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Abstract 

 

For hot rolling applications it is essential to have materials with excellent high-temperature properties. Silicon nitride combines 

the properties optimum relevant to such high demanding applications, including thermal shock resistance, low density, high 

elastic modulus and low coefficient of friction. However, its chemical stability and corrosion resistance when brought into 

contact with copper at high temperatures and pressures is still a topic of research. In this study the corrosion and wear behavior 

of silicon nitride applied in rolling copper wires is investigated. For this purpose laboratory-scale wire rolling experiments 

were carried out and a series of atomistic simulations based on density functional theory DFT calculations were performed. 

The goal here is to identify the factors leading to the corrosion of silicon nitride in copper wire rolling, and to show how silicon 

nitride rolls differ from conventional steel rolls in terms of adhesion with copper. The experimental and numerical results were 

then compared with failed silicon nitride specimens tested in an industrial wire-rolling mill. The experimental results showed 

no signs of corrosive pitting or fracture on the rolls, however, indicated remarkable tribochemical wear especially in the 

presence of a lubricant. The numerical computations showed that the affinity of silicon nitride to copper is low in comparison 

to the affinity of ferrous-based tools to copper. The DFT calculations also explained one of the major wear-assisting 

mechanisms in this process. Finally, the failure of the industrial ceramic rolls was clarified by relying on FIB-SEM and EDX 

analyses. 
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1. Introduction 

In the field of copper wire rolling, steel-based tools are commonly used to roll the wires. High wear, chemical 

corrosion and oxidation at elevated temperatures and excessive adhesion to metals are widely 
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encountered in steel-based materials. The complication of debris formation resulting, eventually, in wear 

particles penetrating the workpiece surface, remains an unresolved issue. Adhesive wear significantly 

reduces the lifetime of the work-rolls and moreover, affects the quality of the workpiece by 

compromising surface tolerances and introducing wear particles in the work zone. Brittle oxide layer 

formation on the roll surface and the subsequent detachment of particles has been reported to result in 

similar undesirable consequences. During manufacturing, copper wires are quite often drawn into very 

fine cross sections (ca. 25 µm). The presence of debris in the wires, from preceding rolling steps, can 

easily cause rupture at such small cross sections. Engineering ceramics, such as silicon nitride, have 

already shown wide success when applied in several metal forming applications. Several recent studies 

have established that silicon nitride wire rolling tools were applied with increased lifetimes in 

comparison to conventional rolls, especially in finishing blocks of industrial rolling mills [1-3]. 

The application of wear resistant and chemically stable materials at high temperatures, such as silicon nitride, 

might offer an attainable remedy. However, the research work treating the application of silicon nitride tools in 

rolling copper is fragmentary. Likewise, the available literature on experiments treating the interaction between 

copper and silicon nitride has so far presented contradicting results. 

The behavior of silicon nitride in contact with different metals is diverse. Focusing on copper, previous 

studies have shown that copper alloys, such as bronze, when brought into sliding contact with silicon nitride, even 

at low speeds and low temperatures, produce tribofilms and traces of very fine debris on the surface of the 

ceramic [4]. This has been attributed to chemical interaction with the surface of silicon nitride. These chemical 

interactions may also be intensified by high contact temperatures. Other studies argued that silicon nitride shows 

grain boundary phase damage when brought in contact with copper. Nonetheless, studies examining rolling pure 

copper with silicon nitride work rolls are scarce. 

A non-wetting behavior between molten copper and hot-pressed silicon nitride (HPSN) was independently 

observed by Klein et al. [5] and Sangiorgi et al. [6]. In a later study, Sangiorgi et al. [7] suggested a chemical 

reaction between copper and silicon nitride that might lead to corrosion induced surface damage; such corrosion 

was documented in several samples and it took the form of surface pitting. This phenomenon was explained by 

chemical attack on the secondary phase and the decomposition of the grain boundary phase of silicon nitride. It 

was proposed that the corrosion is dependent on the type and amount of the secondary phase and the chemical 

composition of silicon nitride (i.e., sintering additives). 

Research findings on applying Si3N4-based tools in direct contact with pure copper and copper alloys are very 

limited. An exception to this is the study presented by Wötting et al. [8]. The authors presented cases, in which 

silicon nitride rolls were applied in caliber rolling of copper wires at elevated temperatures. It was reported that 

the friction at the tool/workpiece interface as well as the high temperatures associated with the process can 

augment the tribomechanical and tribochemical effects; thus in turn accelerate the initiation of damage. The 

argument of a chemical reaction taking place between copper and silicon nitride and leading to the formation of 

copper silicides (e.g., Cu3Si and Cu4Si) was also proposed [9]. 
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One of the key issues in wire rolling is the quality of the metal surface produced, which in turn, is strongly 

affected by the interaction and nature of adhesion between the wire metal and the roll material. This is particularly 

important since the metal flows into the roll gap at high temperatures in a solid state, and hence its reactivity with 

the die material is expected to be high. This may also easily lead to undesirable results upon cooling, such as 

strong sticking, and elevated surface roughness. 

