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1 Work performed and results 

In the following, the work packages (WPs) that were worked on by Chemnitz University of Technology and 

Fraunhofer IWU along with the corresponding results are described. These are WPs 1, 3, 4, 5, 6, and 8. 

1.1 WP 1: Joint specifications with the user committee (all partners) 

WP 1 includes the definition of the boundary parameters in coordination with the user committee. 

Application areas: 

The structures to be developed in the project are intended to serve the purpose of heat transfer. Due to 

continuous technological advancements, there is an ever-expanding market for this. They are used, for ex-

ample, in the cooling of power electronics in both mobility and IT applications. Heat exchangers are also 

indispensable in building air conditioning. In addition, heat exchangers play an important role in industries, 

such as energy supply, including solar energy. With regard to the goal of developing a customizable structure 

for (large-scale) series production, several of the presented application scenarios are suitable.  

Geometry definition: 

For the design of the geometry, the aim was to create a heat exchanger, whose structure and materials ex-

ceed the heat transfer performance of commercially available variants. Depending on the area of application, 

specific requirements for the geometry and materials of a heat exchanger arise. Thus, already at the begin-

ning of the project, defining the application area is essential for the design. Within the project, the application 

area of power electronics appears to be less suitable for technology development due to its small size, even 

though it could/should be a long-term objective. Owing to the targeted material combination of copper-

coated PCM, the use in building technology is more appropriate. Here, the designed structure serves heat 

recovery in a (decentralized) ventilation system. Characteristic values for the later si mulation-based design 

were defined on the basis of two different commercial push-pull fan variants (see Table 1). 

Table 1: Typical push-pull fan variants. 

Wolf GmbH: FWL-PushPull Maico Elektroapparate-Fabrik GmbH: PBB 30 

  

Flow in two channels Flow in one channel 

© Wolf © MAICO 
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During the discussions between the project partners and the user committee, it became clear that although 

the high thermal conductivity of the electroplated wall layer appears ideal for this application, it may not 

provide sufficient stability. Concerns also exist regarding processing by injection molding, which must be an-

alyzed and resolved over the course of the project. 

Depending on the chosen application, various fluids can be considered for further investigation. Natural cool-

ants include, for example, air, water, and water–glycol mixtures. In addition, there is a wide range of chemical 

refrigerants, some of which are harmful to the environment and must therefore be replaced. Based on the 

selected application case, air was chosen as the medium for further analysis.  

From the described applications and refrigerants, various possible cell geometries result, which are briefly 

listed in Table 2 and examined in more detail in WP 4. 

Table 2: Overview of different cell geometries, which were considered in the project. 

Name Pentamode (Graded) Kelvin cell Schwarz P Schwarz D 

Picture 

 
   

Specification One fluid One fluid Two divided inter-

face volumes 

Two divided inter-

face volumes 

 

1.2 WP 3: Experimental design of the copper deposition (TUC) 

WP 3.1: Pre-treatment  

Due to the lack of conductivity of wax and the composite out of wax and polypropylene with PCM materials, 

pre-metallization by electroless plating is required. For this purpose, commercially available pre -treatments 

(cleaning, nucleation, activation) and chemical copper depositions were tested and refined in this work pack-

age. Electroless plating on wax has proceeded in seven phases with 54 experiments for wax and 10 for wax/pp 

composite, shown in table 1, with the goal of these experiments being to develop a method for achieving a 

uniform Cu layer on wax using minimal pre-treatment steps and reducing the amount of chemicals to find an 

affordable approach. Milestone M 3-1 (development of suitable pre-treatment processes) is fulfilled with the 

information provided here. Therefore, pre-treatments of the substrate materials are possible. As a result of 

WP 3.1, compatible electrolytes and process sequences were identified for the relevant wax compositions 

for further use in WPs 7 and 8. 
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Table 3: Overall list of used solutions in pre-treatment for 7 methods in Cu electroless coating 

Method Degreasing Etching SensiƟzing NucleaƟon Pre-reducƟon 

1 NaOH H2SO4 + KMnO4 SnCl2 PdCl2 - 

2 NaOH H2SO4 + H3PO4 + KMnO4 SnCl2 PdCl2 - 
3 Acetone - - PdCl2 NaH2PO2 

4 Acetone - SnCl2 PdCl2 NaH2PO2 

5 Acetone - SnCl2 PdCl2 NaH2PO2 

6 Isopropanol H2SO4 SnCl2 PdCl2 NaH2PO2 

7 Isopropanol H2SO4 SnCl2 PdCl2 - 

In WP 3, three different approaches for chemical copper plating for wax and one for composite were inves-

tigated: 

 

1st main variant for wax (method 3): 

- Pre-treatment with acetone for 5 minutes in an ultrasonic bath at room temperature  

- Germination with PdCl2 (1.8 g/l) for 5 minutes at room temperature 

- Activation with 15 % Na2H2PO2 for 10 minutes in an ultrasonic bath at room temperature 

- Electroless copper deposition with 0.95 ml/l formaldehyde at room temperature for 20 min 

These steps can be repeated several times. Figure 1 shows that after the second repetition, the entire struc-

ture of the sample is well coated with sufficient uniformity. 

 

Figure 1: First coating (left) and second coating (right) of a wax structure with method 3 

 

2nd main variant for wax (method 5): 

- Etching with acetone for 10 minutes in an ultrasonic bath at room temperature  

- Nucleation with SnCl2 (10 g/l), for 3 minutes in an ultrasonic bath at room temperature  

- Nucleation with PdCl2 (0.25 g/l), for 5 minutes in an ultrasonic bath at room temperature 

- Activation with 15 % Na2H2PO2, for 10 minutes at room temperature 

- Electroless copper deposition by adding 0.95 ml/l formaldehyde in an ultrasonic bath at room temperature 

for 20 minutes 
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Figure 2 shows a coating result using method 5. 

 

Figure 2: Copper-plated wax samples in a single-stage process from a 20-minute electroless process using method 5 (left) and corre-

sponding microscopic cross-section (right) 

 

The thickness of the electroless coating is 1.7–2.0 µm after 15 min process duration and between 2.0–2.3 µm 

after 20 min. The concentration of PdCl2 of 0.25 g/l corresponds to an industrial activation solution. To 

achieve optimal results, concentrations of PdCl2 of 0.25, 0.5, 0.75, 1.0, and 1.25 g/l were tested. This included 

both a nucleation step with tin chloride (SnCl2) and a control condition without sensitization. By reducing the 

PdCl2 concentration, the following issues could be solved: 

 Control of the deposition rate: Lower PdCl2 concentrations allow better control of the deposition 

rate. This control is important to achieve a uniform and controlled layer thickness on the substrate.  

