstream preparation method, owing to its high efficiency, good environmental
compatibility, and reliable bonding performance [5].

Stainless steel/carbon steel clad plates integrate the excellent corrosion resistance and surface finish of
stainless steel with the high mechanical strength, superior formability, and lightweight potential of carbon steel.
Their interface behavior is a crucial determinant of material performance. However, most existing studies focus
on general industrial applications, and few targeted studies have been conducted on the correlations between
process, interface microstructure and properties for special scenarios with specific performance requirements
[6]. Such scenarios impose more stringent requirements on the bonding compactness and grain size uniformity
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of clad plate interfaces; interface defects or inhomogeneous microstructures tend to lead to structural failure.
Nevertheless, the existing parameter system for the hot rolling process cannot be directly adapted to the
customized requirements of these specific scenarios [7].

Based on this, this study takes the 304 stainless steel/QQ235 carbon steel clad plate as the research object. By
employing characterization techniques including Optical Microscopy (OM), Scanning Electron Microscopy
(SEM), X-Ray Diffraction (XRD), and Electron Backscatter Diffraction (EBSD), this study systematically
investigates the influence laws of the hot rolling process on the interface microstructure morphology, element
diffusion characteristics, grain refinement and recrystallization behavior of the clad plates [8]. This study aims
to provide a theoretical foundation and technical support for the precise preparation and performance
optimization of such clad plates.

2. Experimental Materials and Methods

2.1 Composite Panel Preparation

Figure 1 shows the schematic of the preparation process for the experimental clad plates. The thicknesses
of 304 stainless steel and Q235 carbon steel plates before rolling were 5 mm and 25 mm, respectively, and the
total thickness of the 304 stainless steel/QQ235 carbon steel composite billets was 30 mm. After hot rolling, the
final thickness of the clad plates was 2 mm, with the 304 stainless steel layer being 0.5 mm thick and the Q235
carbon steel layer 1.5 mm thick. The chemical compositions of the clad plate are listed in Table 1.

Firstly, surface treatment was conducted on the Q235 carbon steel and 304 stainless steel plates separately:
their surfaces were ground with sandpaper to remove oxide scale, exposing fresh metal substrates;
subsequently, anhydrous ethanol was used to remove oil contaminants from the surfaces. The two plates were
then stacked in the sequence of 304 stainless steel/QQ235 carbon steel to form composite billets. After welding
and vacuum sealing, the 30 mm-thick composite billets were heated to 1200 °C and held for 1 h in an RX3-40-13
box-type resistance furnace, followed by hot rolling to a thickness of 10 mm (a total reduction ratio of 66.67 %).
The rolled plates were air-cooled, then annealed at 500 °C for 1 h in the same RXs-40-13 furnace and
subsequently furnace-cooled; these samples were designated as annealed clad plates. The 10 mm-thick
annealed plates were reheated to 800 °C and held for 10 min in the RX3-40-13 furnace, then hot-rolled to 2 mm
in thickness via 5 passes on a 200 mm two-high reversing hot rolling mill, with a total reduction ratio of 80 %,
followed by air cooling. Finally, stress relief annealing was performed on the 2 mm-thick hot-rolled plates at
200 °C for 2 h in an 5X2-2.5-12 box-type resistance furnace.

Order set of billet,

Surface Welding compound, Vacuum
304 treatment
Heating

B
|

«/

Figure 1. Schematic Diagram of Experimental Sample Preparation Process

Table 1. Chemical Compositions of 304 Stainless Steel/Q235 Carbon Steel Clad Plate (Mass Fraction, %)

Stell C Cr Ni Mn Si P S Fe
304 0.038 18.05 8.04 1.01 0.545 0.0645 0.021 Bal
Q235 0.25 0.0625 0.0356 1.07 0.365 0.0589 0.023 Bal
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Samples were cut from the hot-rolled clad plates using a DK7745 wire electrical discharge machining
(WEDM) machine. Firstly, the samples were ground with sandpapers of different grit sizes, then mechanically
polished on a PG-2 polishing machine to obtain a mirror-finished surface. Subsequently, the polished surfaces
were rinsed with anhydrous ethanol and dried with a hair dryer. Prior to microstructure observation and
characterization, the stainless steel/carbon steel clad plate samples were subjected to chemical etching: the
carbon steel side was etched with a 4% nitric acid-ethanol solution for 10-15 s, then rinsed with anhydrous
ethanol and dried.

