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ABSTRACT

Ceramic tile rectification was first used on an extensive scale in the manufacturing
of compact porcelain stoneware, mainly in polishing, and today, it is a widely used
process in the manufacture of both polished and unpolished, medium and large-sized
compact and glazed porcelain tile. Ceramic tile rectification is an extremely inefficient
process with low material removal rates, which implies high energy consumption per
unit removed volume, and indeed it is not uncommon for just 10-30% of the total
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electricity consumed to be used in the actual removal process. Furthermore,
productivity and the consumption of energy and grinding tools depend closely on
operating conditions. In the face of growing competition and energy costs, coupled with
the increase in environmental restrictions and greater sensitivity towards process and
product sustainability, the ceramic industry has made significant efforts to improve
efficiency and reduce its environmental impacts, and a host of studies and applications
can be found in this field. However, in regard to abrasive machining of ceramic tiles,
very few studies have focused on improving efficiency in the polishing process. This
paper reviews research studies that centre on abrasive machining, both at a general
level, by looking at the characteristics and particularities of the process, and at the level
of its application in machining metals, technical ceramics and ceramic tiles. Thus,
operating and performance principles and models for this type of process are defined
and the influence of operating conditions and of the control system or strategy on its
efficiency, productivity and cost assessed. Having set out and analysed that information,
as a conclusion, it proposes a humber of actions and lines of work aimed at improving
the process, so that they contribute to ceramic tile rectification becoming more
productive and more environmentally and economically sustainable.

1. INTRODUCTION

Ceramic tile rectification is a machining process that uses abrasive grinding tools
to remove a certain amount of material along the perimeter of a tile in order to correct
its gauge (tile dimensions) and ensure the edges are truly straight and accurately
perpendicular and parallel to each other. It was first applied on polished compact
porcelain tiles but today, its use is fairly widespread: it is always used for both polished
and unpolished tiles, especially in the case of medium and large-sized formats, and in
many industries, is involved in 40% of production or even more.

Abrasive machining is a forming process that involves removing material,
generally in a very inefficient manner. However, in the field of the ceramic tile-
manufacturing industry, it is very seldom the subject of assessment or research in the
literature as an area of improvement to reduce environmental impact and improve the
industry’s sustainability. For example, a number of recent papers, such as Gabaldon-
Estevan et al. [1], look at how European environmental and regulatory issues in this
matter are affecting the industry in Spain. Their study encompasses the process as a
whole, without specifically looking at polishing and grinding. The same happens in the
work of Almeida et al. [2], who study the environmental profile of ceramic tiles produced
in Portugal based on a life cycle assessment from the extraction of raw materials to final
disposal and proposes improvement measures to reduce the impacts it finds, but again
makes no reference to abrasive processes. In a third example, again no mention is
made in the interesting study carried out by Ibafiez-Forés et al. [3], which presents a
method of identifying the most suitable BATs (Best Available Techniques) to make the
ceramic tile manufacturing process more sustainable, proposing various options that
improve the environmental and economic costs of the process. Thus, the only study
found that deals with the environmental impact and/or sustainability of the ceramic tile
industry including its machining processes is the one by Ciacco et al. [4], in which the
industry’s consumption of energy in Brazil is assessed and compared in two cases: one
in which bodies are formed with dry-milled material, and one where they are formed
with wet-milled material. In this paper, in the case of wet milling, the calculation
includes the rectification stage, which, as shown in Figure 1, accounts for 2.1% of total
electricity consumption (around the same magnitude as power consumption assigned
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to the sorting-packaging-palletising stage and slightly lower than internal transport).
This result comes from allocating electricity consumption of 437 kl/m? to rectification
out of a total for the process of 20.71 MJ/m?, although previous research in this matter
by the authors showed that the rectification process usually accounts for higher
consumption, specifically between 50% and 100% higher than indicated by Ciacco et al.
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Figure 1. Distribution of power consumption in a ceramic tile manufacturing company using
wet milling in Brazil (obtained from data provided in [4])

Focusing on the abrasive machining process in the ceramic tile industry, a number
of studies can be found that deal only with the tile polishing process, without including
the tile rectification stage, which has quite different characteristics in terms of procedure
and tools, as these exhibit a different configuration. The polishing process is basically
frontal, on the surface of the tile and the final objective is not to remove a large amount
of material but to improve surface quality, i.e. to obtain high gloss. However, outside
the ceramic industry, a numerous research papers have addressed the question of
improving the efficiency and sustainability of both conventional and abrasive machining
processes and have contributed valid concepts and solutions for general and specific
processes involving conventional and abrasive machining.