 Agglomeration and bubble formation: Higher concentrations of PdCl2 can lead to agglomeration and 

blistering during metal deposition. Bubble formation (H2) leads to the formation of small craters or 

holes on the surface of the deposited metal layer, which can affect the quality of the coating. Lower 

PdCl2 concentrations minimize these issues. 

 Avoidance of precipitation: At higher PdCl2 concentrations, there is an increased risk of precipitation 

of palladium salts from the solution. Precipitation can lead to uneven deposition among others. 

Lower concentrations help to maintain the stability of the solution, see Figure 3. 

 

 

Figure 3: Effect of palladium concentration on coating uniformity and agglomeration in coating 

 

3rd main variant for wax (method 6): 

- Etching with 98 % H2SO4 for 15 minutes in an ultrasonic bath at room temperature 

- Nucleation with SnCl2 (10 g/l), for 3 minutes in an ultrasonic bath at room temperature  

- Nucleation with PdCl2 (0.25 g/l), 5 minutes in an ultrasonic bath at room temperature 

- Activation with 15 % Na2H2PO2, 15 minutes at room temperature in an ultrasonic bath 

- Electroless deposition of copper by adding 0.95 ml/l formaldehyde in an ultrasonic bath at room tempera-

ture for 20 minutes 
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Figure 4 shows a coating result using method 6. 

* Important finding: In method 7, i.e., skipping the sodium hypophosphite step and rinsing after nucleation 

with palladium chloride, works well, producing a layer thickness of 4–5 µm in 15 minutes. However, this 

approach leads to palladium contamination in the copper bath, as the substrate becomes activated in the 

copper bath by formaldehyde. 

    

Figure 4: Copper-coated wax samples for method 6 (left) and corresponding microscopic cross-section (right). The layer thickness for 

electroless plated Cu (20 minutes) is around 3 to 4 μm. 

 

Composite pre-treatment:  

In the investigations, the substrate consists of a 50/50 wax-polypropylene/PCM composition, produced by 

injection molding with a Schwarz-P structure. This material requires a separate assessment of the pre-treat-

ment process because polypropylene, like wax, is a highly chemically resistant polymer. Therefore, tailored 

pre-treatment is essential to ensure sufficient surface roughness and adhesion for the subsequent electroless 

copper coating. 

In WP 3, new approaches for chemical copper plating on the wax-PP (50/50)/PCM substrate material were 

investigated. As shown in Table 4, the pre-treatment method previously optimized for pure wax is applied to 

the wax/PP/PCM substrates. However, visual inspection of the coated samples shows that the copper layers 

are neither uniform nor homogeneous, and in some areas, the coating is incomplete, making the samples 

unsuitable for further electroplating. 

To solve this problem and achieve a sufficiently roughened substrate suitable for an adhesive and uniform 

copper layer, the surface is mechanically treated using ultra-fine blasting media (F500 grit, particle size 3–
6 µm). As a result, the subsequent 20-minute electroless copper plating produces a highly uniform and well-

adhered copper layer, confirming the effectiveness of this surface preparation method with a thickness of 

4.5–6.0 µm, see Figure 5. The other pre-treatment steps including sensitizing, nucleation and activation is 

proceed same as mentioned in the third variant for wax substrates.  
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Table 4: Pre-treatment methods on wax-PP/PCM materials 

 

 

Figure 5: Non-adherent copper layer resulting from 80 % H₂SO₄ pre-treatment (A); Adhesive copper layer achieved through mechanical 

pre-treatment with F500 grit sandblasting. (B); Cross-sectional image of adhesive copper layer achieved by sandblasting (C). 

Table 5: Copper layer thickness comparison for different pre-treatment methods 

 

Development of an electrolyte for electroless Cu plating: 

The copper electrolyte for the outlined pre-treatment approaches consists of 35.5 g/l NaOH, 35.5 g/l CuSO4 

and 80.3 g/l K-Na tartrate. When dissolving the components, the following order must be used: 1. NaOH, 2. 

CuSO4, 3. tartrate. During mixing, especially after addition of the dissolved CuSO4, the formation of sediments 

can be observed. When the K-Na tartrate is subsequently added as a complexing agent, the color of the 

electrolyte changes from black-brown to blue. This indicates proper dissolution. Formaldehyde is added as a 

reducing agent in electroless copper plating to convert copper ions (Cu 2+) into metallic copper (Cu0). 

 

Substrate 

Etchant, duration 

(min) 

Duration electroless plating 

(min) 

layer thickness 

(µm) 

3D-printed wax 100 % pa-

raffin 

Acetone, 10 15 1.7–2.0 

Acetone, 10 20 2.0–2.3 

Sulfuric acid, 20 20 3.0–4.0 

Inject molded 50/50 wax-

pp with PCM 

Sand blasting 

3–6 µm 
20 4.6- 6.0 
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Important findings: 

 Temperature: Many of the chemical reagents used in electroless copper plating solutions, such as 

reducing agents (e.g., formaldehyde) and complexing agents (e.g., tartrates), are stable at room tem-

perature. Higher temperatures can promote the decomposition of these reagents, which results in 

lower coating efficiency and solution degradation. This is most important for substrates made of wax, 

which is very sensitive to temperature fluctuations. Therefore, electroless plating must be carried 

out at temperatures below 45 °C to avoid adverse effects on the wax material. For other substrates 

made of wax/PP, temperature is not a major concern as it remains relatively stable up to 90 °C. How-

ever, when the process is carried out at room temperature using an alternative pre-treatment 

method, it becomes more efficient. Increasing the temperature causes the surface to soften and be-

come semi-liquid, leading to the loss of its porous structure, which is essential for effective chemical 

coating. 

 Homogeneity of the electrolyte: In order to ensure a homogeneous layer-thickness distribution on 

the geometrically complex structures, local electrolyte depletion must be avoided. It was observed 

that ultrasound is required for this.  

 Composite sand blasting: The fine grit 500F aluminum oxide and the lowest possible blasting pressure 

(2 bar) were selected to preserve the integrity of the substrate. While coarser grit can also be used 

and may improve surface roughness, it risks introducing surface defects. However, a rougher surface 

may actually be beneficial in applications, such as heat exchangers, where it enhances both heat 

transfer performance and electroless copper adhesion. 

 

Work package 3.2: 

 Work carried out 

To qualify geometrically defined hollow structures for heat exchanger applications, the galvanic deposition 

of thick Cu layers (> 100 µm) is required. The Schwarz-P unit cell was identified as a promising basic structure. 