2.2 Microstructural Characterization

The microstructure of the clad plate was observed using a J-Y600 Optical Microscope (OM). A
NANOSEM430 scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS)
was employed to characterize the interfacial microstructures and elemental distribution. For Electron
Backscatter Diffraction (EBSD) characterization, the samples were electrolytically polished in a perchloric acid-
anhydrous ethanol solution (volume ratio 1:9) at 20 V for about 10 s to eliminate the surface stress layer. The
surface of the hot-rolled clad plate samples was scanned using the same NANOSEM430 SEM equipped with
an Oxford HKICHANNELS5 EBSD analysis system, with a scanning step size of 1 um. Orientation Imaging
Microscopy (OIM) maps were reconstructed via software analysis, from which grain boundary types and grain
orientations were obtained.

Phase composition analysis was conducted on the annealed and hot-rolled 304 stainless steel/QQ235 carbon
steel clad plate samples using a Bruker D8 Advance X-ray diffractometer (XRD). During the tests, Co-Ka
radiation was adopted for scanning over a 20 range of 40°-120° at a scanning rate of 10°/min, with the electron
gun operating at an acceleration voltage of 40 kV and a current of 40 mA. The obtained data were analyzed
using Jade 6.0 software in combination with standard PDF cards.

2.3 Damping Performance Test

The damping properties of the samples were characterized using a TA Q800 Dynamic Mechanical
Analyzer (DMA). Sample preparation: Strip samples with dimensions of 3 mm (width) x 20 mm (Iength) x 2
mm (thickness) were cut from the annealed and double hot-rolled composite plates, with the sample surfaces
required to be flat and free of cracks.

Test parameters: A three-point bending mode was adopted, with the test temperature ranging from 25 °C
to 200 °C (starting from room temperature), a heating rate of 5 °C/min, a frequency range of 20 Hz to 200 Hz,
and an oscillation amplitude of 20 um.

Characterization indices: The damping coefficient (tand) of the samples was recorded at different
temperatures (25 °C, 40 °C, 60 °C, 80 °C, 100 °C) and frequencies (20 Hz, 40 Hz, 60 Hz, 80 Hz, 120 Hz, 160 Hz,
200 Hz). The damping coefficients at room temperature (25 °C) and 20 Hz, as well as at the peak frequency of
plosive noise (40 Hz), were selected as the key evaluation indices.

3. Results and Discussion

To gain a detailed understanding of the microstructural evolution of hot-rolled 304 stainless steel/Q235
carbon steel clad plates, X-ray diffraction (XRD) was used to analyze their phase compositions, the results of
which are shown in Figure 2. The XRD results show that diffraction peaks of y-Fe and a-Fe are observed at 20
=51.1° and 59.7° for the annealed samples, and at 26 = 52.3°, 77.1° and 99.5° for the double hot-rolled samples;
v-Fe and a-Fe correspond to the 304 stainless steel layer and Q235 carbon steel layer, respectively. Additionally,
diffraction peaks of Cr23Cs are observed at 20 =59.7° and 99.5° for both sets of samples. Compared with
the annealed state, the diffraction intensity of Cr»Cs in the double hot-rolled sample is reduced, and the
diffraction peaks of Y -Fe and «a -Fe exhibit significant broadening [9]. This phenomenon is attributed to the
certain degree of grain refinement induced by the double hot rolling process.
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Figure 2. X-Ray Diffraction (XRD) Patterns of 304 Stainless Steel/Q235 Carbon Steel Clad Plates