Atomistic simulation techniques have proved to be a useful tool for investigating the degradation mechanisms 

in crystalline materials. These methods (e.g., molecular dynamics or first-principles methods) play a significant 

and complementary role to experiments by providing valuable information on the detailed atomic and electronic 

structure at the interface. To date, the available experimental models for predicting the adhesion affinity are 

limited to liquid-metal/oxide interfaces, e.g., through sessile drop experiments [10]. Unfortunately, very little is 

known about interfaces involving non-oxide ceramics, which are commonly used as tribological coatings [11]. 

At the interface between a metal and a ceramic, complex bonding is formed, which requires an atomistic 

modeling approach capable of accurately describing the ionic or metallic interactions in each of the phases 

separately, in addition to the mixtures of covalent, metallic and ionic bonding in the interface region. A first-

principles treatment based on the density functional theory (DFT) [12,13] would therefore be most appropriate for 

examining the nature of local bonding and adhesion. Indeed this approach has proved to be useful for studying 

adhesion between metal films and ceramic substrates in numerous systems [14-17], for recent reviews cf. [18,19]. 

In the present study, laboratory-scale wire rolling experiments supported by a series of atomistic density 

functional theory (DFT) calculations are carried out to investigate the suitability of silicon nitride rolls in rolling 

high purity copper wires, and an explanations on the damage patterns observed during the testing of the rolls is 

proposed.  

The paper is divided into three parts: In the first part (section 2), the experimental setup and procedures are 

described. The second part treats the theoretical DFT calculation method and system modeling techniques adopted 

throughout this study. The results of both experimental and numerical analyses are presented in section 4. Part 

three (section 5) presents a case study from the industry. Thereafter, a discussion relating the experimental and 

theoretical findings is presented in section 6. Finally, section 7 concludes this paper with a summary. 

 

2. Experimental procedure and setting 

 

2.1. Ceramic work-rolls and wire material 

 

The ceramic rolls were prepared from a commercial silicon nitride powder (Si3N4, CeramTec AG, Germany). 

The powder conditioning and production of green bodies by cold isostatic pressing (CIP) was carried out at the 

Institute for Ceramics in Mechanical Engineering (IKM), Karlsruhe Institute of Technology (KIT). Subsequent 

sintering was carried out by CeramTec AG, Germany. This grade of silicon nitride (labeled SL 200 BG) contains 

approximately 3 wt.% Al2O3 and 3 wt.% Y2O3 as sintering additives. The microstructure consists mostly of β-

grains of average diameter ca. 1.5 µm and average aspect ratio of 3 to 5 [20]. The structure contains ca. 12 vol.% 
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intergranular glassy phase. More details concerning the sintering process are given in [21]. The machining of the 

rolls was carried out by BeaTec GmbH, Germany. The rolls (outer diameter: 55 mm) were ground to an average 

roughness of Ra < 0.5 µm. Two oval rolling calibers (grooves) were machined on the surface of the rolls 

(width=3.52 mm, depth=0.51 mm), then polished down to an average roughness of Ra < 0.4 µm. It is worth 

mentioning that the specimens were surface-ground and polished circumferentially. The dimensions of the 

ceramic rolls are given in Figure 1. 

 

 
Figure 1. Dimensions of the silicon nitride rolls (units: mm) 

 

Oxygen-free (< 5 ppm) copper wire (Cu-OF1, Nexans Deutschland Industries, Germany) was used for the hot 

rolling experiments. The amount of additional elements beside Cu in the wire material is given in Table 1. 

 

Table 1. Typical additional elements (Cu excluded) in ppm found in Cu-OF1 as provided by the supplier 

Ag As Bi Fe Pb S Sb Se Te 

8.0 1.0 0.4 1.0 1.0 4.0 1.0 0.5 1.0 

 

A mineral-oil-based (UNOPOL G 600, Bechem, Germany) cooling lubricant (concentration 5% in 95% 

water) was used in the lubricated experiments. This lubricant is commercially available and used in copper wire 

drawing. 

 

2.2. Wire rolling test rig 

 

A wire rolling test rig was constructed at the Fraunhofer Institute for Mechanics of Materials IWM to carry 

out hot rolling experiments using ceramic rolls. A schematic drawing of the test rig is shown in Figure 2. 
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Figure 2. Roll test rig for hot wire rolling using silicon nitride rolls. The rolls are installed in a cluster mill configuration 

 

