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Abstract

In recent years, sheet hydrostatic forming technology has been widely applied to the production of thin-shell components due to its advantages and suitability. The blank is shaped to match the contour of the die under the influence of high-pressure fluid. Therefore, understanding the deformation of the blank under this fluid pressure is essential. While numerous studies have focused on single-layer material blanks, further research is needed on multilayer material blanks. This study examines the behaviors of single-layer and double-layer materials during the hydrostatic forming process. The results reveal differences in the forming process for cylindrical products made from single- and double-layer materials. Graphs illustrating the influence of various process parameters on product quality and the contribution of each material layer in double-layer materials are also presented. The study explores the impact of fluid pressure on sheet thinning and methods to enhance the forming ability through simulations and experiments. The simulation results show a reasonable agreement with experimental observations. These findings facilitate the assessment and prediction of forming outcomes, providing a foundation for future research.
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1 Introduction
Multilayered sheets consist of several layers with different properties. By combining various materials, multilayer sheets can offer advantageous characteristics such as high thermal conductivity, damage resistance, excellent bending stiffness, and superior surface quality [1–8]. Integrating different layers has also shown potential for enhancing the mechanical properties of multilayer materials [9–12]. One notable advantage of two-layer sheet metals is the ability to simultaneously form materials with different plasticity. Higher-plasticity material is used to control the deformation process of the lower-plasticity material. Consequently, the forming ability of low-plasticity materials was effectively enhanced [13]. Multilayer materials also significantly improve anti-fatigue performance by limiting crack propagation between layers. Due to these advantages, multilayer sheets are used in various industries, including aerospace, automotive, electronics, and maritime, offering innovative features compared to conventional metallic sheets [14–17]. Sakaki et al. conducted the first studies on analytical models of bimetallic sheets [18]. Based on Hills' theory, they presented a continuum mechanics model to investigate the plastic deformation of clad sheets.
In recent years, many investigations have focused on the forming processes of double-layer sheets using traditional methods such as deep drawing and bending. In 1996, Kurimoto and Mori [19] studied the formability of cladding sheets through press-forming tests. They found that the higher-strength component had a more significant impact on the drawing ratio in the deep-drawing process of bimetallic sheets. Furthermore, they observed that the forming ability for stretching and deep drawing improved when the aluminum layer was positioned on the outer side of the cup. Taheri and Manesh [20] investigated the cold rolling of tri-layer strips.
In studies involving rolling sandwich strips, aluminum, mild steel, and copper were used as layers. Lang et al. [21] also investigated multi-sheet hydroforming, employing a thin middle layer. They examined the impact of various parameters on the forming process and explored methods to enhance sheet formability through experimentation and simulation. Pazand et al. [22] evaluated the formability of three-layer metallic sheets with different layer arrangements, both experimentally and numerically. They found that the forming limit diagrams (FLDs) of the three-layer sheets were significantly affected by the arrangement of the layers relative to the punch. Notably, the mechanical properties of the inner layer, especially its strength, had a substantial influence on the formability of the three-layer sheets. Liu et al. [23] Researched hydroforming for the production of double-layer sheets. By comparing parts formed using hydroforming with single-layer and double-layer sheets, they found that the presence of an upper sheet improved overall plastic strain uniformity, enhanced wall thickness consistency, and reduced maximum thinning rates.
In conventional forming processes, eliminating defects, such as wrinkling and fractures in the noncontact areas of parts is challenging. Heat treatment, ironing, and multistep forming are often required to resolve these issues, making the processes complex and time-consuming [24]. In contrast, hydrostatic forming technology can effectively reduce defects in the non-contact areas of parts by providing uniform pressure loading, which is beneficial for multilayer sheet forming and ensures that the layers maintain tight contact with each other. For this reason, hydrostatic forming technology was chosen for the simultaneous forming of double-layer sheet metals with different. However, it is essential to investigate the deformation of the layers under high-pressure fluid. This study evaluated the forming behavior of a double-layer sheet in terms of thickness distribution during both the free bulging and finishing stages. Additionally, the influence of hydraulic pressure on the target layer was analyzed. An equation was established to describe the relationship between fluid-forming pressure and maximum thinning. The finite element method was employed for numerical simulation, and experimental studies were conducted to verify the findings. This research aims to enhance the understanding of the forming behavior of double-layer sheet and pave the way for further studies on this specialized material.
While many studies have focused on bonded double-layer sheets, the forming behavior of unbonded sheets − where layers interact via friction − has received little attention. This study addresses that gap by investigating the deformation behavior of unbonded double-layer sheets under hydrostatic forming, which is crucial for applications where bonding is not applied.
2 Material and methods
2.1 Objectives
The primary objective of this study was to investigate the forming behavior of double-layer materials in the production of a cylindrical cup using hydrostatic technology, focusing on the effects of key parameters on the thinning distribution of the final product. Additionally, material with superior mechanical properties was used as the outer layer to enhance the formability of the inner, less ductile material.
The two materials used were low-carbon steel DC04 and copper (Cu). Due to copper's lower deformation capability compared to DC04 steel, DC04 was employed as the outer layer to improve the formability of copper, which served as the target layer.
The critical parameters investigated were the forming fluid pressure (P) and the arrangement of the layers. The impact of layer arrangement refers to how the positioning of the individual layers in double-layer materials can influence their performance. In this study, the inner layer was in direct contact with the fluid, while the outer layer contacted the die cavity. The roles of the two layers were alternated to determine the optimal configuration. Two cases were considered: Cu/DC04 (with DC04 as the outer layer) and DC04/Cu (with Cu as the outer layer).
The relationship between forming fluid pressure and the maximum thinning of the target layer was also established. The study specifically assessed the thickness distribution of the final product. Numerical simulations, verified through experimental methods, were conducted to achieve the objectives outlined above. The experimental results provided a basis for evaluating the simulated outcomes of the hydrostatic forming process used to produce cylindrical cups from double-layer material blanks.
2.2 Double-layer sheet principal analysis
Figure 1 illustrates the hydrostatic forming principle for double-layer sheets. The formability of the plate can be intentionally enhanced by using an outer layer with superior mechanical properties. Simultaneously, the forming limit can be improved through beneficial interfacial friction between the two layers and appropriate drawing parameters. Due to the different spring back behaviors of the layers after forming, they naturally separate, producing the desired part.
In the hydrostatic formation of a double-layer sheet, the mechanical properties of the outer sheet must meet the following requirements:

	The yield strength of the outer sheet should exceed that of the target sheet. The outer sheet undergoes plastic deformation because the target sheet yields earlier in the forming process.


	The tensile strength of the outer sheet should be higher than that of the target sheet. When excessive hydraulic pressure is applied, the outer layer should have a lower tendency to fracture than the target sheet, preventing poor forming quality in the target layer due to fractures in the outer sheet.


	The elastic modulus of each layer should differ significantly. This allows the layers to separate after forming, as the differing spring back values help achieve the target part.



Therefore, low-carbon steel DC04 and copper were chosen as the sheet materials. The mechanical properties of the outer and target sheets that met the selection criteria were compared.
	[image: thumbnail]	Fig. 1 Schematic of double-layer sheet in hydrostatic forming.



2.3 Material
This investigation focuses on copper (Cu) and low-carbon steel DC04. The constitutive model used for both materials assumes that elastic behavior is isotropic and follows the generalized Hooke's law, and the plastic behavior is characterized by the von Mises yield criterion with isotropic hardening, along with the associated flow rule. Swift's law is employed to describe the isotropic hardening behavior of these metallic materials.
[image: equation](1)
In this model as shown in equation (1), Y represents the yield stress and its evolution with equivalent plastic strain, K, ε, ε0, and n are material parameters; Y= K(ε + ε0)n
 is the initial yield stress. Tensile specimens were used to construct constitutive models for DC04 and Cu. The specimens, prepared through wire cutting, are shown on Figure 2. Table 1 provides the parameters for the Swift's law and the elastic properties according to Hooke's law (Young's modulus, E, and Poisson's ratio, v) for the two materials.
Figure 3 shows the differences in hardening behavior between steel DC04 and copper Cu, allowing for a detailed investigation of their effects on the material mechanical properties.
	[image: thumbnail]	Fig. 2 The uniaxial tensile test: (a) Tensile specimens, (b) MTS testing machine.



Table 1 
Material properties and parameters.