An electrode holder was constructed that allows for the galvanic coating of the hollow structures with ho-

mogeneously thick copper layers. The holder was produced by 3D printing to be able to flexibly react to the 

required electrode arrangements determined in the simulations. The holder has proven to be feasible for 

handling and coating the hollow structures. Its design was chosen in a way that enables substrate mounting 

in different orientations and with different numbers of anodes. To set defined flow conditions within the 

complexly shaped substrates, a flow device was designed that guarantees sufficient electrolyte supply during 

electrochemical coating. 

 Results  

As shown in Figure 1Figure 6 (A) 7 (A) and 9 two different geometrical hollow structures of different sizes 

with two different cell sizes of 1 cm and 2 cm are presented and they are respectively sample 1,2a and 2b. 

Given the complexity of these hollow structures, it is important to design appropriate sample holders for 

each structure in each number of cells to ensure a uniform current density in all areas. In addition, the holders 

must allow for a continuous flow of fresh electrolyte around the sample to ensure constant conditions for 

electrodeposition. The sample holders, depicted in the figures below, were fabricated using 3D printing with 

PETG filament and a fine 0.4 mm nozzle. The holder designed for sample 1 (Schwarz-P structure consisting of 

1 cm unit cells) comprises two main parts (Figure 6: B). Part 1 serves as the sample and anode holder, ensuring 

the stable positioning of both the hollow structure and anodes during electrodeposition. Part 2 consists of 

two electrolyte inlets that enable electrolyte flow into the sample (Figure 6: C).  
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Figure 6: Sample 1: Schwarz P, 1 cm unit cell, 3D printed from wax (A); Sample holder that can fit 3 × 3 × 4 individual cells (B); Electrolyte 

inlets (C). 

 

Figure 7: Sample 2a: Schwarz P, 2 cm unit cell, 3D printed from wax (A); Sample holder that can fit 3 × 3 × 4 individual cells (B); Anode 

holder (C, D). 

As shown in Figure 7: A, B, and C, the setup for sample 2a (two volumes Schwarz-P structure with a 2 cm 

unit cell) is printed in three main components. Parts 1 and 2 are responsible for sample positioning and 

supplying fresh electrolyte into the hollow structure while part 3 adjusts the Ø 2 mm copper anode through 

the sample horizontally (Figure 7: D).  

As shown in Figure 8 and Figure 9, the designed setup is essential for electroplating the final size of the 

Schwarz-P structure. It ensures proper handling of the hollow structure, maintaining its optimal position in 

the electrolyte while facilitating the flow of fresh electrolyte to the inner layers for uniform deposition . 

 

Figure 8: Stacked assembly of five 5 × 5 × 1 Schwarz-P volumes within a 2 cm unit cell (A); Schematic showing sample positioning 

between six anodes (10 cm × 10 cm × 0.4 cm) for outer layer coating (B); Arrangement of inner auxiliary anodes positioned within 

each hole (C). 
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Figure 9: Schematic of the final setup for the chemically deposited sample, illustrating the electrolyte flow configuration and anode 

positioning. The setup can easily be upscaled for structures with more unit cells. 

Deliverable 3-2:  

The designed handling methods for handling Schwarz-P structures by 3D printing ensure the stable inner 

anode positioning and effective delivery of fresh electrolyte by provided nozzles for the inner -layer deposi-

tion. In the depicted configurations (Figure 9), the transfer of fresh electrolyte through the Schwarz-P struc-

ture can be controlled, and the inner-anode diameters, which is selected based on the unit-cell size, is ad-

justable. These tailored sample holders provide the conditions to achieve the required copper layer thickness 

and prevent insufficient homogeneity or coverage of the copper layer due to geometric complexity.  

Work package 3.3: 

 Work carried out 

The electroplating process was investigated using commercially available electrolytes and specially prepared 

systems. Process- and electrolyte-related influence factors (e.g., current density, electrolyte flow) cause, 

among other things, locally different layer thicknesses in the geometrically complex structure. Different pa-

rameters, such as, flow conditions and electrolyte composition, were examined in this regard and qualified 

for the simulation. In the electrolyte systems, with which satisfactory coating results (Cu layer thickness 

≥ 100 µm) were achieved, qualification tests (e.g., coatings in the Hull cell to investigate current density de-

pendence and conductivity measurements) were carried out. Coating results from WP 3.3 are directly mir-

rored with the simulation results in the project.  

 Results  

To maintain the shape of the hollow structure, two key factors are crucial: the temperature of the electrolyte 

bath and the metallization of the sample before placing it in the designated holder for inner layer coating. 

The structure of Schwarz P is complex, and after electroless copper plating, electroplating poses a major 

challenge, which is to be tackled in a two-stage process. In the first step for sample 1, the sample will be 

coated using a hanging process. The coating stabilizes the structure and improves the fracture resistance of 

the sample and prepares it for the subsequent internal coating. Sample 2a and 2b were placed in a 3D-printed 



 

Seite 12  Schlussbericht zu dem IGF-Vorhaben 01IF 00348 C 

cage that holds the sample in the electrolyte, which is necessary due to the low density of the wax  and 

wax/pp. The electrolyte used is a commercial copper-sulfate electrolyte known for its high efficiency at room 

temperature. The outer layer electrodeposition was carried out on both hollow structures, as shown below: 

1.5 A/dm² was applied for 150 minutes on sample A, while 2 A/dm² was applied for 5 hours on sample B and 

2 and 3 A/dm2 for sample C (Figure 10). The required current density for a proper coating would be 3 A/dm2 

but because of complexity the outer area would receive higher electric fi eld, which is validated by simulation.  

 

Figure 10: Final coated Schwarz-P structures with 1 cm unit cell in 3 volumes (A); 2 cm unit cell in 2 volumes (B); Final structure 5 

stacked 2 volumes with 2 cm unit cell size (C).  

As shown in the magnified schematic (Figure 11: A) on 2 cells in a row of Schwarz-P, there are 2 different 

areas for measuring the copper layer thickness for samples by cross-section studies under an optical micro-

scope. Corresponding images of samples are depicted for curves and edges in  (Figure 11: B and C). To achieve 

the required copper layer thickness (≥ 100 µm) for the inner layer, the Schwarz -P structures were placed in 

the designated sample holders. To ensure a uniformly thick layer by continuously supplying fresh electrolyte, 

several experiments were conducted. The conditions for sample 1 were determined with a current density 

of 1 A/dm² at 13 rod-shaped anodes and an electrolyte flow of 2 liters per minute. A corresponding optical-

microscopic cross-sectional image is shown below (Figure 11: B). For sample 2.a (two volumes Schwarz-P 

structure with 2 cm unit cell), tests were carried out with a current density of 2 A/dm² and an electrolyte flow 

of 2 liters per minute, which resulted in a relatively homogeneous copper layer (Figure 11: C). Experimental 

results were conducted to study the effect of outer and inner anodes on the uniformity of the copper coating 

over a complex 3D structure.  