As illustrated in Figure 2, the wire uncoils from a payoff reel (uncoiler), which also controls the back tension 

using a braking system. After passing through a set of levelling rolls, the wires pass through a ceramic pipe and 

into an induction heating unit, which heats the wires under a stream of inert gas (argon). Using an inert gas 

reduces metal oxidation at high temperatures and consequently, ensures better metal/ceramic contact. Shortly 

before reaching the roll gap, the temperature of the wire slightly cools down reaching the desired rolling 

temperature (Ti). The wire is pulled into the roll gap, at a predefined feed rate, by traction forces arising from 

friction with the surfaces of the rolls. The profile of the roll gap generated by both calibers, on the set of work-

rolls, gives the wire its final oval cross section. The applied compressive load, which maintains a preset reduction 

ratio, is constantly monitored and adjusted by means of fixed-displacement-variable-load controls of the servo-

hydraulic universal test frame. After exiting the roll gap, the wire wounds around a delivery reel (coiler), which 

additionally controls the front tension by adjusting the torque. The cross-sectional reduction and the applied load 

are electronically controlled and monitored in the testing machine. The temperature is monitored by means of 

pyrometers which were calibrated by comparing their readings with outputs from thermocouples. Finally, the wire 

velocity and feed rate are controlled via rotational sensors located at the leveling rolls and the work-rolls. 

 

3. Computational first-principles method and atomistic structure models 

 

The DFT calculations were performed to estimate the adhesion between Cu and the roll through the 

computation of the ideal work of separation, Wsep for simple model systems. The ideal work of separation Wsep, is 

defined as the energy difference per unit area between an interface system and one where the two surfaces are 

completely separated. Wsep does not include irreversible effects such as plastic deformation and interaction with 

the environment. It specifies the amount of energy expenditure needed in a system to cause a separation of the 

interface (mechanical failure) [15]. The work of separation calculated in this manner gives direct information on 

the adhesion and chemical bonding at the interface [22]. 



 6

 

3.1. The first-principles DFT calculations method 

 

The computational first-principles method is based on the density functional theory (DFT) [13] and the local-

density approximation for exchange and correlation (LDA) [23,24] employing norm-conserving 

pseudopotentials [25] and a mixed basis of localized orbitals and plane waves [26-29]. The pseudopotentials were 

constructed from all-electron valence states for free atoms according to Vanderbilt [30]. Plane waves up to the 

cutoff energy Epw=16 Rydberg were used (1 Rydberg=13.606 eV). A 2×2×1 Monkhorst-Pack k-point mesh [31] 

and a Gaussian broadening of 0.2 eV were used for the metal/ceramic interfaces. The k-point mesh was increased 

to 4×4×2 for the metal/metal interfaces. This setup was found to be sufficient for well converged results. 

 

3.2. Atomistic interface models 

 

The work of separation is calculated for three cases, namely Cu on Si3N4, Cu on SiO2, and Cu on -Fe. Silica 

is found in the secondary phase of the silicon nitride material system. It also forms on the surface of the rolls at 

high temperatures due to the oxidation of Si3N4 and/or the sintering additives (e.g., Al2O3, Y2O3) [32]. In addition 

to the calculation of Wsep between Cu and Si3N4 and between Cu and SiO2 as composites of the ceramic tool, the 

adhesion between Cu and austenite-Fe was investigated as a model case of steel rolls. This simultaneous 

approach enables drawing conclusions on the suitability of conventional ferrous-based (i.e., steel-based) tools in 

comparison to ceramic-based (i.e., silicon nitride) tools. 

There are two well known polymorphs of silicon nitride cf. e.g., [33], namely the -Si3N4 and -Si3N4 

phases. The -phase is synthesized at low temperatures, while the more stable -phase is obtained by a 

transformation of the -phase into -phase at elevated temperatures during sintering. Both of the polymorphs have 

the same underlying hexagonal structure, and only differ by the stacking sequence along the z-axis. The -phase 

has a space group P31c with 28 atoms in the unit cell, while the -phase has the space group P63/m
3 with 14 atoms 

in the primitive unit cell. Only the stable -phase, which has half the number of particles in the unit cell (refer to 

section 2.1 for experimental material), was considered here. In particular, since the basal (0001) surface of both 

systems is similar, it is expected that the results for the adhesion on the surface of both polymorphs are also very 

similar. 

For the case of the interfaces between Cu and SiO2, the most stable polymorph, namely -quartz was used. 

Even though during rolling at high temperatures and pressures, other crystalline or amorphous polymorphs of 

silica may form. This is justified since our main focus is to investigate the effect of local bonding on the adhesion, 

which should not drastically vary with the structure. Even for the case of amorphous silica, which has no long 

range order, on length scales comparable to a Si-O bond, it is nearly perfectly ordered, i.e., the bond length does 

not vary appreciably from the crystalline phase [34]. 
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The DFT calculations, although accurate, are computationally intensive and therefore, limited to small 

systems. Hence, in this study the focus was on simple coherent systems, and atomically sharp interfaces. Since the 

orientation relationship between Cu and -Si3N4 is unknown, the interfaces formed between Cu (111) and the 

(0001) basal plane of crystalline -Si3N4 and -SiO2 were considered in this work. For the calculations, the 

experimental lattice parameters for -Si3N4, a0=7.607 Å [35] and a0=4.916 Å [36] for -SiO2 were adopted. For γ-

Fe, a0=3.409 Å [37] was used. 

