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Abstract: Cork has been one of the main pillars of the Portuguese economy for 
some decades and is today one of the most important natural materials exported 
from Portugal to the world. Nowadays, cork composites are used in products as 
diverse as sports flooring, wall memos, ladies’ bags and shoes. However, these 
composites need to be processed and one of the first steps to produce cork granules 
is their grinding process. Although cork has a relatively low mechanical resistance 
and hardness, the degree of abrasion generated by cork on grinding pads during the 
grinding process is considerable. This study aims to determine which type of wear 
mechanisms are strongly associated with the premature end of life of grinding pads, 
which occurs due to reduced cutting efficiency and the generation of cork granules 
outside the specifications. This study will allow to understand the best ways to 
extend the useful life of tools and improving the cost/benefit ratio. The results 
obtained led to an understanding of the phenomena induced in the inserts and 
generated promising alternative solutions using special materials and coatings, 
allowing to improve the behaviour of the inserts against wear, making this operation 
more efficient and profitable. 

 Keywords: cork; cork grinders; grinders inserts; inserts wear; wear mechanisms; 
abrasion 

1. Introduction 

Cork is a natural material widely used since antiquity, namely in floating devices, however, recently has 
rapidly been gaining other important applications such as bottle stoppers for alcoholic beverages, in particular 
high-quality wines such as champagne and Port wine [1–4]. In the last century, the use of cork saw an important 
increase due to a new manufacturing approach: fabrication of cork agglomerates [5]. Furthermore, cork is narrowly 
related to the biodiversity maintenance as well as the sequestration of CO2, being obtained from the outer bark of 
the oak tree [6,7]. Indeed, 2.3 million ha of cork oak forest distributed throughout the world is able to promote the 
retention of 14.4 million tons of CO2 per year. Density of the cork can vary between 120 and 240 kg/m3 depending 
on its porosity grade [8]. It is well known that one of the main quality indicators is the macroscopic porosity which 
depends on the prevalence of lenticular channels that cross cork planks radially [9]. 

Initially, cork was viewed only as the natural material that it is, allowing only to obtain products with relatively 
simple shape from the original cork oak skin, being bottle stoppers one of the most common applications [10,11]. 
However, this product requires a high level of quality and generates an appreciable amount of cork waste [12]. 
Furthermore, cork extracted from the cork oak with inferior quality should be driven to other application, making 
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the business more profitable. Thus, rapidly, the research linked to this kind of activity found new techniques in 
order to produce cork agglomerates [13] (cork composites), allowing the creation of a much wider range of 
products based on this material. Manufacturing processes associated to this new technique were also rapidly 
developed leading to make possible innovative design ideas. Nowadays, it is almost impossible to enumerate all 
the families of manufactured products based on cork material but, some of the most commons are sports floors, 
heat insulation for houses, sound insulation panels, cork boards and a huge number of articles related to household 
items or woman’s fashion [14]. Furthermore, there are other relevant and potential applications with different 
objectives in areas such as healthcare and cosmetics [15], energy, automotive, aeronautical and aerospace 
applications [16], and it can also be used as a toxic biosorbent material [17]. 

However, production of cork agglomerates needs an initial basic, but very important operation: grinding 
process [18]. Knowing that cork extracted directly from the cork oak can bring several unexpected products, such 
as metallic parts that remain from cutting process, stones and other things, there is a need for the raw material to 
be filtered. This step enables the elimination of all foreign bodies with specific densities over the expected limit 
value as well as metal objects (with the use of metal detectors) in order to avoid their access to the grinding process 
thus, avoiding potential disastrous consequences to the equipment. 