The work presented here reviews published studies on abrasive machining, both
at a general level in terms of the characteristics and particularities of the process, and
in its application in machining metals, technical ceramics and ceramic tiles. The
intention is to determine the operating principles and behaviour models for such
processes and analyse how operating conditions and the control system or strategy
influence their efficiency, productivity and cost. Having presented and analysed all the
data, the outcome intends to propose lines of work and specific actions that should be
followed to improve the process and contribute to more productive and more
environmentally and economically sustainable ceramic tile machining.
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2. ABRASIVE MACHINING IN THE CERAMIC TILE INDUSTRY

The process of polishing ceramic tiles has been the subject of numerous studies
that individually focus on its different aspects. Assessing the results of the polishing
process in terms of resulting tile roughness and gloss was the purpose of a number of
papers, such as Orts et al. [5], in which the aforementioned aspects were correlated to
grinding tool wear as a function of grain size in polishing lines in industrial facilities.
Looking further at the same aspects, Hutchings et al. [6] complemented the study with
the use of a purpose-built tribometer that allowed greater freedom when establishing
different work parameters. Similarly, Olenburg et al. [7] also focus their work on looking
at how roughness and gloss evolve on ceramic tiles after polishing, but in this case,
they delve more deeply into aspects such as the curvature radius and wear speed on
abrasive grinding tools, removal rates and energy consumption.

On a different key, some studies aim at developing models of kinematics and
movement for grinding tools based on simulation, as an aid in helping to estimate
roughness and, therefore, gloss of the end tiles. In this area, Sousa et al. [8] propose
a simulation model based on the time that each grinding tool removes material from
each area of the tile and then, by using iso-parametric equations, they estimate the end
gloss obtained. Subsequently, based on these earlier studies, the same authors [9]
propose modifying the transverse oscillating movement of the grinding heads to obtain
better results.

Numerous studies concentrate on identifying optimal grinding tools to use for
machining metals, technical ceramics and as cutting discs, in which the main
characterisation criteria are the type of abrasive, grain size, grade (hardness), structure
(closed, open) and type of binder, for which standards set out requirements for their
designation, such as those established by UNE-EN 12413+A1:2014 standard “Safety
requirements for bonded abrasive products” (Figure 2). In the case of grinding tools for
abrasive machining used in the polishing of ceramic tiles, a number of authors have
studied their characterisation [10], which is important since, unlike the sectors
mentioned above, no standard exists that establishes specifications for these grinding
tools.
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Figure 2. Scheme for defining abrasive tools according to standard UNE-EN 12413+A1:2014
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3. ABRASIVE MACHINING. EFFICIENCY AND SUSTAINABILITY

This section discusses the particular characteristics of abrasive machining
processes from the viewpoint of efficiency and sustainability. To do so, their
characteristics are explained in detail according to three aspects: process
characterisation, sustainability indicators, and process monitoring/control.

3.1. PROCESS CHARACTERISATION

Abrasive machining is a very inefficient process with low material removal rates,
high energy consumption per unit removed volume, meaning that only 10-30% of
electricity consumed relates to the removal process [11]. As highlighted in the paper
published by Park et al. [12], these processes are an important area to work on in order
to improve energy efficiency in manufacturing processes, because, as the
aforementioned study points out, abrasive grinding has very poor energy efficiency, in
which a small percentage of energy is used to break the chemical bonds between the
particles of material.