 

Figure 11: Schematic of Schwarz-P structure for 2 cells in a row (A); a cross-sectional image of the Cu thickness for edge and curve 

with ≈ 105–150 µm and ≈ 80–95 µm respectively for 1 cm unit cell structure(B); a cross-sectional image of the Cu thickness for edge 

and curve with ≈ 180–200 µm and ≈ 150–175 µm respectively for 2 cm unit cell structure (C).   
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Electrolyte flow adjustment:  

As shown in Figure 12: A, a suction system produces an uneven electrolyte distribution in the hollow structure 

because variations in hole resistance create inconsistent flow rates. This uneven flow causes uneven m etal-

ion dispersion within the electrolyte, producing local differences in ionic concentration that lead to localized 

increases in current density and asymmetric anode consumption; these locally elevated conditions promote 

irregular dendrite growth that interrupts smooth deposition. In contrast, Figure 12: B demonstrates that 

pumping electrolyte at 2 l/min produces a more homogeneous internal flow and a uniform Cu laye r.  

 

Figure 12: Pumping electrolyte system with 4 l/min, the white arrow shows the electrolyte direction by suction (A). Pumping system 

for 2 l/min (B). The red mark shows the consumed area on anodes. 

Comparing the samples in Figure 13, reducing the flow rate from 4 l/min to 2 l/min yields a more uniform 

coating. The mean thickness remains similar, but the spread between minimum and maximum thickness is 

reduced. This improvement is consistent with more even metal -ion distribution and reduced turbulence, 

which together suppress dendrite growth and minimize thickness variation. 
 

 
Figure 13: Illustrating the effect of Pumping electrolyte system for 4 l/min and (A) and for 2 l/min (B). 

Electric filed penetration investigation: 

These experiments demonstrate how geometry influences the distribution of the electric field and, conse-

quently, the coating thickness. As shown in Figure 14: A, the outer anodes predominantly affect the exterior 

surfaces, resulting in visible copper deposition on the outer layer.  In contrast, Figure 14: B highlights the 

brightened copper-coated regions influenced by the inner anodes, which are essential for achieving a more 

uniform and complete coverage of the internal surfaces. The visual appearance of the structure confirms the 

accuracy of the simulation shown in Figure 14: C. 
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Figure 14: Copper deposition using anodes for outer layer between red lines (A) and inner shiny layers in red box (B). Experimental 

results match simulation with COMSOL (C). 

To examine this further, Figure 15 presents a magnified view of a 2 cm unit cell of the Schwarz-P structure 

where deposition occurred exclusively via one inner anode. After 15 hours of plating at 3 A/dm², the copper 
thickness reached approximately 350 µm near the anode. However, as the distance from the anode increased  

(≈ 5 mm), the thickness decreased significantly, down to around 20 µm.  

This gradient clearly demonstrates the importance of using several inner anodes in minimizing electric field 

attenuation within complex geometries and highlights the overlapping regions between inner and outer an-

ode coverage, which are crucial for achieving a continuous, homogeneous copper layer (Figures 16 and 17 

for a 5 × 5 × 5 unit-cells structure). After chemical copper coating of each individual 1 × 5 × 5 stack, five stacks 

were combined to form a 5 × 5 × 5 sample.  

 

 

Figure 15: Illustration of the auxiliary anode electric field (A); and cross-sectional image showing the effect of the electric field on 

coating thickness (B & C). 
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Figure 16: Cross-sectional analysis of 2 cm unit cell volumes for the Schwarz-P structure: cross-sections taken from first stacks with 

unit cell sizes of 2 cm and features ≥ 100 µm. 
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Figure 17: Cross-sectional analysis of 2 cm unit cell volumes for the Schwarz-P structure: cross-sections taken from Third stacks with 

unit cell sizes of 2 cm and features ≥ 100 µm. 
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Deliverable 3-3: 

Validation data for WP 6: A systematic validation process was carried out to ensure the accuracy of the elec-

troplating simulations by comparing geometric, electrochemical, and process parameters with experimental 

data. The most important aspects, such as, electrode geometry, dimensions, positioning, and electrolyte vol-

ume were investigated. Copper deposition was investigated using a 250 ml half Haring-Blum cell for electro-

lyte characterization and a 250 ml Hull cell for actual verification with an acidic copper electrolyte containing 

copper (II) sulphate, sulphuric acid, hydrochloric acid, and additives to improve metal distribution, brightness, 

and leveling. 

Experimental validation involved the measurement of electrochemical parameters, including current-density 

distribution, potential distribution at the anode and cathode, and electrolyte conductivity. The consistency 

of mass transfer was assessed by comparing the anode consumption with the cathode deposition weight, 

while the coating thickness was measured at several points using XRF.  

By systematically comparing these measured parameters with simulation results, the electroplating model 

was validated, ensuring its reliability for predictive analysis. Standard experiments with the Hull cell (Table 6) 

and Haring-Blum-cell experiments (Figure 30) with a series of 18 experiments were performed using nine 

different current densities, ranging from 0.4 A/dm² to 2 A/dm² with incremental increases of 0.2 A/dm² for 

each side of half Haring-Blum cell with 3 cm and 15 cm of anode–cathode distance respectively. Haring-Blum-

cell experiments were essential for this validation process and the identification of parameters by using the 

long side of half Haring-Blum cell, which is going to be explained in WP 6.  

Table 6: Calculated applied current densities for each measured point in Hull-cell experiments. 

 

 

 

 

 

 

 

 

 

  

 

Applied current 

(A) 

Measured points on Hull-cell cathode in cm distance 

1 2 3 4 5 6 7 8 

Applied current density on points (A/dm2) 

0.4 2.04 1.40 1.04 0.76 0.56 0.40 0.28 0.16 

1.0 5.10 3.50 2.60 1.90 1.40 1.00 0.70 0.40 

1.5 7.65 5.25 3.90 2.85 2.10 1.50 1.05 0.60 

2.0 10.20 7.00 5.20 3.90 2.90 2.00 1.30 0.70 
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1.3 WP 4: Design of cellular hollow structures for heat-exchange applications (IWU) 

As cellular structures for use in heat exchangers, various types as described in WP 1 are suitable. Stochastic 

open-cell polymer foams already exist on the market with electroplated coatings. However, stochastic foams 

are difficult to calculate and also pose a challenge for achieving a reproducible electroplating process with 

constant coating thickness and a uniform thickness distribution. 

In order to achieve a uniform layer thickness in the electroplating process, the decision was made to use a 

regular cell structure. In the following, several selected cell geometries and their advantages and disad-

vantages are briefly discussed. Finally, one geometry is defined for further consideration and testing.  

