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Abstract  

In the iron and steel industry large amounts of fine granular bulk material like iron ore fines, fluxes, foundry 

sands or residues from off-gas dedusting have to be handled. In storage, conveying and handling of such 

materials wall friction between the particles and the wall material is an important parameter. Recently, it was 

demonstrated that coatings made of diamond-like carbon (DLC) applied on the surface of the wall material can 

reduce the wall friction angle with fine granular bulk material substantially. In this study, wall friction angles of 

different wall materials with various fine granular bulk materials from steel mills were investigated. The results 

showed a significant reduction of the wall friction angle by the DLC coating in comparison to uncoated steel of 

up to more than 10°, while other coatings showed comparatively little reduction in wall friction.  
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1. INTRODUCTION 

In steel mills large amounts of fine granular bulk materials have to be hadled, on the one hand the raw materials 

used in iron ore sintering or pelletizing as well as the auxiliary materials in ironmaking, steelmaking and casting 

processes, on the other hand residues from off-gas dedusting in ironmaking and steelmaking operations [1]. 

The friction between the particulate material and the wall material plays an important role in both the design 

and operation of granular bulk materials handling and conveying equipment. Wall friction can be quantified 

using the wall friction angle [2] which can be calculated from the wall shear stress and the wall normal stress: 
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where: 

φW – wall friction angle (°) 

W – wall shear stress (N/mm²) 

σW – wall normal stress (N/mm²) 

Due to the exceptional characteristics of diamond-like carbon (DLC) such as its high degree of hardness and 

chemical inertness DLC films have found many applications in various fields. They possess very good 

tribological properties [3] like low friction coefficients and low wear rates. Consequenzly, DLC coatings are 

applied to reduce friction and wear on sliding parts in numerous applications, including cutting tools, engine 

parts, gears, bearings, plastic injection molds, textile needles and compressor parts [4-6]. The benefit of DLC 

coatings in friction reduction for sliding and rotating parts has been widely investigated [7-9]. In contrast, 

literature focused on the impact of DLC coatings on wall friction of particulate materials is fairly limited. It is 

only recently that research indecated the potential of DLC coatings to reduce wall friction of granular materials 

[10].  
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The aim of the present study was the investigation of the effects of DLC films on wall friction lf fine granular 

bulk material used on large scale in the iron and steel industry. The wall friction angles were measured using 

an ring shear tester. 

2. MATERIALS AND METHODS 

2.1 Materials 

Data of the fine granular bulk materials used in the wall friction tests - iron ore fines, fluxes, foundry sand or 

residues from off-gas dedusting - are summarized in Table 1. The materials tested varied in their mass median 

diameters, which ranged from 8.6 µm to 376 µm.Furthermore, the moisture content of the materials was 

generally low. 

Table 1 Granular materials tested in the shear tests 

 
Material 

Mass median 
diameter 
(µm) 

Moisture 
content 

(%) 

M1 Iron ore fines A 12.9 0.4 

M2 Iron ore fines B 22.5 0.1 

M3 Chromite sand 376 <0.05 

M4 Silica sand 245 0.05 

M5 Limestone 91.3 0.1 

M6 Casting powder 265 1.6 

M7 EAF dust 8.6 1.1 

M8 BOF secondary dust 38.8 0,4 

M9 BF casthouse dust A 10.6 0.7 

M10 BF casthouse dust B 15.2 0.5 

2.2 Methods 

For the wall friction angle measurements an RST-XS ring shear tester from Schulze was used. The bottom 

ring of the wall friction shear cell is formed by a sample of the wall material tested. In the tests mild steel 

S235JR, a sample of an ultra-high molecular weight polyethylene (UHMWPE) and steel coated with diamond 

like carbon (DLC) were used. Data on the wall materials (roughness and hardness) can be found elsewhere 

[9]. The DLC coating consists of an amorphous hydrogenated carbon film modified in its properties by Si 

embedded into the carbon matrix (a-C:H:Si). Details about the production procedure of the DLC coating can 

be found in the literature [9,10]. Associated pairs of values, comprising the normal stress and the shear stress, 

were established, providing data points of the wall yield locus. The measurements were performed at five 

values of the wall normal stress: 240 Pa, 600 Pa, 2000 Pa, 6000 Pa and 20,000 Pa. The kinematic angle of 

wall friction results from the slope of a straight line running through the origin of the --diagram and a point of 

the wall yield locus [2]. In the tests, each measurement was repeated four times. The results show the mean 

value of the wall friction angle accompanied by its standard deviation. 

The particle size distribution of the fine granular bulk materials was evaluated using a Sympatec 

HELOS/RODOS laser diffraction instrument, utilizing dry sample dispersion. To maintain precision, the 

instrument’s calibration was confirmed with a Sympatec SiC-P600’06 reference material. The moisture content 

of the granular bulk materials was determined by drying at 105°C. 
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3. RESULTS AND DISCUSSION 

Figure 1 shows the wall friction angles of the fine granular bulk materials M1 to M8 as a function of the wall 

normal stress with the three different wall material tested. 

  

Figure 1 Wall friction angles for the fine granular bulk materials M1 to M8 as a function of the wall normal 

stress 
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For all materials the wall friction angles on the mild steel S235JR decreased with increasing wall normal stress. 

This decrease was markedly for the coarser foundry sands but only small for the casting powder and the dusts 

from EAF and BOF dedusting.  

The wall friction angles on the UHMWPE material were slightly higher compared to the wall friction angles on 

the mild steel S235JR for all materials M1 to M8 with exception of the casting powder M6, for which the wall 

friction angle on UHMWPE was up to 3° lower. 

Wall friction was lowest for all fine granular bulk materials M1 to M8 on the DLC coated wall material. In Figure 

2 the difference of the wall friction angle on the DLC coating in comparison that on the mild steel wall material. 

For the coarse sands the reduction of the wall friction angle was between 5° and 10° and the reduction was 

not very dependent on the wall normal stress. In contrast, for the other materials a distinct dependence of the 

reduction of the wall friction angle on the wall normal stress was found. The reduction was in the range of 

approximately 0.5° to 2.5° for the lowest wall normal stress and increased steadily with increasing wall normal 

stress. At high wall normal stress wall friction reduction was highest for the granular material with the smallest 

mass median diameter (EAF dust, iron ore fines A and B). For the coarser materials BOF dust, limestone and 

casting powder the reduction in wall friction was less. 

 

Figure 2 Wall friction angles for BF casthouse A and B as a function of the wall normal stress 

However, it is important not to assume that a DLC coating inevitably leads to reduced wall friction. In the case 

of two BF casthouse dusts investigated, the wall friction angles on the DLC coating were slightly higher than 

those on the mild steel, as illustrated in Figure 3. Currently it is an unresolved query as to why the DLC coating 

did not achieve a reduction in wall friction for these BF casthouse dusts. Further investigations are required to 

find the explanation for the lack of friction reduction cy the DLC coating in certain cases. 
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Figure 3 Wall friction angles for BF casthouse A and B as a function of the wall normal stress 

4. CONCLUSION 

DLC coatings demonstrate extensive potential for decreasing wall friction of fine granular bulk materials within 

the iron and steel industry. Depending on the wall normal stress, a reduction in the wall friction angle of up to 

10° to 15° is achievable. However, this wall friction reduction through the use of DLC coating did not prevail 

across all tested fine granular bulk materials. Hence, further investigations are required to shed light on this 

effect. 
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