	[image: thumbnail]	Fig. 3 Stress-plastic strain curves.



3 Results
3.1 Numerical simulation scheme design
3.1.1 Numerical condition
The study focuses on a cylindrical cup, with dimensions shown in Figure 4 and listed in Table 2. This type of product is commonly used in metal-forming research.
The finite element method was utilized to analyze and verify the forming ability of double-layer sheets during hydrostatic forming. The cup-forming simulation was performed using ABAQUS/CAE software. For the hydrostatic process, the large-deformation behavior of the double-layer sheet was modeled with ABAQUS/Explicit, and only one-quarter of the test geometry was simulated due to material and geometric symmetries. In the numerical model, isotropic plastic behavior was assumed for the sheet materials and its influence on the forming results is considered in the discussion comparing the experimental and simulation outcomes.
Material properties were determined from tensile tests. The blank was meshed with quadrilateral shell elements, while the die and holder plates were treated as discrete rigid bodies. In the finite element model, the approximate global element size was set to 1.0 mm in ABAQUS, based on a mesh sensitivity study to ensure result convergence and computational efficiency. The Ductile Damage Criterion available in ABAQUS/Explicit was employed to simulate and predict fracture initiation. The blank holder's movement was restricted to the vertical direction, allowing for changes in blank thickness during forming. Additionally, to replicate the hydraulic pressure during SHF simulation accurately, the idea of applying a thin film was applied as shown in Figure 5a. In FE model, a thin shell element (0.01 mm thickness) with smaller Young's module was set above the inner layer. The friction coefficient for the contact between inner layer and thin film was fixed at zero. The contact behavior of the inner layer-virtual film enables the hydraulic loading to be translated from the film to the inner layer realistically. On the formed parts, the node path from the center point to the edge node was selected along the radius direction, as shown in Figure 6. The coordinates of each element node are used to represent the contour shape of the parts.
	[image: thumbnail]	Fig. 4 The specific part size.



Table 2 
Geometrical conditions.

	[image: thumbnail]	Fig. 5 The finite element model of double-layer sheet in hydrostatic forming.



	[image: thumbnail]	Fig. 6 Path of nodes.



3.1.2 The impact of layer arrangement
To investigate the effect of layer arrangement, two configurations were analyzed: Cu/DC04 (DC04 as the outer layer) and DC04/Cu (Cu as the outer layer). In the simulation, the coefficient of friction between the workpiece and the forming die was set to 0.1, assuming lubricated with a polymer layer [25].
The simulation results indicated that the maximum critical pressures were Pmax = 48 MPa for the Cu/DC04 arrangement and Pmax = 42 MPa for the DC04/Cu arrangement. When the maximum critical pressure was exceeded, tearing tended to occur first at the bottom radius of the Cu layer in both cases, as shown in Figures 7b and 8b. According to the Abaqus simulation results, STH represents sheet thickness (in Millimeters, mm), and S denotes stress (in Megapascals, MPa). These results suggest that the maximum critical pressure in the Cu/DC04 configuration was higher than in the DC04/Cu configuration. Understanding the stress state in low-carbon steel helps explain the differences in forming capability. In the outer layer, both biaxial and bending tensions are present near the bottom radius, where cracks form, while bending compression helps alleviate tension in the inner layer [19]. Figures 7a and 8a show the simulation results for the product at 42 MPa and 48 MPa, respectively.
In the DC04/Cu configuration, the maximum critical pressure was Pmax = 42 MPa. To compare the thickness distribution between the two configurations, simulations at a pressure of 42 MPa were performed for both the DC04/Cu and Cu/DC04 conditions. Figure 9 presents the thickness distribution along the path of the target Cu layer in both cases at P = 42 MPa. The results indicate that, at the bottom radius, the target Cu layer in the DC04/Cu arrangement (with Cu as the outer layer) experienced significantly greater thinning. This extensive thinning could lead to the rapid failure of the blanks. In contrast, when Cu was the inner layer (Cu/DC04), the thickness reduction in the Cu layer was less pronounced, resulting in improved formability due to the presence of the outer DC04 layer.
	[image: thumbnail]	Fig. 7 Cu layer in DC04/Cu case (a) 42 MPa (b) Exceeding 42 MPa.