Kelvin cell 

For flow simulation and thermal evaluation, characteristic values of the push-pull fans defined in WP 1 were 

used (Figure 18). 

 

Figure 18: Typical flow field of a fluid in a Kelvin cell. 

After initial process simulations of the coating carried out by Chemnitz University of Technology in WP 6, the 

cell size was defined as 20 mm. This ensures both the placement of the soluble anodes and a uniform flow of 

the electrolyte. Based on this specification, the unit cell was adapted for the following production steps (Fig-

ure 19). 

   

Figure 19: Schwarz-P shell model (left) as well as 3 × 4 and 5 × 5 structures (middle, right). 
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The initially planned shell design for cross-flow operation with two alternating fluids can no longer be imple-

mented for the project objective. 

 Shell made of pure PCM cannot be manufactured 

 Shell made of pure PCM lacks stability 

 Possible leakage when PCM melts 

 Volume expansion of PCM during melting requires a polypropylene (PP) “framework” 

 Storage volume too small 

 Thermal conductivity in PCM is reduced by the additional (initially unplanned) PP layer 

For these reasons, the project partners, in consultation with the user committee, agreed to construct the 

model using one solid and one fluid volume. The solid volume, consisting of a PP/PCM mixture, serves as the 

storage medium and is permeated by the fluid. Thus, the selected Schwarz-P structure is shown in Figure 20. 

 

Figure 20: Schwarz-P structure used in the project. 

In this model, the combination of the layers to be manufactured by injection molding is also easier to handle. 

Thus, it is no longer necessary to incorporate complex steps into the shell; instead, precise assembly can be 

ensured, for example, by using small domes (see Figure 21). 

 

Figure 21: Individual Schwarz-P layer with domes. 

For the subsequent joining of the injection-molded layers, various approaches were considered: 

1. Joining the layers during the electroplating process  

By joining during the coating process, a good thermal connection between the layer could be possi-

ble. 

2. Joining the layers (e.g., by friction welding) before the coating process  

The advantage of this approach is the stable structure for coating and later use. However, a signifi-

cant disadvantage is the additional processing step. Furthermore, the difficulties in coating remain, 
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such as shielding and the resulting reduced coating thickness of the inner structures. For these rea-

sons, this approach was discarded. 

3. Joining the coated layers  

This approach offers the advantage that the coating process is simpler. However, an additional pro-

cessing step is required, which has to be done at elevated temperatures that could destroy the struc-

ture. Thus, this approach was also discarded. 

Approach 1. was used in the subsequent WPs. 

1.4 WP 5: 3D printing of cellular structures and production-related modifications (IWU) 

At Fraunhofer IWU, a high-resolution wax 3D printer is available for the production of wax-based structures. 

This enables the validation of the structures developed in WP 4. Due to warranty restrictions, only pre-de-

fined materials can be processed on the device. Therefore, adapting the material to achieve better deposition 

in the electroplating process was not possible in the project. 

With the aim of performing possible surface treatments and with regard to the later implementation of the 

structure in injection molding, shell models were printed, as shown in Figure 22. On this basis, initial experi-

ments on stacking the layer structure and joining the layers were carried out.  

 

Figure 22: Wax model with individual layers for tests of stacking and joining. 

Initially, simple geometries without undercuts were produced in order to enable tests for adapting the elec-

troplating process to the base material at Chemnitz University of Technology. For further testing, various cell 

geometries and sizes were produced in order to carry out tests with different electroplating baths and surface 

treatments in parallel with the simulation-based evaluation (Figure 23). For easier handling, test specimens 

for electroplating were also equipped with contact plates. To enable thermal evaluation of the Cu layer, ref-

erence specimens were printed, which were treated only to remove the support structure with isopropanol 

but were not subsequently coated. After the cell size was defined, several shell models were produced for 

further investigations. For assessing the printing technology, several different test structures were printed 
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and evaluated (Figure 24). This allowed for the definition of suitable printing parameters, which enabled the 

flawless printing of the complex Schwarz-P structures.  

 

   

Figure 23: Examples of different cell geometries, which were investigated in the project. 

 

   

Figure 24: Rod structures for technology assessment. 

Since the final products were not yet available for measurement within the project timeframe, test speci-

mens were manufactured in WP 8 in accordance with the requirements of the plant technology for thermal 

evaluation (see Figure 25).  
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Figure 25: Wax specimens for thermal testing. 

 

1.5 WP 6: Experimental design of the copper deposition (TUC)  

Work package 6.1:  

 Work carried out 

For the simulation of the deposition using the primary, secondary, and tertiary current distribution, models 

were implemented in COMSOL. The three models are based on the description of the electric field in the 

electrolyte. The primary and secondary current-density distributions both assume that the concentration 

gradients of the free metal ions of the electrolyte can be deemed constant. Additionally, it is assumed that 

the electric field 𝐸 is constant, i.e., there exists an electric potential ߶ such that 𝐸 = −∇߶. Hence, the electric 

field can be described fully by Ohm’s law: 
𝐸ߪ  = ߶Δߪ = 0        (1) 

 

with the conductivity ߪ. Additionally, the primary and secondary current-density distributions assume that 

the current out of the electrolyte domain is zero on the isolation boundary surfaces ΓI, i.e. each surface which 

is not an electrode surface. The primary and secondary current distributions differ in the assumptions on the 

electrode reactions. For the primary current distribution, it is assumed that the electrode reactions are not 

hemming the process. Hence, the electric potential at the electrode interfaces is given by  

 ߶ = ߶Ext,E − ߶eq,E       (2) 

 

where ߶Ext,E ist the externally applied potential at the respective electrode and ߶eq,E is the electrode po-

tential at the respective electrode. 

In the secondary current-density models, the current density ݅ct at the electrodes can be described via the 

Butler-Volmer equation: ∇߶ ⋅ ߥ = ݅ct ≔ ݆0 (exp [− ఉ௭ிோ் [Eߟ − exp [(1−ఉ)௭ிோ்  E])    (3)ߟ
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where ݆ 0 is the equilibrium exchange current density, ߚ is the symmetry factor, ݖ is the ionic strength of the 

involved ion, ܨ is Faraday’s constant, ܴ  is the universal gas constant and ܶ  is the absolute temperature. The 

current densities at the electrodes are evaluated in both models by |∇߶ ⋅  is the outer unit is ߥ where |ߥ

normal on the electrode surfaces. Then, coating thickness distributions are obtained by Faraday’s law. 
The tertiary current-density distribution extends the secondary by taking the full transport processes into 

account with diffusion, convection, and migration effects captured by Nernst-Plank Systems, to describe the 

free metal concentrations ܿ M via the following transport current: ܬ = M∇ܿMܦ− + ஽M௘௞Bణ ܿM𝐸 +  M,      (4)ܿݒ

Where ܦM is the diffusivity, ݁ is the elementary charge, ߴ is the absolute temperature, ݇B is Bolzmann’s 
constant and ݒ is the electrolyte velocity. 