Cork grinders are huge machines provided with a special tool containing many inserts (usually about 144) 
assembled on a cylinder. The raw material is pulled and simultaneously grinded, transforming the initial material 
plates into granules. Although the cork is known as a soft material, the tool inserts are subjected to wear due to the 
friction between the inserts rotating at high speed and the raw material that is being pulled by the tool. The 
coefficient of friction between cork and steel can vary in the range of 0.2 to 1.2 [19], thus, wear is perfectly 
expected, and the inserts are naturally perceived as a consumable product. However, because this problem is 
perfectly restricted to cork composites producers and as this market is not as big as for instance the metal machining 
industry, research on the subject is not intense and tool wear is faced as a natural consequence of the grinding 
operation. Nevertheless, to make the process more effective and decrease the number of breakdowns caused by 
insert wear and loss of cutting efficiency (translated by the formation of coarser grain as final product), it is 
necessary to improve the wear behaviour of these inserts, studying the wear mechanisms and available ways to 
enhance the process effectiveness. 

Knowing that the loss of mass by each insert is remarkable, it is important to analyse the types of wear that 
are affecting the insert surface, leading to define the best approach to try to solve the problem. Indeed, these kinds 
of inserts can follow two separate approaches: the use of a heat hardenable uncoated material or the use of a hard 
material as substrate, provided with a harder thin coating obtained usually by PVD (Physical Vapor Deposition) 
or CVD (Chemical Vapor Deposition) techniques [20]. However, the selection should be made as a function of 
the encountered wear mechanisms. 

Due to the absence of previous work related to tool wear in cork grinding process, some similar situations 
were analysed, having help to discover how wear acts on the inserts surface. The desire of the scientific community 
to monitor the wear behaviour is relatively old. Effectively, and with focus mainly in quality issues, Fang et al. 
established a stochastic model based on 3D vibrations felt by tools to quantify wear groove formation on the tool 
surface [21]. As is cork grinding, the tool wear always affects the quality of the final product or process efficiency. 
In that study, the evolution of groove patterns is discussed, allowing observe that there are different mechanisms 
of formation and showing tool deterioration as a function of the parameters used in the process due to the 
concurrence of formation of new grooves or wipe-out of the initial grooves. Liu et al., studying the wear behaviour 
of different tools under HSM (High Speed Machining) conditions, identified as main patterns rake face wear, 
chipping, fracture and breakage as consequence of different phenomena such as mechanical friction, adhesion, 
diffusion and chemical wear, mainly promoted by cutting forces and high temperatures developed in the cutting 
area [22]. However, no conclusions were drawn about the preferred wear mechanisms observed in each kind of 
tool: CBN (Cubic Boron Nitride) tool, ceramic tool, coated carbide tool or fine-grained carbide tool, when 
machining cast iron and steel. Similar research was also developed by [23] regarding the machining of short carbon 
fibre reinforced plastic (SCFRP). In that study, authors observed two different wear stages during the cutting 
process: in the first stage rounding of cutting edges was observed and, after that, rake face wear. In this second 
stage, the wear rate begins to increase, and the wear pattern shifts from a rounding cutting edge to a massive rake 
face wear proceeding towards to the flank face, being possible to observe a rapid decrease in the rake angle. 
Abrasive wear was also observed on the tool surface translated by a groove in the middle of the tool, which can 
be explained by 3-body abrasive wear theory. Ultra-hard Polycrystalline Diamond (UHPCD) was also investigated 
by [24] in terms of wear ratio and corresponding wear mechanisms when employed in drilling tools used to grind 
granite. These authors found that the greater the hardness of the tool, the lower the rate of wear associated with, 
even in ultra-hard materials like PCD and UHPCD. Relatively to the wear pattern, PCD gradually fitted to the 
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ground material due to the grain loss of PCD. Composite materials dedicated to abrasion systems were also 
investigated by [25] but, in this case, due to a heterogeneous structure, the wear mechanisms are not exactly the 
same reported by the previously cited authors, having occurred grain abrasion, oxidation-abrasion, fatigue wear 
and adhesive wear. 

Coated tools were also deeply investigated by different groups of authors in terms of wear mechanisms 
resulting from the contact during machining or other similar industrial processes, since coatings produced by 
HVOF-sprayed white cast iron [26] until others that, being already widely applied (TiN), remains as interesting 
issues due to new applications where they can be very useful [27]. 