	[image: thumbnail]	Fig. 8 Cu layer in Cu/DC04 case (a) 48 MPa (b) Exceeding 48 MPa.



	[image: thumbnail]	Fig. 9 Wall thickness distribution of target Cu sheet at 42 MPa.



3.1.3 Analysis of single-sheet and double-layer sheet hydrostatic forming
Simulations were conducted to analyze the forming process for both single-layer and double-layer Cu/DC04 sheets, using Cu with a thickness of 0.5 mm. The thickness distribution was compared.
Hydrostatic forming of a cylindrical cup involves two distinct stages: the free-bulging stage and the finishing stage. Figures 10 and 11 show the thickness distribution of the Cu layer during these stages for both single-layer and double-layer sheet hydrostatic forming. Figures 10a,10b illustrates the free-bulging stage, while Figures 11a,11b depicts the finishing stage, focusing on the deformation at the bottom radius.
During the free-bulging stage, with the same final product shape, the dome height − denoted as Up − was identical in both cases, with a value of 15.13 mm, the thinnest point of the Cu sheet in the single-layer configuration was 0.414 mm, with a maximum thinning rate of 17.2%. In the double-layer configuration, the thinnest point was 0.44 mm, and the maximum thinning rate was 12%. Maximum thinning rate refers to the highest percentage reduction in sheet thickness during deformation, compared to its original thickness.
During the finishing stage, it can be observed that at the same final product shape, with a bottom radius of 23.18 mm, the single-layer Cu sheet experienced significantly greater thinning compared to the Cu layer in the double-layer sheet. The minimum thickness of the single Cu sheet was 0.37 mm, corresponding to a maximum thinning rate of 26%.
A comparison of the wall thicknesses in Figure 12a shows that in the double-layer hydrostatic forming process, the outer sheet (DC04) significantly influences the thinning distribution of the target Cu layer, even though the maximum thinning point in both cases remains at the dome's peak. For the same product shape, the single-layer Cu sheet exhibited more substantial thinning than the double-layer configuration at the surveyed positions as shown in Figure 12b. The presence of the outer layer has a positive effect, enhancing the formability of the weaker inner layer. This characteristic can be further utilized to improve the deformability of even thinner inner layers.
	[image: thumbnail]	Fig. 10 Wall thickness distribution of Cu layer in the free bulging stage (a) single-layer (b) double −layer.



	[image: thumbnail]	Fig. 11 Wall thickness distribution of Cu layer in the finishing stage: (a) single-layer and (b) double −layer.



	[image: thumbnail]	Fig. 12 The formed copper Cu thickness comparison (a) Free bulging stage (b) Finishing stage.



3.1.4 Influence of hydraulic pressure on the target layer
For the simulation, the target layer is Copper DC04 as mentioned above and the outer sheet DC04, with a thickness of 0.5 mm, was selected. The entire forming process was divided into a 5-second time step, with 0÷4.8 seconds representing the drawing phase and 4.8÷5 seconds corresponding to the pressure maintenance phase. The fluid pressure was simulated in ABAQUS by gradually increasing the pressure from 0 to 50 MPa.
The contour shapes of the parts were represented by the coordinates of each element node. Figure 13 displays a comparison of contour shapes under different hydraulic pressures, clearly showing that the fitness of the parts improves as the hydraulic pressure increases.
As hydraulic pressure increases, the location of the thinnest section of the product shifts during each stage, including the free-bulging and cup bottom forming stages, as depicted in Figure 14.
At a low pressure of 8 MPa (Fig. 15a), the deformation of the Cu layer takes on a dome shape during the free bulging stage, with the most significant deformation occurring at the peak of the dome. As the pressure increases to 10 MPa and beyond (Figs. 15b,15c,15d), and the material layers meet the bottom part of the cylindrical cup, the most substantial thinning occurs at the bottom radius. This region is prone to cracking and represents a critical risk area during the finishing stage of the cylindrical cup formation.
	[image: thumbnail]	Fig. 13 The target part Cu contour under different hydraulic pressures.



	[image: thumbnail]	Fig. 14 The target Cu sheet thickness distribution under different hydraulic pressures.



	[image: thumbnail]	Fig. 15 Wall thickness distribution (a) 8 MPa (b) 10 MPa (c) 30 MPa (b) 40 MPa.