The coating thickness is directly computed via the boundary condition 
Mܿ∇ܦ  ⋅ ߥ = ݅ct,M       (5) 

 

Where ݅ ct,M is the charge transfer current of the deposition reaction and is given based on the Butler-Volmer 

equation (3). 

In addition to the abstract models, different geometrical setups of Schwarz-P structures were implemented. 

For the models, different scales of the geometries, with and without closed holes, were used where the edge 

lengths of the Schwarz-P unit cells were varied in the lengths of Sc = 0.5 cm, 1 cm, 2 cm, and 3 cm. 

In addition, multiple anode configurations were implemented where the occupancy of the holes with wire 

anodes was varied, i.e., different positioning of the anodes were configured, see Figure 26 for examples. 

For the post processing, methods to evaluate characteristics of the current-density distributions were imple-
mented, such as, the mean current density, the variance, and the standard deviation of the current distribu-

tion along with the mean deviation in the coating thickness distribution. The methodology was initially tested 

with parameters from literature. 

 

 
Figure 26: Crisscross (left) and 7 × 6 (right) anode configurations. 

 Results  

The models for the current-density distributions are implemented for the given base geometries with a vari-

ation to the scaling of the given geometries and multiple scaling factors of the Schwarz-P unit cells. Addition-

ally, the results were tested with literature data. Since only constant velocities with high initial concentrations 

of Cu were used, due to the usage of acidic Cu electrolytes, no adaptions of the COMSOL models were needed 

since no non-physical negative ion concentrations were observed in the simulations. 
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Work package 6.2 

 Work carried out 

For the specification of the model to the given physical system of electrolyte and electrode materials, the 

corresponding physical parameters must be specified since they are mostly unknown for the specific systems 
using wax substrates at the electrode. To determine the parameters from deposition experiments, a meth-

odology was developed and implemented in MATLAB for the primary and secondary current density using 

adaptive finite element methods. These developments are sufficient for the parameter identification, since 

for the tertiary current density, extends the secondary current distribution.  

The methodology uses the long half of the Haring-Blum cell, see Figure 27. Multiple depositions were per-

formed under variation of the cell voltage 𝐸Cell in the range 0.1 V to 2 V. The needed parameters for the 

primary, secondary, and tertiary current density were computed by re -simulation of the deposited masses 

on the cathode and dissolved masses from the anode. 

 
Figure 27: Haring-Blum half-cell. 

The mentioned re-simulation bases on the minimization of the error functional  

ܵܮ  = ∑ (݉sim,C,k − ݉meas,C,k)2 + (݉sim,A,k − ݉meas,A,k)2k    (6) 

 

where ݉meas/sim,C,k and ݉meas/sim,A,k are the respective measured/simulated deposited masses on the 

cathode and the dissolved masses of the anode respectively. Note, that formally the prediction of the depos-

ited masses is a side-condition to the minimization, ensuring a sufficiently good fit for the associated model.  

For the minimization, a trust-region SQP method was implemented in MATLAB computing the needed pa-

rameters as solutions of the optimization problem.  
Additionally, for the verification experiments performed in WP 6.3, adaptive FE methods where were imple-

mented in MATLAB simulating the corresponding potential distributions and current distributions in the Hull 

cell of the corresponding models (Figure 28). Furthermore, a script, which computes the deposited coating 

thicknesses on the cathodes and the localized dissolved masses on the anode surfaces from the current  den-

sities was implemented, to evaluate the simulations. 
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Figure 28: Potential distribution in V for the primary current distribution in the Hull cell for 𝐸Cell = 1.25 V (left) and secondary cur-

rent distribution in the Hull cell for 𝐸Cell = 1.25 V (right). 

 Results  

The work package contains the characterization of the parameters needed for the realistic simulation of the 
deposition on the wax structures with respect to the corresponding electrolyte -cathode systems. The param-

eter sets were obtained by fitting the measurements from three experiments. Two additional experiments 

were used as inherent validation. As seen in Figure 29 for one of the fits, the predicted masses reflect the 

measured masses well – even outside the training data. 

 

 

Figure 29: Model predictions and measured masses for the primary (left) and secondary (right) current distribution for the substrate-

electrolyte system used in WP 3. 

To reflect the changes in geometry, additional verification experiments were performed in the Hull cell. In 

Figure 30, the coating thickness distribution, deposited in a Hull cell on a Hull -cell sheet, are compared with 
the predictions of the models implemented in WP 6.2 for the electrolyte used in WP 3. As can be seen directly, 

the current-density distribution models reflect the measurements well and quite accurately and realistically, 

which additionally verifies the parameters and hence the simulations.  
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Figure 30: Validation of simulations by Hull-cell experiments using 𝐸cell = 1.25 V (left) and validation of simulations by Hull-cell ex-

periments using 𝐸cell = 4 V (right). 

 

Work package 6.3 

 Work carried out 

In WP 6.3, the current distributions for the geometrical setups modeled in WP 6.1 were simulated with the 

primary, secondary, and tertiary current distributions with the models set up in WP 6.1 using the physical 

parameters determined in WP 6.2 and literature values. 
To take the hurdle of evaluating and to compare the simulations to each other, the mean current density ݆mean, the variance ܸܽݎ, and the standard deviation ߪSD were computed from the simulated current distri-

bution. From the standard deviation of the current distribution the mean deviation ߜ of the coating thickness 

distribution is computed with Faraday’s laws. Assuming a normal distribution, one can conclude that 68  % of 

the coating-thickness distribution are in the interval Δ0.68 = ]100 − ,ߜ 100 + and 95% are in the interval Δ0.68  ]ߜ = ]100 − ,ߜ2 100 +  where the time ܶ(𝐸ܸ) needed to deposit 100 µm of coating was computed ]ߜ2
with Faraday’s laws. The results were documented and evaluated regarding the applicability. As characteris-
tics to judge the anode configurations and scaling factors the time ܶ(𝐸ܸ) to deposit 100µm of coating thick-

ness and the mean deviation ߜ in the coating thickness distribution where chosen, they are minimized sim-

ultaneously. 