The interface systems are modeled by slab supercells, consisting of 4 or 3 (111) planes of Cu on the (0001) 

surface of Si3N4 and SiO2, respectively. In the Cu/Fe interface model, the supercell contained 5 (111) planes of Cu 

on 4 (111) planes of face-centered cubic (fcc) -Fe. Periodic boundary conditions parallel to the surface and 

normal to the interface are applied. In the case of Si3N4, and SiO2, a vacuum region was inserted on one side of the 

substrate, to obtain one interface. In the case of the Cu/-Fe system, no such vacuum region was inserted; hence, 

two interfaces were modeled in the system. In all cases, the in-plane lattice constant of Cu was fixed to the lattice 

constant of the substrate (coherent interfaces), while the out-of-plane lattice parameter is free to adjust to the value 

that minimizes the free energy of the system. The supercell used for the Cu/Si3N4 is shown in section 4.2. 

 

4. Results 

 

4.1. Experimental results 

 

Immediately after running the hot rolling experiments, obvious coloration was observed on the surfaces of the 

calibers (rolling grooves). Under unlubricated conditions, stereo microscope examinations (Figure 3) of the rolls 

indicated metallic transfer layers on the surfaces of the calibers. The material transfer initially generated metallic 

layers on the silicon nitride surface. After reaching a steady state (rolling approximately 2000 m, alternatively 

11.5×103 contact cycles), the buildup took the form of small sparse adherent particles on the surface of the rolling 

calibers as shown in Figure 3b. The lubricated experiments resulted only in coloration of the calibers without 

observing buildup layers on the ceramic surface. 
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(a) (b) 

  

(c) (d) 

Figure 3. Optical micrographs showing the caliber surface in: (a) a virgin-state specimen; (b) after the first few cycles without 

lubrication; (c) after rolling 2000 m without lubrication; (d) after rolling 2000 m with lubrication 

 

A contour measurement, shown in Figure 4, illustrates the profile variation of the caliber due to the metallic 

transfer layers. The contour measurement shown in Figure 4, illustrates that the transfer layer superposes on the 

surface of the ceramic. 
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Figure 4. Caliber contour measurement showing the effect of transfer layers on the roll surface 
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An energy-dispersive X-ray spectroscopy (EDX) quantitative analysis was carried out in order to analyze the 

composition of the transfer layers. Figure 5 shows an SEM image of the caliber surface and the metallic 

agglomerates on the surface, whereas a summary of the EDX analysis is shown in Table 2. 

 

4 µm 4 µm 4 µm  
Figure 5. SEM micrograph showing the surface of the caliber after hot-rolling 2000 m of copper wire without lubrication and 

the corresponding EDX quantitative analysis 

 

Table 2. Summary of an EDX quantitative analysis after rolling 2000 m of copper wire without lubrication 

Element Source Mass % Atom % 

O Oxides and sintering additives 13 32 

Al Sintering additives 2 2 

Si Si3N4/SiO2 18 25 

Cu Cu-wire 62 38 

Y Sintering additives 1 1 

Au Sputtering 15 2 

 

The EDX analysis revealed copper content with the highest mass percent. It also confirmed the presence of 

silicon, yttrium and aluminum, which originate from the silicon nitride material composition. Additionally, 

oxygen was detected, which partially stems from sintering additives and also suggests the formation of copper 

oxides and/or silicon oxide on the surface of the caliber. 

To study the surface of the silicon nitride specimens below the transfer layers, SEM surface examinations and 

roughness stylus profilometry were carried out after chemically etching the metallic transfer layers using a 
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solution of 53% HNO3. This acidic solution does not chemically attack the ceramic surface. Figure 6 shows the 

surface morphology of the rolling calibers before and after running the wire rolling exponents. 
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(c) 

Figure 6. SEM micrographs showing the caliber surface in: (a) a virgin specimen, (b) an etched specimen after rolling 2000 m 

of copper wires without lubrication; (c) a specimen after rolling 2000 m of copper wires with lubrication, this close-up shows 

copper nanoparticles on the surface. All roughness measurements were carried out on etched specimens 

 

It can be clearly seen from the figure that the silicon nitride surface looks smoother after running the tests. 

Grinding striations and polishing scars, apparent in the virgin specimens, are no more visible after rolling. The 
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SEM images clearly show that surface microspalls were blunted, i.e., pits generated by spalled-off material 

appeared to have blunt edges compared to the pits in the virgin-state specimen. No chemical pitting was observed 

on the surface in either lubricated or unlubricated experiments. The roughness parameters confirm the visual 

inspections; despite having very slight variation in the Ra value, the Rz value shows considerable drop. It is also 

important to notice that roughness parameters in both lubricated and unlubricated experiments are comparable. 