Figure 3 shows the microstructure of the carbon steel side of the hot-rolled 304 stainless steel/QQ235 carbon
steel clad plate. As shown in Figure 3(a), the interface between the 304 layer and Q235 layer forms an excellent
bond with no cracks or other defects, leading to strong interfacial adhesion of the clad plates [10]. No obvious
defects such as pores are observed in the microstructure [11]. A distinct banded structure is formed on the
carbon steel matrix side of the clad plates, which is attributed to an inappropriate rolling temperature. During
hot rolling, when the rolling temperature is between An and Ass, ferrite precipitates in a banded manner along
the rolling direction within the austenite matrix, while the remaining untransformed austenite is divided into
bands. As the rolling temperature cools to Arn, the banded austenite transforms into banded pearlite [12]. The
Q235 layer is on the interfacial side of the clad plates, with its microstructure composed of ferrite and pearlite.

As shown in Figure 3(b), the carbon content of the carbon steel matrix is significantly higher than that of
the stainless steel layer, leading to a higher carbon potential of the matrix during hot rolling and thus forming
a large carbon concentration gradient between the cladding layer and the matrix [13]. Consequently, carbon
atoms diffuse from the carbon steel side to the stainless steel side, causing decarburization on the carbon steel
side and the formation of a 140 um-thick decarburized layer with a fully ferritic microstructure.

(a) microstructure of matrix carbon steel; (b) microstructure near the carbon steel side at the interface
Figure 3. Microstructure of carbon steel side of the 304 stainless steel/QQ235 carbon steel hot rolled composite plate

Figure 4 presents the inverse pole figures (IPFs) and grain boundary maps of the annealed and hot-rolled
304 stainless steel/Q235 carbon steel clad plates. As observed in Figure 4(a), the grain color distribution of the
annealed sample is relatively uniform, indicating a random grain orientation [14]. As shown in Figures 4(b) and
4(d), the content of high-angle grain boundaries (HAGBs) in the double hot-rolled samples is significantly lower
than that in the annealed samples [15]. Grain size statistics were obtained using the linear intercept method,
which shows that the average grain size of the annealed samples is about 22.45 um on the carbon steel side and
16.84 pm on the stainless steel side, while the corresponding values for the double hot-rolled samples are 9.96
pm and 7.63 um, respectively.

As shown in Figure 4(b), the interior of grains in the annealed sample is dominated by high-angle grain
boundaries. In contrast to the annealed sample, Figures 4(c) and 4(d) illustrate a significant reduction in the
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HAGB content within the grains of the hot-rolled sample. This decrease in HAGB content is attributed to a
significant increase in the intragranular dislocation density during hot rolling, which causes an increase in the
content of low-angle grain boundaries (LAGBs) and thus a corresponding decrease in HAGB content [16]. From
the above analysis, it can be concluded that compared with the annealed state, the grains of the sample are
significantly refined after double hot rolling [17].

Figure 4. (a, c) Inverse Pole Figures (IPFs) and (b, d) Grain Boundary Maps of 304 Stainless Steel/Q235 Carbon Steel Clad
Plates(a, b) Annealed State; (c, d) Hot-Rolled State

Figure 5 shows the recrystallization distribution maps of the annealed and double hot-rolled 304 stainless
steel/Q235 carbon steel clad plates, and Figure 6 shows the volume fractions of different grain types in the clad
plates under these two states. In Figure 5, blue grains represent recrystallized grains, yellow grains denote
substructures (dislocations and subgrain boundaries), and red grains indicate deformed grains.

As observed in Figure 5(a) and Figure 6, both the 304 layer and Q235 layer of the annealed sample are
dominated by deformed grains, with the volume fractions of deformed grains being 49.4 % and 64.9 %,
respectively [18]. Compared with the annealed samples, the double hot-rolled samples show a significant
decrease in the content of recrystallized and substructured grains, but a substantial increase in that of deformed
grains [19].

From Figure 5(b) and Figure 6, for the hot-rolled sample, the volume fractions of deformed grains in the
304 layer and Q235 layer increased from 49.2 % and 62.5 % to 95.8 % and 97.0 %, respectively. Meanwhile, the
volume fractions of recrystallized grains decreased from 21.2 % and 4.2 % to 2.9 % and 1.85 %, and those of
substructure grains dropped from 31.8 % and 35.6 % to 1.5 % and 1.4 %, respectively.