The specific energy of any abrasive machining is defined in [13] as the cutting
power required to remove shavings per volume removed material:

_ Fc : Vc
‘ 4
where F. is the cutting force, V. the cutting speed, and § the shaving removal
rate. For a particular grinding tool, the specific energy depends primarily on the

maximum thickness of the shavings removed, hmax, and its influence can be modelled,
as indicated in [14], by:

e

4
‘ hmax + B

where A and B are constant. The influence of hmax On specific energy is known to
be much greater than the type of particle size or binder used in the abrasive, so that
the cutting conditions for the operation that define shaving thickness are critical to
improving the efficiency of the process [14]. On the other hand, specific energy is
related to the shaving removal mechanism, so that when hmax is low, the ductile flow
mechanism prevails, whereas when hmax is higher, the brittle fracture mechanism
prevails [14]. Figure 3 shows an example of how specific rectification energy evolves
depending on the thickness of the shaving removed in the case of an alloy steel.
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Figure 3. Influence of maximum thickness of removed shaving, hmax, on the value of specific machining
energy in the case of an alloy steel

It is interesting to note that specific energy also depends on the work method
used. Thus, [13] shows that in the machining of AISI 4140H (42 CrMo4) steel, down-
grinding calls for higher specific energy than up-grinding, due to the higher
temperatures involved in up-grinding the workpiece.

Specific energy is also clearly influenced by the cutting speeds applied. In this
sense, the use of high-speed rectifiers over conventional rectifiers is seen to produce a
gain in energy efficiency of between 20-30% and 50-60% when machining Inconel with
CBN (cubic boron nitride) tools and switching cutting speeds from 20-50 m/s to 110-
140 m/s [15].

Nevertheless, one of the problems that is still lying on the testbed today is the
difficulty of choosing the correct abrasive tool for a particular application [16]. As a
result, research studies that attempt to characterise the performance of different
abrasive tools in order to enable proper selection for the application in question are
commonplace. Study [14] examines the performance of high-speed machining on 3
types of technical ceramics, alumina, silicon nitride and zirconium using sintered
diamond tools with two different particle sizes. The different shaving removal
mechanisms that are produced according to the type of rectified ceramic were analysed,
and forces, power ratings, specific energy and final roughness were analysed and found
to be different in each of the ceramics studied. The main result was that high-speed
machining is possible in technical ceramics with acceptable results in terms of quality
and energy consumption.

In [13], the improvement to the process in terms of specific energy consumed
was analysed when an abrasive tool with a low-density abrasive grain pattern was used
that would ensure only a small number of grains were in contact with the piece during
machining, thus increasing shaving thickness and reducing friction and thermal
deformation in the workpiece.

Numerous studies seek to optimise cutting conditions in an abrasive machining
process in terms of productivity and quality. Indeed, [17] studies the rectification of
silicon carbide parts with a sintered diamond grinding tool wheel, modelling the process
and optimising different objective functions (material removal rate and surface quality)
using genetic algorithms. In [18], the cylindrical machining of stainless steel is modelled
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and optimised with respect to surface quality and vibration, using the surface response
method for the model and genetic algorithms for the optimising.

Apart from its energy inefficiency, abrasive machining has a significant
environmental impact due to the high use it makes of cooling lubricants. Once again,
numerous research papers have proposed the use of MQL (Minimum Quantity
Lubrication) systems as alternatives to machining with high consumption levels of
lubricant or dry grinding, which generates excessive wear and high temperatures on
the rectified parts, producing significant burns or thermal deformation. Tawakoli et al.
[19] studied the influence of the abrasive tool and type of coolant/lubricant used on the
performance of near-dry, MQL machining systems. Three types of conventional grinding
tools made of corundum and a CBN tool were tested with up to eleven different types
of lubricants in MQL (mineral oil, synthetic oil, esters, pure water, etc.) and quite
interesting results were obtained in terms of the relationship between efficiency and the
type of lubricant and grinding tool used in each case.

In [20], the influence of different parameters of MQL systems is studied, such as
lubricant flow, air pressure or distance from the nozzle to the surface, in regard to
cutting forces and the surface roughness obtained. The process is modelled using
response surfaces so that optimal MQL parameters that minimise cutting force and
roughness can be assessed.

3.2. SUSTAINABILITY INDICATORS

As noted above, the specific energy in abrasive machining processes is 5 to 20
times higher than in conventional machining processes such as milling and turning [13],
and in many cases, the specific energy required by the spindle for machining is just
10% to 20% of the total energy consumed during the process [13]. Therefore, although
specific energy is an effective indicator of the process’ environmental impact, very often,
over 70-80% of consumption is due to consumption at no load or by auxiliary equipment
[11]. Figure 4 depicts consumption monitoring in one of the motors of a ceramic tile
rectification line working under light/medium conditions, which shows that the current
consumed by the motor at no load is 75.5% of the energy consumed when loaded
(5.11A vs. 6.76A), a figure that increases to 82% when compared to average
consumption (6.24A), which takes into account periods it stands idle between tiles. The
latter figure would increase slightly if the consumption of all auxiliary equipment (tile
traction systems, cooling pumps, etc.) were added together.