In this work, due to the high hardness of the tools initial used and bearing in mind the large amount of mass 
loss by the same, coatings have not been considered due to the discontinuity of contact caused by the cork size 
heterogeneity. Thus, techniques as improving insert raw material and application of a heat treatment leading to 
improve hardness or the use of Metal Laser Sintering process to obtain more efficient inserts seems the best way 
to improve the inserts behaviour. Though, a deep investigation on the wear mechanisms shown on the insert surface 
was carried out, performing a comparative study between the conventional inserts used so far and the new ones 
obtained by different processes or using different alloys. Industrial grinding tests were carried out under a certain 
previously established period, containing in the same tool two distinct types of inserts, being then subjected to the 
same loads and remaining working conditions. Wear behaviour for both types of inserts where analysed, allowing 
taking conclusions relatively to their wear resistance under these conditions. 

2. Materials and Methods 

2.1. Materials 

2.1.1. Substrate Characterization 

The inserts used in the experimental work had an initial square shape of 40 × 40 mm2. Conventional inserts 
were pre-machined to remove the cast skin. Three different types of inserts were used in this work in order to 
compare their wear behaviour and wear mechanisms involved in the grinding process: Samples A are a 
conventional material previously used, consisting of a 1.2379 high-alloy steel AISI D2 (DIN X155CrVMo12 1), 
Samples B are steel inserts coated with a thick layer of a metal matrix composite and Samples C are special steels, 
whose chemical compositions obtained by EPMA (Electron Probe Micro-Analysis) can be seen in Table 1. The 
process used for coating Samples B was thermal projection. The thickness selected for the coating applied in Sample 
B was 1.2 mm, as the range of this kind of coatings within this coating process is between 0.5 mm and 2.0 mm. The 
thickness was selected taking into consideration a balance between abrasion resistance, loads applied on the surface 
and adhesion of the coating to the substrate, since too thick coatings tend to detach easier from the substrate. 

Table 1. Chemical composition of the three samples used in this work, obtained by EPMA. 

Reference C Si Mn Cr Ni Cu Mo V W Fe 
A 1.53% 0.30% 0.35% 12.0% - - 0.80% 0.80% - Balance 
B 4.98% - - 3.60% 52.1% - - - Balance - 
C 1.25% 2.65% 0.84% 7.51% - 0.71% 1.22% 0.98% - Balance 

2.1.2. Samples Geometric Characterization 

The typical geometry of the samples can be observed in Figure 1. As can be seen in that figure, the corners 
are sharpened, having a greater thickness in that area (excluding samples B), in order to improve the 
cutting/grinding effect. The sharp edges help to increase grinding performance, contributing as well to drag the 
raw material from the feeding area to the rotor where the grinding process is effectively carried out. 

2.2. Methods 

2.2.1. Techniques and Equipment Used in Inserts Characterization 

Previously to be mounted in the main tool, the inserts were labelled and weighed in a METTLER, PJ4000 
precision balance in order to ease the mass variation analysis. All inserts were also photographed in order to 
establish eventual morphological differences between the initial and final state of testing and simultaneously help 
pinpoint the areas where wear phenomena are more evident. In order to facilitate the analyses, one sample was cut 
using EDM (electrical discharge machining) technique, utilizing ONA AF35 equipment dotted with a 0.33 mm 
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diameter wire and a 200 mm2/min cutting speed. In order to verify the chemical composition of the inserts, EPMA 
equipment JEOL JXA 8500-F was used, allowing access with the desired accuracy to the different contents that 
compose the inserts material. Furthermore, a Scanning Electron Microscope FEI Quanta 400 FEG ESEM dotted 
with EDAX Genesis X-Ray micro-analysis system was used to characterize the surface morphology of the samples 
after the previously established work period, helping to identify the wear mechanisms developed on the samples 
surface as wells as determine the presence or absence of adhered material transferred from the raw material on to 
the inserts. 

 

Figure 1. Samples geometry. 