3.1.5 Fluid forming pressure − Maximum thinning equation
This section discusses the influence of fluid forming pressure (P) on the maximum thinning (y) of the target Cu sheet in the Cu/DC04 configuration across two stages—free bulging and finishing. The term “maximum thinning” refers to the minimum wall thickness observed in the formed part, representing the thinnest position of the product after forming. The relationship between these variables was formulated as an equation. As noted earlier, during the free bulging stage, the maximum thinning occurs at the dome's peak, while in the finishing stage, it typically appears at the bottom of the rounded radius. The simulation parameters used were a blank holder force Q of 30 kN and a friction coefficient between the layers of 0.15. In this study, equation (2) was empirically developed by fitting experimental data using Origin software to describe the relationship between hydroforming pressure (P, in MPa) and the maximum thinning (y, in mm). In this model, y0 (mm) represents the initial sheet thickness at zero pressure, A is the exponential decay amplitude indicating the initial difference from y0 and t is the decay rate parameter that characterizes the sensitivity of thinning to pressure changes.
[image: equation](2)
This equation serves as not only a computational tool but also an objective approach for describing and predicting material-forming phenomena. To assess the accuracy of the model, the R2
 coefficient was used to measure the degree of fit between the equation and the simulation data. The R2
 coefficient is a crucial indicator for quantifying a model's ability to explain the variability in empirical data. An R2
 value very close to 1 signifies that the model can explain a substantial portion of the data variation.
During the free bulging stage, using Origin software, the coefficients of equation (2) were determined with R2
 = 1, therefore equation (2) is rewritten as equation (3).
[image: equation](3)
The results demonstrate a high R2
 value, R2
 = 1, indicating a strong alignment between equation (3) and the simulation data.
During the finishing stage, the coefficients of equation (2) are determined with the R2
 = 0.99, therefore equation (2) is rewritten as equation (4).
[image: equation](4)
Figures 16 and 17 illustrate the relationship between the forming fluid pressure (P) and the maximum thinning (y) of the target sheet (Cu layer) during the free bulging and finishing stages, respectively. The close overlap of the two curves confirms a strong consistency between the simulation results and the predictions made by the equations. This alignment supports the validity of the mathematical model in accurately capturing the behavior of the system.
With the equation coefficients provided in Table 3, these formulations help predict the maximum thinning during the forming stages. The equation not only describes a governing principle of the forming process but also serves as a practical computational tool for forecasting outcomes under different conditions. This is especially beneficial for optimizing manufacturing processes, anticipating variations in product quality, and making necessary adjustments to achieve desired results.
	[image: thumbnail]	Fig. 16 Pressure-maximum thinning in bulging stage of Cu layer.



	[image: thumbnail]	Fig. 17 Pressure-maximum thinning in finishing stage of Cu layer.



Table 3 
The coefficients of the Pressure-maximum thinning equation.

3.2 Experimental study on double-layer sheet hydrostatic forming
3.2.1 Experimental scheme design
To validate the analytical results, a comparison was made between the simulation and experimental findings, focusing on the product thickness at specific measurement points (Fig. 18).
Figure 18 illustrates the components of the hydrostatic die used in experiments. A 125-ton hydraulic press was used in this study, capable of generating up to 1,225 kN of compressive force. Before starting the experiment, the target sheet was a copper Cu blank and the outer layer was a low-carbon steel DC04 blank, each blank has a diameter of 110 mm with 0.5 mm thickness. The initial processing parameters included a blank holder force (Q) set at 30 kN to control the flange while allowing radial material flow during forming. This value was chosen to prevent full clamping, thereby avoiding defects such as wrinkling or tearing.
Additionally, a layer of nylon was introduced between the die and outer sheet to serve as a lubricating layer. A wire cutting method was employed to cut the target parts along the diameter direction. An ultrasonic thickness gauge was used to measure the thickness of the target layer at measurement positions in the radial direction (Fig. 19).
	[image: thumbnail]	Fig. 18 The double-layer hydrostatic forming experiment (a) A schematic view of designed die (b) The experimental setup.



	[image: thumbnail]	Fig. 19 The measuring points.