In order to closely examine the layers superimposed on the surfaces of silicon nitride, transmission electron 

microscopy (TEM) foils were prepared from sample specimens. The specimens were cut from the calibers after 

rolling 2000 m under lubricated conditions. Scanning transmission electron microscopy (STEM) and 

corresponding EDX analyses were conducted. Figure 7 shows a sample TEM-foil revealing a cross section of the 

caliber. 
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Figure 7. TEM foil showing a cross section in the caliber after rolling 2000 m under lubricated conditions. Heavy elements 

are shown in black, lighter elements in white 

 

The EDX analysis (spectra not shown here) revealed copper (and copper oxides) particles irregularly 

distributed on the surface as expected. These sparse particles appear embedded in a thin “superficial layer” on the 

surface. The EDX analysis of this superficial layer indicated higher content of oxygen compared to bulk material 

(24.5 wt. % in comparison to 6 wt. % in the bulk). This indicates the formation of a silica layer on the surface of 

silicon nitride. 

 

4.2. Interface Adhesion 

 

The work of separation is calculated for model interface systems in which the closed packed planes of Cu are 

parallel to the basal planes in the case of Si3N4 and SiO2 substrates. The remaining degrees of freedom, i.e. the in-

plane orientation between the metal and ceramic are determined as follows. First, a sequence of calculations with 

a single adsorbed Cu atom on the (0001) basal surface -Si3N4 were performed using only the Ewald energy (i.e., 

the electrostatic contribution) to the total energy, in order to find the most favorable adsorption sites for the metal 
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film on the Si3N4 substrate. The resulting locations with the lowest energies were identified to be those located 

above nitrogen atoms and on high symmetry positions as shown in Figure 8a. This can be described as (0u, 0v), 

(1/3u, 1/3v), (1/3u, 2/3v), (2/3u, 1/3v), and (2/3u, 2/3v) where u and v are the in-plane basis vectors of the 

supercell. Total energy calculations were then performed for these locations, in order to confirm the results based 

on the Ewald energy. Consequently, the Cu (111) plane at the interface was oriented such that the Cu atoms are 

located at these high symmetry minimal energy positions. A 2×2×1 repetition of the supercell is shown in Figure 

8b, the actual supercell used in the calculations is marked by the solid line. 

 

  
(a) (b) 

Figure 8. The structure of the interface between Cu and -Si3N4: (a) top view along the c-axis, and (b) side view along the 

 0112  direction. The supercell used in the calculations is marked on the figures 

 

These locations are consistent with an orientation relationship in which the  101  directions in Cu are 

parallel to the  0112  directions in the -Si3N4, as shown in Figure 8a. A similar orientation relationship was 

also observed for Cu/Al2O3 interfaces in [38]. 

In this orientation, there are 3×3 (111) surface unit cells of Cu on each (0001) planar unit cell of the silicon 

nitride. This orientation relationship results in a small misfit strain in Cu of 0.73%. A similar procedure was also 

employed for the case of interface between Cu and -SiO2, leading to the same orientation relationship as shown 

in Figure 9a. Here, 2×2 (111) unit cells of Cu are fitted on a 1×1 unit cell of SiO2, resulting in a misfit strain of 

2.35% in the Cu. It should be noted that although this procedure does not guarantee that our translation states 

(orientation relationships) are the ones which are most stable, it does however, lead to reasonable stable interface 

models, which do not impose large misfit strains on the Cu. In each case the stoichiometric termination of the 

ceramic was considered. For the Cu/Fe interface model, a 1×1 unit cell of (111) Cu is fitted on a 1×1 unit cell of 

(111) γ-Fe. The resulting lattice mismatch is 4.4% for the Cu film. 
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(a) (b) 

Figure 9. The structure of the interface between Cu and -SiO2: (a) a top view along the c-axis, and (b) side view along the 

 0112  direction. The supercell used in the calculations is marked on the figures 

 

For each of the systems, total energy calculations for the interface system at difference distances between the 

metal and ceramic were carried out. Figure 10 shows the negative of the work of separation (i.e., the interface 

energy) as a function of the interface separation distance between the Cu and -Si3N4. The data points are then fit 

to the equation of state [39,40]. 

The minimum gives the equilibrium value of the work of separation and the interfacial distance between the 

metal and substrate. The results for the work of separation obtained for the bulk interfaces are listed in Table 3. 

 

 
Figure 10. The negative of the work of separation curve as a function of interface separation between Cu and -Si3N4. The 

curve is the fitted equation of state. The work of separation for this interface is obtained from the minimum of the curve. 