2.2.2. Hardness Test 

Hardness measurements were carried out on the inserts using an EMCO Universal Hardness test equipment, 
model M4U-025, using diamond Vickers indenter, in order to characterize surface hardness and help predict wear 
resistance. The selected normal load was 50 N which was kept constant during 30 s, avoiding this way creep 
phenomenon. This test was performed ten times on different areas of each sample in order to obtain an average 
value, provided with the required accuracy. These tests were performed according to the ISO 14577-1:2015 [28]. 
Regarding the geometrical specificity of the samples B, the hardness measurements were performed just in the 
coating area, which is the main surface exposed to the wear. As the equipment used to measure the hardness does 
not allow the digital output data, the values were observed in the screen of the equipment and conveyed to an Excel 
spreadsheet allowing to compute the average values. 

2.2.3. Grinding 

Grinding operations were carried out with a VECOPLAN, model VAZ 145/250 grinding machine (Figure 2). 
It is a single shaft shredder with approximately 12" diameter by a 98" wide rotor with bolt-on blades. This rotor 
has 144 inserts on it. The shredder has an 60" × 98" wide feed opening with a hopper and a hydraulic ram feed and 
is driven by a 110 kW, 600 V, 895 rpm motor. The established time for the test was 500 working hours. This time 
was divided into three equal periods, where at the end of each period of time, the cutting inserts would be rotated, 
allowing three out of the four cutting corners to be tested (one of the corners of the cutting insert was not used due 
to trials duration). In this period, no special care was taken regarding the machine feeding process, simulating the 
usual working conditions observed so far. 

2.2.4. Tool Holder 

The tool holder can support 144 inserts, as depicted partially in Figure 3. To perform the required tests, four 
inserts of each type used in this work were assembled in the same tool holder area, thus avoiding any different 
behaviour of the grinding process. The area selected to assemble the inserts was in the middle of the tool holder. 
As can be seen in previously mentioned figure, the positioning of the inserts was strategically thought to optimize 
the dragging and grinding effect. The inserts were fixed to the tool holder through a bolting system, allowing easy 
rotation or replacement. The positioning of each insert allows for two cutting faces and a corner to be exposed to 
the cork raw material. When a corner is worn, the insert is rotated 90°, exposing the next corner and the two 
adjacent faces. The grinding effect is produced by pressing the raw cork material against the counter-knives. 
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Figure 2. Grinding equipment. 

 

Figure 3. View of the rotor where the inserts are installed. 

3. Results and Discussion 

3.1. Hardness 

The samples were cut in four similar parts, being the inner part subjected to a metallurgical preparation to 
allow the Vickers tests. The measurements allow the determination of the average value for each sample, which 
can be seen in Table 2. 
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Table 2. Results of the hardness test performed in each type of sample. 

Sample A Sample B Sample C 
695.1 ± 21.2 HV5 329.2 ± 16.7 HV5 701.9 ± 28.6 HV5 

The results obtained allow conclude that samples B are the softer of the ones tested, despite being coated on 
the top side of the insert (where the measurements were effectively made). In this case, the indentations enable to 
realize that there are hard particles in the coating, but they are embedded in a soft matrix. Samples A and C showed 
higher and very similar values, allowing to expect an identical wear behavior. Dzhemelinskyi et al. analyzing the 
same material used in sample A of this work, had a hardness result of 550–670 HV5 after heat treatment, which is 
consistent with the results obtained here given the variation in the composition of each material [29]. Yazıcı, in 
turn, when analyzing wear on steel cultivation tools, was able to observe that hardness alone is not enough to 
guarantee tribological performance, requiring a balance between this property and the toughness of the material [30]. 

3.2. Tool Wear 

The inserts used in this study can be seen in Figure 4. Comparing their initial form versus their form after 
500 working hours, it is clearly observed that severe wear problems have occurred as well as a significant amount 
of mass loss. Moreover, it possible to distinguish the three cutting corners that were subjected to the grinding work 
from the remaining ones, whose show just a small amount of contact with the cork material involved in the process. 