3.2.2 Experimental scheme design
This section presents the hydrostatic forming experiments for two cases: Cu/DC04 (DC04 as the outer layer) and DC04/Cu (Cu as the outer layer). In these setups, the inner layer made direct contact with the fluid, while the outer layer was in contact with the hydrostatic die which was lubricated with a polymer layer to achieve a friction coefficient of 0.1 [25]. Based on the simulation results from the previous section, a forming pressure of 42 MPa was selected, as it provided favorable conditions for drawing the blank into the die cavity while avoiding wrinkling at the edge of the product. The thickness measurements at various points under this forming pressure are shown on Figure 20.
Figure 20 indicates that the Cu layer in the DC04/Cu case experienced more significant thinning compared to the Cu/DC04 case. In both scenarios, the most substantial thinning occurred at the bottom corner radius, identified as Position 3. These results closely matched the simulation findings described earlier. The maximum thinning measured 0.345 mm in the DC04/Cu case and 0.355 mm in the Cu/DC04 case.
	[image: thumbnail]	Fig. 20 Experimental results of thickness of the target sheet Cu.



3.2.3 Simulation accuracy verification
To assess the accuracy of the numerical simulation, the wall thickness of the Cu layer from the simulation was compared with the experimental results. Figures 21a,21b shows the comparisons for both cases. In each case, the bottom radius (Position 3) was where the minimum wall thickness of the Cu layer was found. The simulation accuracy reached 97.95% for the Cu/DC04 case and 99.71% for the DC04/Cu case. The simulation results show generally good agreement with the experimental data in terms of overall deformation shape and final cup height. However, certain deviations in thickness were observed. These differences can be attributed, in part, to the assumption of isotropic plastic behavior in the numerical model since rolled sheets often exhibit anisotropic plastic properties.
	[image: thumbnail]	Fig. 21 The comparisons of simulation results with experiment results (a) Cu/ DC04 case (b) DC04/Cu case.



4 Conclusions
This study investigated the formability characteristics of double-layer Cu/DC04 sheets. The constitutive model was implemented in the ABAQUS software to simulate the hydrostatic forming of the double-layer sheets, with experiments conducted to verify the accuracy of the simulations. The key findings are summarized as follows:
Comparing the hydrostatic forming results of single-layer sheets with those of double-layer sheets showed that the presence of the outer DC04 layer improved the overall uniformity of thickness distribution across the plate. This enhancement led to greater uniformity in the wall thickness of the Cu target parts and a reduction in the maximum thinning rate of the Cu component.

	An equation describing the relationship between the hydroforming fluid pressure (P) and the maximum thinning (y) of the target Cu sheet during the two stages was established. This equation enables straightforward calculation of the maximum thinning under the specified conditions.


	The experimental results were generally consistent with the wall thickness values obtained from numerical simulations, achieving a simulation accuracy of 97.95% for the Cu/DC04 case and 99.71% for the DC04/Cu case.
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	Material
	Hooke's law
	Swift hardening law



	
	

	




	
	E (GPa)
	v
	Yo (MPa)
	K (MPa)
	n





	Cu
	130
	0.3
	0.01
	470
	0.252



	DC04
	180
	0.34
	0.01
	558
	0.235
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	Parameters
	Values





	DC04 thickness (mm)
	0.5



	Cu thickness (mm)
	0.5



	Initial diameter of the sheet D0 (mm)
	100



	Depth of the die, h (mm)
	16



	Die diameter, Dd (mm)
	70



	Die bottom radius, rb (mm)
	5



	Die opening radius, ro (mm)
	5
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      The coefficients of the Pressure-maximum thinning equation.

      
        


	Stage\Coefficients
	yo (mm)
	A
	t





	Bulging stage
	0.45156
	0.1
	2.668



	Finishing stage
	0.42941
	−0.0011
	−12.07





      

    

  
    
      Fig. 19 

      
        [image: thumbnail]
      

      
        The measuring points.

      

    

  
    
      Fig. 20 

      
        [image: thumbnail]
      

      
        Experimental results of thickness of the target sheet Cu.

      

    

  
    
      Fig. 21 

      
        [image: thumbnail]
      

      
        The comparisons of simulation results with experiment results (a) Cu/ DC04 case (b) DC04/Cu case.
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