The interface separation is given in atomic units (1 au = 0.529 Å, 1 Ry=13.6 eV) 
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Table 3. The work of separation, Wsep obtained from the DFT calculations for the various interface systems 

System 
Work of separation (Wsep) 

[J/m²] 

Cu (111) / -Si3N4 (0001) 2.72 

Cu (111) / -SiO2 (0001) 4.10 

Cu (111) / -Fe (111) 4.00 

Cu / [Cu ML , -Fe (111)] 3.30 

Cu (111) / Cu (111) 3.08 

 

As shown in Table 3, the lowest work of separation is obtained for the Cu (111) / -Si3N4 (0001) interface 

system. For the Cu (111) / -SiO2 (0001), and Cu (111) / -Fe (111) systems, the work of separation is almost 

equal, and larger by more than 1 J/m² than the work of separation between Cu and -Si3N4. The Wsep obtained for 

the Cu (111) / -SiO2 (0001) is consistent with the values obtained by Nagao et al. [41] for Cu (001) on oxygen-

rich (001) surface of -cristobalite suggesting that the interaction between Cu and O is the dominant bonding one. 

During the rolling process, a chemical reaction between the roll and the Cu wire may result, and hence it is 

important to verify whether the binding energy between the Cu and roll is stronger than that in the bulk of Cu. The 

energy to cleave the copper along a (111) plane was calculated previously [15] to be 3.08 J/m², hence it is slightly 

larger than that between Cu and Si3N4, but is smaller than that between Cu and SiO2, suggesting that during the 

roll process, residues of Cu on the SiO2 are more likely to occur than on clean Si3N4 surface. The same is also 

obtained for steel-based rolls, as the Wsep between Cu and -Fe (i.e., Cu (111) / -Fe (111) system) is larger than 

that in bulk Cu. The work of separation for cleaving the interface of one layer of Cu above the interface (Cu / 

[Cu ML, -Fe (111)]) was also explicitly calculated, i.e., a cleavage in which one layer of Cu remains adsorbed on 

the -Fe surface. The resulting work of separation as shown in Table 3, is slightly larger than that for cleaving in 

the interior of Cu, and still smaller than cleaving at the interface. Despite the low adhesion affinity observed in the 

Cu/-Si3N4 system, the Cu/SiO2 system rendered high interface energy that reached about 4.1 J/m². 

 

5. Case study 

 

Figure 11 shows an example, wherein silicon nitride rolls used in copper wire rolling were prematurely 

removed from service. The Si3N4-rolls was manufactured by (H. C. Starck Ceramics, Germany) and tested in an 

industrial rolling mill at (Lacroix und Kress GmbH, Germany). In this process, the rolls were used to roll wires 

from 25 mm cross-sectional diameter to 16 mm at a feed rate of 6 mm/s and a rolling temperature of 800 to 

850 °C. The rolls were sent to the Fraunhofer Institute for Mechanics of Materials IWM for examination and 

damage analysis. 
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 20 µm 20 µm 20 µm  
(a) (b) 

Figure 11. (a) Optical micrograph showing corrosive pitting and copper adhesion on the surface of a silicon nitride roll; (b) 

SEM micrograph showing a close-up of the corrosive pitting 

 

As seen in the figure, the visual inspections revealed significant copper transfer and formation of microscopic 

corrosive pitting on the rolling surfaces. Comparative roughness measurements with virgin specimens indicated an 

increase in the caliber surface roughness. The damage was accounted to grain boundary phase corrosion in silicon 

nitride due to tribochemical mechanisms. 

An EDX analysis was carried out to compare the bulk material with pitting sites (Figure 12). 

 

0

500

1000

1500

2000

2500

3000

3500

0 2000 4000 6000 8000

eV

In
te

n
s

it
y

C Ka
N Ka

O Ka

Al Ka

Si Ka

Ti Ka
Ti Kb

0

500

1000

1500

2000

2500

0 2000 4000 6000 8000

eV

In
te

n
s

it
y

C Ka

O Ka

Al Ka

Si Ka

Mg Ka

Ca Ka

Ca KbCu La S Ka
TiKa

(a) (b) 

Figure 12. EDX analysis of (a) the bulk silicon nitride material; (b) surface pitting sites. Data truncated at 8 keV, beyond which 

no peaks were detected 

 

The analysis of the bulk material revealed Si, N, O and 3.5 wt.% Al from the silicon nitride system, in 

addition to ca. 1 wt.% Ti. The analysis carried out at pitting sites showed higher concentration of O (29.7 wt.% in 

comparison to 5.3 wt.% in the bulk), in addition to 6.8 wt.% Mg, 10.9 wt.% Ca and a weak signal of 0.3 wt.%  S. 