 

Figure 4. Original and worn samples of each type used in this work. 

At the end of the test trials, the inserts were removed from the tool holder for SEM and EDS analyses. The 
performed analysis aid to better understand the occurred phenomena on the cutting surfaces, as well as the wear 
mechanism types those occurred on the insert during the grinding. SEM observations were performed on the 
cutting edges of the tools, where wear is predominant. 

The non-worked corner of each sample was taken as a reference for the comparing study. In Figure 5 the 
non-worked corner of Sample A can be observed, showing an almost-perfect square shape. It must be considered 
that, despite being a non-worked corner, it was exposed to randomly passing cork resulting from the working area 
(adjacent corners). The slightly darker areas observed in Figure 5b correspond to a thin layer of cork adhered to 
the surface. This figure also allows to observe the sample’s main chemical contents behind that dark area (Fe, Si, 
Cr, etc.), as well as C and O correspondent to the cork (Zone 1). On the other hand, in the spectrum relative to 
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Zone 2, it is possible to observe a strong peak of Si accompanied by other smaller peaks of other minerals such as 
Mg and Ca, which have originated from sand and dirt contaminations that are introduced into the grinder mixed 
with cork raw material (a negative side effect resulting from the cork extraction process). Regarding the darker 
area shown in Zone 3, it is possible to see that there is a strong presence of C and O indicating a large incidence 
of cork in this area, as well as a light presence of the other previously referred elements corresponding to the 
sample composition. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5. Pictures of the non-worked A sample and corresponding EDS spectra in a generic aspect and detailed areas: 
(a) non-worked corner of Sample A; (b) thin layer of cork adhered to the surface; (c) zone 1; (d) zone 2; (e) zone 3. 
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Figure 6 depicts the worked sample A, showing strong wear. As can be seen, an almost-perfect square shaped 
corner gave rise to round corner geometry. A detailed view of this worn surface can be seen on the right-hand side 
of the same figure. This figure also illustrates that the sample surface was polished, losing its roughness peaks, 
corresponding to a loss of mass. In this case, due to the permanent and intensive flow of cork over the surface, 
there are no dark areas corresponding to cork adhesion. The abrasion produced by sand particles is responsible for 
some clear, but rare, scratches. This leads to changes in the geometry of the insert based on gradual wear, which 
can also lead to a reduction in cutting efficiency and accelerated tool wear. Therefore, the selection of material and 
cutting tool grade is an important factor to consider when planning a successful operation. 

  
(a) (b) 

 
(c) 

Figure 6. Pictures about the worked A sample and corresponding EDS: (a) worked sample A; (b) strong wear; and 
(c) corresponding EDS. 

Figure 7 shows the non-worked corner of Sample B, letting to also observe an almost-perfect square shape. 
As in the former case, it must be taken into account that, despite being a non-worked corner, it was exposed 
randomly to cork routed from the effective working area (adjacent corners). Three different areas were analyzed 
in order to confirm the coating composition and determine the different phases present on each surface. Regardless 
of the different observable shades viewed in Figure 7, W is predominant throughout all of the chemical spectrum, 
being possible also to observe some small peaks of other elements such as Cr, Ni and Si, corresponding to the 
main constituents of the thick surface coating used on this sample. 
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(a) (b) 

 
(c) (d) 

 
(e) 

Figure 7. Pictures of the non-worked B sample and corresponding EDS spectra in a generic aspect and detailed areas: 
(a) non-worked corner of Sample B; (b) zones to analyze the EDS; (c) zone 1; (d) zone 2; (e) zone 3. 