Figure 5. Recrystallization Distribution Maps of 304 Stainless Steel/Q235 Carbon Steel Clad Plates(a) Annealed State;
(b) Hot-Rolled State
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Figure 6. Specific Volume Fractions of Different Grain Types in Annealed and Hot-Rolled 304 Stainless Steel/(QQ235
Carbon Steel Clad Plates(a) 304 Layer; (b) Q235 Layer

Figure 7 shows the damping coefficient (tand) vs. temperature curves of the annealed and double hot-rolled
composite plates at a frequency of 1 Hz. As shown in the figure, the damping coefficients of both plate states
exhibit a trend of first stabilizing and then increasing with rising temperature [20]. Within the temperature
range from 25°C to 200°C, the damping coefficient changes gradually.
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Figure 7. Temperature-Damping Coefficient Curves of Annealed and Hot-Rolled 304 Stainless Steel/Q235 Carbon
Steel Clad Plates

Within the operational temperature range of microphone pop filter (25 °C-60 °C), the damping coefficient
of double-pass hot-rolled composite plates maintains high stability: tand = 0.038 at 25 °C, tand = 0.037 at 40 °C,
and tand = 0.036 at 60 °C, with a fluctuation range of only 5.3 %. In contrast, the annealed samples exhibit
damping coefficients of 0.021 (25 °C), 0.020 (40 °C), and 0.020 (60 °C) within this temperature range, with a
fluctuation range of 5 %. At temperatures exceeding 100 °C (extreme operating conditions), the tand of the
double-pass hot-rolled sample increased to 0.042, yet remained significantly higher than that of the annealed
sample (0.025), demonstrating its excellent damping stability across a wide temperature range [21].

Figure 8 shows the damping coefficient variation curves of annealed and double-pass hot-rolled composite
plates in the 20 Hz-200 Hz frequency range at room temperature (25 °C). The figure indicates that the damping
coefficients of both plate states decrease with increasing frequency, but exhibit distinct trends [22]. The tand
of the hot-rolled samples remains between 0.033 and 0.038, with values of tand = 0.037 at 40 Hz and tano = 0.036

at 80 Hz. In contrast, the tand of the annealed samples in the corresponding frequency range is only 0.018-0.021,
with tand = 0.020 at 40 Hz and tand = 0.019 at 80 Hz.
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Figure 8. Frequency-Damping Coefficient Curves of Annealed and Hot-Rolled 304 Stainless Steel/Q235 Carbon Steel
Clad Plates

4. Conclusions

The microstructure at the interface of hot-rolled 304 stainless steel/QQ235 carbon steel composite plates is as
follows: the 304 layer exhibits an austenitic structure, while the Q235 layer consists of a ferritic + pearlitic
structure. A decarburized ferrite layer approximately 140 um thick exists within the Q235 layer. This
decarburized layer further enhances the material's toughness, preventing brittle fracture of the microphone pop
filter due to impacts during handling and service, while also establishing the structural foundation for
improved damping performance.

Following double-pass hot rolling, grain refinement is significantly enhanced: grain size in the stainless
steel layer decreases from 16.84 um to 7.63 um, while grain size in the carbon steel layer reduces from 22.45 pm
to 9.96 um. The synergistic optimization of microstructure (target phase composition, ferrite decarburization
layer, and grain refinement) substantially enhances the material's damping properties. At 25 °C and 40 Hz (the
peak frequency of plosive noise), the damping coefficient (tand) reaches 0.037, effectively dissipating vibration
energy induced by plosive noise and reducing residual low-frequency noise. This enables the composite plate
to achieve “lightweight and thin-walled” characteristics while maintaining high strength and excellent
vibration damping. When applied to microphone pop filters, it allows for the production of thinner, lighter pop
filter products without compromising structural strength or acoustic performance. Additionally, the
lightweight design is better suited for portable applications such as handheld microphones and wireless
microphones, enhancing user convenience.
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