 

 Results  

Work package 6.3 resulted in different current distribution on the wax hollow structure with respect to the 
used electrolytes, the different scaling factors and different anode configurations. Besides the visualization 

of the current distribution on the wax structure and with it the coating thickness distributions, see Figure 31 

for an example, data sets as displayed in Tables 7–9 were obtained. Figure 32 shows a typical tertiary current 

distribution. 
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Figure 31: Secondary current distribution with full occupancy of anodes (left) and crisscross configuration (right)  

 

Figure 32: Tertiary current distribution with every hole open (left) and with every second hole closed (right) each with a full occu-

pancy of the open holes with anode wires. 

 

The data sets show that with an increasing cell voltage 𝐸Cell and decreasing scaling factor Sc, the time needed 

to obtain a mean coating thickness of 100 µm increases. But nevertheless, the data sets show that with an 

increasing scaling factor Sc, the mean deviation ߜ in the coating thickness distribution decreases. Hence, 

scaling up the geometry results in a more homogenous coating distribution at the cost of a higher dep osition 

time. It could be evaluated that a scaling factor of 0.5 was barely coatable, due to the high predicted devia-

tions. A good compromise between deposition speed and coating homogeneity was found with a scaling 

factor Sc = 2. 
 

Additionally, the comparison of the results for the different anode configurations and scaling factors shows 

that a full occupancy of the holes or a crisscross configuration of the anodes yield minimal and close to min-

imal deviations in the coating homogeneity. 

  



 

Seite 28  Schlussbericht zu dem IGF-Vorhaben 01IF 00348 C 

Table 7: Evaluation of the secondary current distribution with literature values for the full occupancy with the anodes as displayed i n 

Figure 31 (right). Red – not recommended scaling, green – optimal scaling w.r.t. coating homogeneity. 

Sc 𝐸Cell  (V) 
݆mean ( Adm2) 

ܶ(𝐸ܸ)  (h) 

ߜ  (µm) 

Δ0.68 (μm, μm) 

Δ0.95 (μm, μm) 

0.5 0.1 0.6778 11.1  39 

 (61,138) 

 (22,178)  5 33.892 0.222 

 10 67.782 0.111 

1 0.1 0.1555 48.38  19 

 (81,119) 

 (62,138)  5 7.776 0.968 

 10 15.553 0.484 

2 0.1 0.05429  138.58  10 

 (90,110) 

 (80,120)  5 2.715 2.77 

 10 5.429 1.39 

3 0.1 0.03118  241.36  6 

 (94,106) 

 (88,112)  5 1.559 4.86 

 10 3.118 2.41 

 

Table 8: Evaluation of the primary current distribution with measured values for the full occupancy with the anodes as displayed in 

Figure 31 (right). Red – not recommended scaling, green – optimal scaling w.r.t. coating homogeneity. 

Sc 𝐸Cell  (V) 
݆mean ( Adm2) 

ܶ(𝐸ܸ)  (h) 

ߜ  (µm) 

Δ0.68 (μm, μm) 

Δ0.95 (μm, μm) 

0.5 0.1 80.272 0.0937   39 

 (61,138) 

 (22,178)  5 830 .34 0.009 

 10 1595.7 0.0047  

1 0.1 5.0029 1.504  19 

 (81,119) 

 (62,138)  5 177.102 0.0425  

 10 352.7100 0.0213  

2 0.1 1.7467 4.31  10 

 (90,110) 

 (80,120)  5 61.834 0.12 

 10 100 0.061 

3 0.1 1.0026 7.505  6 

 (94,106) 

 (88,112)  5 135.5032 0.212 

 10 3.118 0.106 
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Table 9: Evaluation of the secondary current distribution with measured values for the full occupancy with the anodes as displayed 

in Figure 31 (right). Red – not recommended scaling, green – optimal scaling w.r.t. coating homogeneity. 

Sc 𝐸Cell  (V) 
݆mean ( Adm2) 

ܶ(𝐸ܸ)  (h) 

ߜ  (µm) 

Δ0.68 (μm, μm) 

Δ0.95 (μm, μm) 

0.5 0.1 0.147 51.631  33 

 (67,133) 

 (34,166)  5 0.936 8.097 

 10 5.166 1.467 

1 0.1 0.0728 104.1  17 

 (83,117) 

 (64,134)  5 0.464 15.761 

 10 2.673 2.836 

2 0.1 0.0342 221,2  9 

 (91,109) 

 (82,118)  5 0.218 34.721 

 10 1.291 5.872 

3 0.1 0.0229 331.7  6 

 (94,106) 

 (88,112)  5 0.146 52.032 

 10 0.867 8.745 

 

Milestone M6-1: Physical, descriptive, and sufficiently accurate models were implemented, and the mile-
stone was fulfilled.  

 

Deliverable D6-1: A sufficiently detailed coatability assessment was performed giving indications about sig-

nificant deposition configurations and controls. Hence, the deliverable was completed successfully.   
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1.6 WP 8: Up-scaling, analysis, validation, design criterions and transfer (all) 

•     Work carried out 

In WP 8, the technology developed through 3D printing for small -scale production is extended to injection 

molding. A special setup was developed to properly handle the stacked, injection-molded Schwarz-P struc-

ture and ensure a homogeneous and uniform copper layer on the substrate. By positioning the sample in the 

center of six outer anodes and using 16 inner auxiliary anodes, all surfaces of the Schwarz-P structure are 

coated simultaneously, reducing inhomogeneities in the deposition. As it described in WP 3.2 for inner layer 

coating, which outlines the roadmap for the final structure deposition.  

•     Results  

Final Schwarz-P structures with dimensions of 10 cm × 10 cm × 10 cm in 2 cm unit cells were coated in two 

steps using a customized sample holder: Deposition of the outer layer and deposition of the inner layer. The 

final coating is shown in Figure 33. The aim of this project is to achieve the thickness of copper more than 

100 µm. The possibility of achieving a higher thickness and a homogenous layer is related to bath composition 

and electrodeposition parameters. The final schwarz-P structure out of wax/PP/PCM is delivered with the 

thickness of ≥ 300 µm on 145440 mm2 surface area (Figure 33: C). 

 

Figure 33: Experimental sample and anodes holder (A); Final coating of the 10 cm × 10 cm Schwarz-P structure with a 2 cm unit cell 

with ≥ 100 µm (B); Final coating of the 10 cm × 10 cm Schwarz-P structure made of wax/PP/PCM with a 2 cm unit cell and almost 

400 g of copper layer on 145440 mm2 surface area (C). 

Various test specimens, which were produced in the previous work packages, were characterized. For the 

thermal evaluation of the electroplated coating, various measurement methods were used based on the test 

specimens and results available up to that point (Figure 34): 

1. Laser flash analysis 

2. DSC analysis 

3. Dilatometer 

4. Guarded hot plate based on DIN EN ISO 12664/12667 
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Figure 34: Overview of thermal testing methods and test specimens. 