In Figure 8 it is possible to observe a detailed image regarding one of the worn corners as well as a detail 
image of the surface. The different shades shown correspond to different products adhered to the surface. White 
areas corresponding to Z1 are related to W spheres that tend to remain on the surface, whereas the darker areas 
labelled as Z2 show a strong peak of Si. Effectively, the existence of Si in some areas can be attributed once again 
to the introduction of sand contaminants from the cork raw material, caused by a careless cutting process of the 
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tree skin and subsequent necessary transportation and logistics operations. As an example, the tree skin is cut and 
deposited on the ground close to the tree, thereafter bulldozers collect the tree skin portions from the soil and 
simultaneously collect dirt and sand alongside the raw material, which shall remain together until reaching the 
grinding machine’s initial container. This surface phenomenon is new relatively to Sample A, which showed a 
different behavior. Indeed, the presence of sand in sample B is only possible due to presence of a coating composed 
of W hard spheres embedded in a Ni soft matrix, which allows accommodate the hard sand particles. Effectively, 
the sand particles do not remain on the surface of sample A because there is a lower hard difference between the 
sand and the heat-treated steel surface of sample A. On the other hand, light dark areas corresponding to Z3 are 
related to the Ni matrix, showing clear peaks of this element. When observing with attention this surface, it is 
possible to state that the Ni matrix is easily consumed relative to the W spheres, these being highlighted relatively 
to the Ni matrix. However, even though these hard spheres show signs of abrasion wear, it is possible to observe 
a polished surface. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 8. Pictures of the worked B sample and corresponding EDS spectra in a generic aspect and detailed areas 
(a) worked B sample; (b) zones to analyze the EDS; (c) zone 1; (d) zone 2; (e) zone 3. 
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In Figure 9 it is possible to observe the non-worked corner relatively to Sample C, showing again an almost-
perfect square shape. The EDS spectrum shown in this figure clearly depicts the composition of the sample 
described in Table 1. The surface morphology of sample C can be perfectly compared to the remaining ones, 
mainly sample A. 

  
(a) (b) 

 
(c) 

Figure 9. Pictures of the non-worked C sample and corresponding EDS spectra in a generic aspect and detailed areas 
(a) non-worked C sample; (b) expansion of the area and further details; and (c) EDS. 

Figure 10 depicts the worked area of sample C, showing strong wear. As can be seen, the almost-perfect 
square shape of the corner gave rise to a round corner shape. However, when comparing the detailed worn surface 
of sample C with a worn surface from sample A, it can be observed that sample A shows a more polished aspect, 
being expected to lose a higher mass than in sample C. Indeed, the worn surface of sample C presented in Figure 10 
shows the presence of sharp structures, remaining like the one viewed in the non-worked surface, (mass loss 
analysis will further confirm this phenomena). When comparing the hardness values between samples A and C, 
the difference is almost irrelevant. However, the behavior of sample C shows to be better than sample A and much 
more effective than the coating used in sample B. As can also be observed, there are no deposits of raw material 
on the surface as well as any clear marks of erosion or abrasion produced by sand or dirt particles. Thus, regardless 
of the rounded shape shown in Figure 10a, the surface shows a more preserved aspect with some deep marks 
induced by strange elements introduced in the process, such as stones, sand and other non-expected hard elements. 
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(a) (b) 

Figure 10. Pictures of the worked C sample (a) worked C sample and (b) wear. 

The insert hardness significantly influences wear; specifically, the wear rate rises with any small decrease in 
sample hardness, consistent with existing studies, as for example found in [31–34]. As in the study by [35], the softer 
material suffered more significant wear. According to the authors, reducing abrasive wear is essential for reducing 
economic losses, especially in the mining industry. When analyzing the wear of cemented carbides with tungsten 
carbide grains used in drill bit inserts, Toller-Nordstrom et al. found that wear progresses through material fracture [36]. 
In turn, Grejtak et al. evaluated the wear of crusher cutters and found that their durability can be substantially 
improved by using more wear-resistant tool materials; in this case, iron performed best in this regard [37]. To compare 
the wear resistance of drill bit inserts, Saai et al. evaluated several materials with different grain sizes and found that 
microstructure is the most important factor in wear behavior [38]. Thus, as seen in this work, each type of material 
behaves differently when subjected to wear. 