The concentration of Cu in pitting sites was found to be less than 0.1 wt.%. Mg, Ca and S stem from the applied 

cooling lubricant; this was verified by means of an inductively coupled plasma atomic emission spectroscopy 

(ICP-OES) that was carried out to quantitatively analyze its composition. 
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An EDX mapping was performed at pitting sites after preparing ceramographic polished cross sections at several 

locations within the caliber. The EDX maps of selected elements are shown in Figure 13. 
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Figure 13. SEM and EDX-mapping (15 kV) at a surface pitting site. Brighter spots indicate higher element concentration 

 

The EDX mapping reveals low concentrations of Si within the corrosion sites (what can be described as 

reaction products on the surface) in comparison to the bulk material. It also indicates high concentrations of Mg 

and Ca. Comparing the distribution of O and N within the pitting sites, it is evident that the reaction products 

consist of oxides rather that nitrides. The low signal-to-noise ratio of sulfur rendered non-conclusive results 

concerning its distributions within these zones. Consequently, a more sophisticated method was adopted to 
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investigate the existence of sulfur within the pitting sites; focused-ion beam (FIB)-milled sections were prepared 

to study the material in the vicinity of pitting sites and in the near-surface zones, as shown in Figure 14. 
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Figure 14. (a) FIB-milled section at a pitting site showing a near-surface material degradation zone; (b) corresponding EDX analysis (20 kV), 

located by the cross in the SEM image. Ga and Fe in the EDX originate from the FIB-unit 

 

The FIB-assisted cross-sectional examination, shown in Figure 14a, depicts a zone of material degradation 

below the surface of a pitting site. To investigate the corrosive effects on the silicon nitride material system, FIB-

polishing succeeded the cross section FIB-milling procedure. It was, however, not possible to achieve highly 

polished cross-sectional surfaces, in which Si3N4-grains are distinguishable from the secondary phase – despite 

being a standard procedure in highly dense silicon nitride materials. Correlating the SEM image with the 

corresponding EDX analysis, and considering the low intensity of nitrogen within the near-surface degradation 

zone, it can be shown that the upmost layers also contains oxides rather than nitrides. In Figure 14b the 

corresponding EDX analysis shows a distinct sulfur peak in addition to the previously detected Mg and Ca peaks. 

An EDX-line scanning in the depth also showed that the intensity of sulfur increases at 2 µm below the surface. 

 

6. Discussion 

 

Under the influence of shear stresses and friction forces at the roll/wire interface, copper particles detach from 

the wire and transfer onto the surface of the rolls. This can be thought of as a wear process in the wire due to 

combined sliding and adhesive wear mechanisms. Under dry conditions, the transferred metal particles 

accumulated on the rolling caliber creating a superimposed artificial profile (Figure 4), which resulted in the 

deterioration of the surface quality of the rolled wires. It was noticed that applying small amounts of diluted 

cooling lubricant (5% mineral oil in water emulsion) significantly reduced the metal accumulation from tribofilms 

and agglomerates to only sparse nanoparticles on the surface (compare Figure 5 with Figure 6c). These 
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observations confirmed that the metal transfer was highly influenced by friction between the roll and wire in what 

can be considered as a tribomechanical mechanism. Nevertheless, these results are also in agreement with the 

first-principles calculations, which indicate possible adhesion between the Cu and the Si3N4, leading to the 

formation of small agglomerates of Cu on the roll surface. Applying lubrication weakens this adhesion and 

therefore, results in cleaner roll surfaces. 

Lubrication and/or the existence of tribofilms on the surface of silicon nitride, eventually results in contact 

surface segregation. The effect of surface segregation tends to reduce sliding wear on the silicon nitride surface; 

meanwhile, the resulting copper/copper contact leads to less two-body abrasive wear on the wire couterface. This 

proposes an explanation to the minuscule change in surface roughness recorded after rolling (Figure 6). 

Nevertheless, the surface roughness measurements of etched silicon nitride specimens allowed a tentative 

suggestion of mild wear due to continuous adhesion and detachment between the ceramic and metallic surfaces. 

The SEM morphological examinations clearly revealed a tribologically influenced ceramic surface, which can be 

correlated to accelerated tribochemical mechanisms at such high temperatures. This latter point can be explained 

by considering the numerical calculations. 

Comparing the work of separation obtained from the atomistic calculations, it can be seen that the interface 

energy between a Cu (111)-monolayer and -Si3N4 (2.35 J/m2) is very low in comparison to a system consisting 

of two metals in contact. Analogously, the calculations showed that the interface energy between Cu and Fe is so 

high, that Cu adhesion on Fe is to be expected. An important factor to take into account here is that, the adhesion 

affinity of a Cu monolayer on Fe is higher than the adhesion affinity in the bulk of a Cu system. This indicates 

that it is highly probable that copper residues will be left on the surface of steel-based rolls. This is corroborated 

by observations from industrial rolling applications in which the high adhesion affinity between copper and steel-

based tools has been documented [8]. It should be, however, mentioned that the inner separation energy between 

Cu and -Si3N4 based on Cu (111) monolayers and -Si3N4 as well as the separation energy between Cu and 

complex systems such iron and chrome oxides and hydroxides are not available, yet. 

On the other hand, the Cu/SiO2 system rendered high interface energy that reached about 4.1 J/m². The silica 

layer formed on the silicon nitride surface (Figure 7) can be thought of as a protective layer. The strong adhesion 

affinity (or even possible chemical interaction) between copper and SiO2, assists detaching the latter off the 

surface of silicon nitride. This temperature assisted process can be considered as one of the dominant wear 

mechanisms in silicon nitride tools applied in copper rolling. 