Due to the material combination, it is quite complicated to find a suitable measurement method. Both wax 

and coated wax samples were produced for the LFA and DSC analysis.   

While LFA is just measuring the thermal diffusivity a(T), DSC and dilatometer measurements have to be done 

before to get the input data, temperature dependent density (T) and thermal capacity (cp) of the samples 

to calculate the thermal conductivity λ with the following equation: 

λ = a(T) · cp(T) · ρ(T).    (7) 

Due to the low melting point of the wax structure, several samples melted and contaminated the devices. In 

addition to that due to the big difference in thermal conductivity between wax or PE/PCM and copper, the 

results of the measurements are not reliable yet. It would be necessary for follow-up projects to establish a 

new suitable testing setup. The investigations were performed using dilatometer and guarded hot-plate 

measurements to get a thermal evaluation of the products. 

Dilatometer 

With the aim of obtaining a value for the heat capacity of the PE/PCM compound finally processed in injection 

molding, samples were measured in the dilatometer. 
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Figure 35: Curve progression of three PE/PCM samples (left) with picture of the material (right). 

The curve progression of three PE/PCM samples is shown in Figure 35. Due to the fact that the samples were 

in powder form, it can be assumed that the peak in sample 3 (blue curve) is due to an increased PCM content. 

In the following test, bigger parts were chosen to ensure a homogeneous distribution of both materials. In 

general, it can be stated that the heat capacity reaches a plateau of 4.5 J/(g · K) at the melting point at 70 °C. 

Between 70 °C and 80 °C, the melting is in progress. Thus, the heat capacity still grows to a maximum of 6–
8.5 J/(g · K) until the melting process is finished. These range can be explained with the influence of the PP, 

but the values provide the basis for estimating the behavior in the planned application. While the heat stor-

age of the final structure is sufficient, the loading and unloading is additionally limited by the low thermal 

conductivity of the PP. This influence has to be reduced in further research. 

 

Figure 36: Curve progression of three wax samples. 

The testing of the printed wax structure was necessary for the exact determination of the melting point. The 

measurement (Figure 36) showed that the melting process begins at 57 °C and is completed at 64 °C with a 

maximum heat capacity of 10.1 J/kg K on average. Thus, the use of the wax structure as a heat storage me-

dium can certainly be considered.   
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Guarded Hot plate based on DIN EN ISO 12664/12667 

As a final testing setup, the guarded hot plate as shown in Figure 37 was chosen in order to evaluate the 

thermal conductivity of the coated wax structure without wax (Figure 33: B).  

 

Figure 37: Test setup of the guarded hot plate. 

 

Figure 38: Curve progression of the thermal measurement. 

An essential point of the measurement is the stabilization of the temperature profile shown in Figure 38. 

After recording the values, the thermal conductivity is calculated as 1.5 W/mK for the copper body with a 

layer thickness of up to 200 µm. Based on the small volume compared to the fluid volume of the air, this 

results in a thermal conductivity of 320 W/mK for the copper layer. The difference to the estimated values 

of copper to find in literature can be explained with contact area due to the structure and the uneven surface. 

It could be expected that the thermal conductivity increases with an optimized binding, e.g., a smooth sur-

face. Since this measurement takes into account not only heat conduction but also the influence of heat 

transfer (solid/fluid/solid), it reflects the real-world application quite well. Due to the time delay, the results 

are not yet reliable. Further tests will be carried out independently of the project to validate the results and 

will then be communicated to the project partners. 

Within the scope of the project, it was successfully demonstrated that partially undercut geometries can be 

manufactured and joined in the electroplating process. The layer structure of the geometrically defined de-

sign enables the use of the injection molding process. Large-area heat exchangers can thus be produced in 

series according to a modular principle, tailored to specific applications.  
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2 Necessity and appropriateness of the work performed 

For the successful completion of the project, all works shown in the report were essential. A variety of rele-

vant geometric structures were assessed in order to identify the most suitable one, along with the proper 

processing route to provide flawless wax structures. This was essential both for the subsequent Cu deposition 

and the possibility to create stackable layers by 3D printing and injection molding. The deposition setups, 

which were developed and tested allowed for a targeted adjustment of the deposition process, the increase 

of the layer thickness and the layer-thickness homogeneity, as well as achieving a scalability in terms of num-

ber of unit cells and stacks. The simulations were required for fine-tuning the Schwarz-P geometry as well as 

decrease the local layer-thickness variations. Due to these works, the project aim of coating complex 3D 

structures with thick Cu layers (> 100 µm) could be achieved. In order to enable a final evaluation of the 

resulting geometry with regard to the thermal behavior of the structure, it was necessary to resort to various 

thermal measurement methods, e.g., LFA and DSC. 

3 Presentation of the scientific, technical, and economic benefits of the 

results achieved, particularly for SMEs, as well as their innovative 

contribution and possibilities for industrial application  

The project results provide a variety of scientific and technical benefits. These include an increased  under-

standing of pre-treatment and deposition processes on geometrically complex, non-conductive substrates, 

the 3D-printability of such structures, the generation of expertise regarding injection molding to form stack-

able 3D structures, as well as improved simulation models and approaches. As the galvanic industry, in Ger-

many in particular, is dominated by SMEs, they can greatly benefit from the knowledge of coating complex 

structures to achieve homogeneously thick coatings on the entire surface using commercially available elec-

trolytes. The deposition setup, which is scalable, can be implemented into standard electrolyte baths with 

only minor adjustments. Thus, SMEs can easily adopt the process. Its use is not limited to heat-management 

applications. 

4 Knowledge transfer to companies 

The companies in the user committee were regularly informed about the progress, methods, and results 

during the five user-committee meetings. Deposition setups, which are relevant for galvanic SMEs were pre-

sented there as well. There have been several additional discussions with, among others, electrolyte suppli-

ers for feedback on the deposited coatings and the capabilities of the electrolytes and additives for coating 

of geometrically complex structures.  

5 Transfer activities carried out 

A total of three times, articles about the project were published in the Journal “ZVOreport”, whose audience 

mostly comprises of readers from surface-technology companies. Additionally, the project was reported on 

at the “ZVO-Oberflächentage”. The results are already being used in teaching of students both in lectures 

and practical courses. One bachelor and two master theses were completed on the project topic.  In addition, 

the simulation methods and results are being used in a summer school on modeling of galvanic processes, 

which took place in September 2024. It will be repeated end of September 2025.  
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6 Planned transfer activities after project completion  

The latest results of the project will be presented at the “ZVO-Oberflächentage 2025”. An international pub-

lication on details of the coating process is being prepared with the aim of a publishing date in 2025 or early 

2026. The implementation and use of the results in teaching and in the summer school will continue. 