3.3. Analisys of Mass Loss 

In order to determine the total wear suffered by the different inserts and as previously referred, the inserts 
were weighted using a precision scale, allowing the comparison between the initial and final weight of the insert 
samples. From Figure 11 is possible to observe that sample A presented a cumulative mass loss (for all 4 samples) 
of 30.67 g, which represents an average of 7.67% for this sample. Attending that just three corners were used in 
this work, the values were standardized, being extrapolated to four corners. 

 

Figure 11. Sample A mass loss. 
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By measuring the height of each sample, it became possible to understand how wear occurred along the 
sample’s edges. Viewing Figure 12 it is possible to observe that despite samples A having presented the biggest 
height loss (46.91 mm for this set of samples), these samples do not present the highest mass loss. This analysis 
allows understand that these samples are stiff enough to resist wear, but their corners tend to be easily abraded, 
showing a slightly poorer toughness and abrasion resistance. 

 

Figure 12. Height Loss of Sample A. 

Regarding samples B, it is possible to observe in Figure 13 that the total mass loss was 79.88 g which 
represents the highest lost from all of the sample groups. The average of mass loss was 19.97% which is more than 
the double when compared to the results of samples A and C. This mass loss indicates that the material is too soft 
for grinding raw cork material, showing poor abrasion resistance. 

 

Figure 13. Sample B mass loss. 

Despite the highest mass loss shown by samples B, these were not the ones where the height loss was greater. 
In fact, samples B were the ones where the height loss was the lowest. From Figure 14 it is possible to observe that 
these samples lost 37.57 mm in total, which refers to 9.39% of average height lost from the four B samples tested. 
Regarding the composition of the coating used in these samples, it is possible to state that they are losing mass due 
to the abrasion of the Ni matrix, however, W hard particles are remaining on the surface until the critical embedded 
surface isn’t strong enough to secure their position. This phenomenon positively influenced the height measurements. 
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Figure 14. Sample B height loss. 

Samples C were the samples which presented the less mass lost, just 27.85 g as observer in Figure 15. The 
composition of the C samples shows a better abrasion and erosion resistance when grinding cork raw material 
(including unexpected contents), allowing a longer service time than other inserts as these lost much less mass 
during the established test time. 

 

Figure 15. Sample C mass loss. 
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Figure 16. Sample C height loss. 

This analysis allows to understand that samples C presented a height loss very similar to the lowest value 
registered (achieved by samples B), letting to affirm that they present the best compromise between mass loss and 
height loss, showing the best behaviour in this comparative work. According to [39], the use of a narrower particle 
size distribution leads to less volume loss. 

Based on these results, the inserts from sample group C were those who presented the best wear resistance, 
showing a good compromise between hardness and toughness. The sharp edge geometry is very useful to increase 
the cutting performance throughout the first working stages of each sample’s corner, but they lose cutting 
efficiency due to the fast wear felt seen in all samples in this specific area of the cutting inserts. 

It is not easy to find a coating that is able to deal with the required properties set by these cutting systems, 
mainly when unexpected objects are introduced in the cutting area, namely stones and sand, which highly interfere 
with the inserts lifespan in a drastic manner. 

The performance and ultimate service life of tool inserts are critically determined by the interaction between 
the insert material and the working environment. In grinding processes, tool wear is typically the result of the 
synergistic action of several distinct mechanisms, often compounded by the presence of hard contaminants, high 
temperatures, and cyclical stresses. Understanding these fundamental mechanisms is paramount for selecting the 
optimal material and developing effective mitigation strategies. Table 3 summarizes the most significant wear 
mechanisms encountered in the service of metallic inserts in high-stress applications. The table outlines the 
physical processes, characteristic morphological features, and primary relevance of each mechanism. 

Table 3. Summary of major wear mechanisms, their characteristics, and relevance to metallic inserts in grinding applications. 

Wear Mechanism Description/Propagation Typical Appearance on Inserts Relevance to Grinding 

Abrasive Wear 

Material removal by hard 
particles (contaminants) 

scratching or ploughing the 
surface. Propagates via groove 
formation and micro-cutting. 