In recent related works [42,43], it was shown by means of finite element modeling that high contact-surface 

temperatures are expected on silicon nitride in copper wire rolling. The high heat transfer conduction coefficient 

of copper contributes to this phenomenon. The computed surface temperature reached ca. 470 °C at a rolling 

temperature of 600 °C, and increased to 640 °C at a rolling temperature of 825 °C. An important factor to take 

into account is that high rolling temperatures might accelerate the rate of oxidation of silicon nitride and might 

contribute to the aforementioned tribochemical effects. Additionally, the finite element simulations highlighted 

the role of friction and its accompanying interfacial shear stresses as a crucial factor in the formation of metallic 

buildup transfer layers on the roll surfaces. 
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Considering the case study, the rolling process was carried out at rolling temperatures reaching 850°C in a 

sulfur-oxygen rich environment. The corrosion of silicon nitride in environments containing sulfur and oxygen 

has been well documented. Din and Ullah [44] reported that sulfur dioxide reacts with Si3N4 to form SiO2. In a 

MgO-SiO2 or CaO-SiO2 oxide system the liquidus temperature of SiO2 is dependent on the of the oxide contents, 

which eventually leads to higher susceptibility to corrosion at lower temperatures. It should be also kept in mind 

that the chemical system present in rolling contains water, which might have an effect on the solubility of SiO2. 

Wang et al. [45] have shown that in a sulfur-oxygen-rich environment, the corrosion of silicon nitride follows a 

parabolic law, whereas, the corrosion mechanisms are temperature-dependent between 1150 and 1350 °C. It was 

shown that the diffusion of additives and impurities to the grain boundaries of silicon nitride and to the outer 

surface layers lead to the formation of corrosive pitting. 

Despite the lower surface temperatures encountered during rolling, the relatively high contact pressure 

occurring at the wire-roll interface might explain the corrosive reaction in the case study. The experiments, 

however, were carried out even at a lower temperature (ca. 600°C), which suggests an explanation regarding the 

absence of any detectable corrosive reaction. 

Based on these results, damage mechanisms and adhesion between copper and silicon nitride can be 

explained. In hot rolling copper wires, the high contact surface temperature leads to the formation of a protective 

silica layer on the ceramic surface, which separates the sliding surfaces and prevents direct contact between 

copper and Si3N4. Due to continuous contact between hot wires and the surface of the tools, and under the effect 

of adhesive wear and tribomechanical factors (e.g., shear stresses), this protective silica layer will continuously be 

detached, thereby, resulting in relatively high tribochemical wear of the ceramic tools. The tribochemical and 

tribomechanical wear observed throughout the experiments can be described as favorable. These effects result in 

the formation of highly polished rolling surfaces. However, the existence of lubricant additives in the systems, 

e.g., sulfur-compounds, apparently result in accelerating the corrosive reaction, and thereby, formation of 

corrosive pitting at sufficiently high temperatures. This eventually results in the deterioration of the ceramic 

surface integrity. The existence of high concentrations of Mg and Ca in the system (refer to Figure 13) could be 

traced to trapped cooling lubricant in the pores, such products, however, might have an effect on the rate of 

corrosive reaction. It should be also kept in mind that the surfactants that are used in the cooling lubricants may 

adsorb better on metallic surfaces than on ceramics; thus, the protective lubricant layer on the ceramic surface 

may be too weak to completely prevent adhesion of copper. 

Due to the considerable complexity of modeling more realistic structures using first-principles methods, the 

effect of environmental aspects was not taken into consideration in the current study. The influence of the silicon 

nitride material system, i.e., secondary phase composition and additives, was not incorporated within the 

simulations. An optimization of the process requires fundamental understanding of the nature of interaction 

between the wire and roll as a function of the environmental parameters. In particular, in the presence of a cooling 

lubricant and surface cleaning agents, which lead to impurity entrapment within the roll gap; the need for such 

elaborations is, however, acknowledged. 
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7. Summary and conclusions 

 

In this study, the degree to which the chemical bonding, at atomically smooth interfaces, reflects the 

empirical trends in the adhesion of Cu contacts to the roll material was assessed. This was accomplished through 

studying a simplified model system. The interaction between the solid metal and the roll surface was investigated 

using first-principles quantum mechanical calculations within the density functional theory (DFT). The adhesion 

energy gives direct information on the tribological aspects which relate to the degradation mechanism. 

At high surface temperatures, as expected in copper wire rolling, the SiO2 layer formed on the silicon nitride 

surface can be thought of as a protective layer. The strong adhesion affinity between copper and SiO2, assists 

detaching the latter off the surface of silicon nitride. This temperature assisted process is considered one of the 

dominant wear mechanisms in copper wire rolling using silicon nitride tools. 
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