1(A) Monitoring of motor consumption on a tile rectification line under light working conditions
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Figure 4. Monitoring of consumption by a motor on a ceramic tile rectification line working
under light/medium load conditions, where consumption at no load represents 75.5% of
consumption under load and effective mean consumption is 34%.
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To assess the sustainability of the process properly, a detailed study based on
the LCA (Life Cycle Assessment) method is required. However, some authors [11]
indicate that the use of the LCA method calls for the acquisition and analysis of a great
deal of data, and needs to be performed by experts in the field of environmental impact
analysis, all of which involves accessing expensive databases, etc. Therefore, the
literature includes numerous studies on sustainability indicators that enable abrasive
machining processes to be assessed more easily. A reference paper in this respect
comes from Linke et al. [21], who define a series of indicators of simple sustainability
applicable to any individual manufacturing process and distinguish indicators for
different realms: environmental (energy, water, non-recyclable materials, airborne
emissions, etc.), economic (productivity, costs, etc.) and social (labour, toxicity, etc.).
The method described attempts to define a set of standard indicators that are brought
together with proportional weighting to obtain an overall sustainability index that can
be used to compare the sustainability of different processes. The work presented here
applies the same method to assess the sustainability of a machining process and
compares the results when a conventional grinding tool is used compared to a
superabrasives grinding tool.

In other studies, instead of evaluating a broad sustainability index with many
factors, sustainability is analysed by considering the critical aspects of the process at
production level, such as surface quality and energy costs. For example, [11] defines a
process sustainability index that is a function of the surface roughness obtained, the
target roughness, the energy consumed, and the target energy consumption, all
affected by weighting factors. This sustainability index is applied to a rectification
process using two different tools, one with a vitrified binder and the other with resin,
with the result that, depending on whether the object to be minimised is the roughness
or specific energy, the binder to be used differs.

3.3. PROCESS MONITORING/CONTROL

In abrasive machining processes, the influence of the state of the abrasive tool
on the specific energy of the process and, above all, on the final geometric quality of
the workpiece has led researchers to propose systems to monitor the process and
undertake corrective/preventive measures at precisely the right time. In the literature,
one can find important states of the art published on the monitoring of the state of the
tool in abrasive machining processes, of which [22] is one example.

The monitoring systems used mainly centre around a metering system based on
some type of sensor, the most common being power sensors (clamp meters or similar
devices), dynamometers, accelerometers, thermocouples to measure temperature, and
acoustic emission sensors used to detect microcracks in aircraft structures or similar
and used here to detect the state of the grinding tool [23]. After the measuring system,
a signal conditioning and treatment system is used, where useful data is extracted from
the readings to estimate the status of the process. At this point, the development of
suitable descriptors of the readings is required to correlate with the state of the process.
For example, the mean, the square root of the arithmetic mean, the kurtosis, etc. are
all commonly used. Finally, an analysis of the historical data is required so that a model
based on these newly-defined descriptors can be estimated that provides a
mathematical relationship between the process parameters (cutting conditions),
descriptors of the measured signals, and the variables to be estimated, e.g. surface
roughness of the workpiece, state of the cutting tool (classification of its state as new,
semi-new, worn), or even estimates the level of wear in microns.
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Numerous studies in the field of abrasive machining have proposed monitoring
systems based on some kind of on-line measurement. One interesting paper is [24],
which proposes a portable system for monitoring rectification, in which a clamp
ammeter is used to measure online the power consumed by the machine tool together
with modular software, which handles the part of acquiring data, extracting descriptors,
and analysing the current state of the grinding tool.