Grooves, scratches, parallel marks. 
Highly relevant due to 
contaminants (silica, 

minerals) in cork. 

Adhesive Wear 

Transfer of material fragments 
between the two contact surfaces 

(insert and cork/contaminant). 
Propagates through micro-

welding and shearing. 

Material transfer, welding spots, 
tearing. 

Relevant at high contact 
temperatures/pressures. 

Fatigue Wear 

Surface or sub-surface crack 
initiation and propagation due to 

cyclical thermal/mechanical 
stress. Leads to material loss 

(pitting/spalling). 

Micro-cracks, pitting, spalling. 
Relevant due to intermittent 
or cyclical loading during 

cutting. 

Fracture/Chipping 

Rapid material removal due to 
high local stress concentration. 

Propagates via brittle crack 
growth. 

Large fragments loss, chipping at the 
cutting edge. 

Relevant if the material’s 
toughness is insufficient for 

the impact loading. 
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4. Conclusions 

Regarding the results obtained and described in the previous sections, it is possible to make a comparable 
summary about them, drawing the following conclusions: 
 The main wear mechanism affecting the inserts in cork grinding process is abrasion. However, erosion can 

also occur due to material projected into the grinder. Abrasion is produced by cork material but the main 
abrasive materials in the process are sand and dirt in general (earth, for example) those are fed together with 
the cork skin extracted from the tree. This is hard to prevent without a separation system using vibration 
devices and filtering processes; 

 Coating used in samples B are not suitable for this kind of application because, even though they present hard 
W spheres, the insert’s matrix is not hard enough to accommodate the erosion and abrasion wear promoted 
by sand and dirt fed alongside with the raw material; 

 Samples B showed the lowest height lost values because of the W spheres that remain on the worn surface, 
masking the mass lost values. Moreover, regardless of the lowest height loss presented by these samples, the 
cutting effect was lost, being the height supported by rounded W particles embedded in the Ni matrix; 

 Samples A and C, being different in terms of compositions, shows similar hardness values but different wear performance; 
 Samples A is more suitable to accommodate debris in their surfaces, namely cork layers with different thicknesses; 
 Samples C show the best wear behaviour, presenting the lowest mass lost values (samples A and B) and very 

close values to the best height lost values presented by samples B; 
 Hardness is the property that seems to be essential to ensure a good wear behaviour, however, extremely hard 

surfaces can lead to insert failure due to low toughness, which plays an important role when inserts collide 
with hard foreign objects; 

 Composition of Sample C is the most wear-resistant for this kind of application, regarding the three different 
samples used in this work, allowing the longest lifespan in this set of samples. The composition/microstructure 
of Sample C suggests that it will have better edge retention and abrasion resistance, while its toughness and 
fracture toughness, although not directly measured, did not show catastrophic failure during the 500-h test. 
Thus, abrasion seems to be the main wear mechanism affecting the surface of the inserts, being that samples 

C have the most appropriate composition to deal with the wear phenomena induced by the cork raw material and 
its inevitable contaminants. Further studies should be done in order to improve the surface hardness, trying to keep 
the toughness values in an acceptable range to accommodate the eventual introduction of foreign materials in the 
process. Thick coatings can be considered in further studies but need to be carefully designed in order to increase 
their homogeneity and improve the wear behaviour resistance, without compromising the surface stiffness and 
toughness. Future research should focus on implementing and testing novel engineering interventions to 
significantly enhance their performance and lifespan. A key area of exploration includes surface engineering 
techniques such as laser surface texturing. This technique offers a promising approach to modify the surface 
topography, potentially improving lubrication retention and reducing the coefficient of friction, thereby mitigating 
abrasive wear and micro-pitting. Furthermore, exploring next-generation multilayer coatings or the application of 
specialized thermal treatments could also lead to optimized wear resistance, particularly for the high-alloy steel 
and the metal matrix composite inserts, offering a path toward an optimized and durable grinding solution. 
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