Apart from monitoring the state of the tool, a natural action that follows on from
that is to monitor and adapt the process to its current state, thus optimising the process
in terms of final product quality, energy efficiency, tooling costs, etc. Paper [25]
provides details of an initial study of a control system on a ceramic rectification line to
improve process efficiency by varying the conditions of each grinding tool based on
measuring the electric current in each motor, so that each grinding tool on a rectification
line operates under its target conditions, which is highly complex, because the operating
conditions of a grinding tool are influenced by the conditions surrounding it, so that a
fuzzy logic-based control system has to be used. In Figure 5, an example of this
monitoring system is shown for a 16-head rectification line, in which a target operating
intensity of 7.8 A for each head has been set. One can see how, in the initial state
(manual adjustment without monitoring), consumption by many of the heads is outside
the target range but the monitoring system enables adjustments to be made to the
various heads to bring consumption in line with the target. Such adjustment is
particularly complex, since altering the operating conditions of a head affects the heads
around it, so the system predicts behaviour and proposes the adjustments to be made.
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Figure 5. Motor consumption monitoring system for a 16-head ceramic tile rectification line,
showing the process to adjust the heads to ensure all of them work at the target consumption
level of 7.8 A.
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4, WORKING GUIDELINES TO IMPROVE CERAMIC TILE
RECTIFICATION PROCESSES

Having outlined and analysed all the above information, the conclusion is that,
unlike the case of abrasive machining of metals and technical ceramics and to a much
lesser extent the polishing of ceramic tiles, ceramic tile rectification has been the subject
of very few research papers. Based on other abrasive machining processes, it can be
said to be a highly energy-inefficient procedure and therefore a candidate for
improvement both in the process itself and in production strategies. Therefore, a list of
what, in the opinion of the authors, the main lines of work should be when seeking to
improve the process is given hereunder with the hope that they may contribute to
achieving more productive and more environmentally and economically sustainable
ceramic tile rectification.

Thus, the lines of action towards which technical and research work should be
directed are as follows:

e Characterisation of grinding tools and definition of a standard for naming and
identifying abrasive tools, so that the features and characteristics of products
offered by different manufacturers can be made more uniform.

e Currently, in wet tile rectification, water jets are used as the cutting fluid.
However, our review of research papers shows that other lubrication
techniques, such as MQL, and the possible use of other cutting fluids should
be explored, as they have demonstrated greater efficiency under certain
circumstances.

e Studies and models of the shaving removal process depending on the
characteristics of the abrasive and the operating conditions need to be made
and linked to the specific energy required to perform removal.

e Studies should be carried out to determine the influence of operating
conditions and the characteristics of the tools on their wear and on energy
consumption.

e When the above studies have been performed, operating strategies for
rectification lines should be proposed, such as selecting the number of active
grinding heads according to process requirements, abrasive sequences, and
definition of cutting conditions.

e Specific indicators of process sustainability should be established, including a
wide range of influential parameters, such as noise, social aspects, etc., in
addition to the usual ones relating to cost, energy efficiency and wastage.

e Further progress must be made on developments aimed at re-using waste; so
far, some work has begun in regard to waste from the polishing process, but
the spectrum must be expanded to include rectification waste.

e Monitoring, controlling and adjusting abrasive machining processes is
relatively complex, and some research papers have looked at applying
artificial intelligence techniques and fuzzy logic, one of which focuses
specifically on ceramic tile rectification. In this sense, it would be beneficial to
advance in applying such techniques to the control of this type of process.
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5. CONCLUSIONS

This paper has undertaken a review of research studies that assess the
environmental impact and improve the sustainability of ceramic tile manufacturing and
of the abrasive machining used in that process. Given the scarcity of studies dealing
with abrasive tile rectification, a review was made of papers relating to abrasive
machining in other areas, and the conclusion is that the process is highly inefficient (in
both energy and economic terms) and calls for a profound knowledge of it in order to
set correct processing conditions and improve its effectiveness.

Likewise, practically no studies have been found that deal with ceramic tile
rectification, except for monitoring and control. Therefore, a series of guidelines have
been proposed in regard to the direction that future lines of work should take in the
field of ceramic tile rectification to improve its efficiency and sustainability.

As indicated in a few papers on abrasive machining in other fields, proper
selection of the abrasive tool is fundamental for the process’ efficiency, which is why an
appropriate standardisation of the characteristics of grinding tools, an adequate
knowledge of shaving removal mechanisms and of grinding tool wear depending on
cutting conditions would all improve the productivity and efficiency of the process.
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