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Abstract: The article presents a literature review dealing with the effect of the honing parameters
on the quality of the machined parts, as well as with the recent innovations in honing processes.
First, an overview about the honing and the plateau-honing processes is presented, considering the
main parameters that can be varied during machining. Then, the influence of the honing parameters
on surface finish, shape deviation and material removal rate is presented. Finally, some special and
innovative applications of the honing process are described. For example, honing with variable
kinematics allows obtaining oil grooves that are not rectilinear but curvilinear, in order to reduce
the temperature of the part during machining and thus achieving better surface finish and lower
shape deviation. Automation of the honing machines is useful to improve both the production and
the verification process. Another innovation consists of using 3D printed tools in honing processes,
which will help to obtain abrasive tools with complex shapes, for example by means of powder bed
fusion processes.

Keywords: honing; variable kinematics; tribology; dimensional accuracy; form error; surface texture;
abrasive machining; 3D printing; 3D printed tools

1. Introduction

Honing is an abrasive machining process most often used for rough, semi-finishing,
and finishing machining of cylindrical holes [1–10]. It is based on material removal by
friction of an abrasive tool on a part’s surface [11], and it can be used for the final machining
of the internal surfaces of round bars [12], valves [13], and gears [14] or for the manufactur-
ing of hydraulic cylinders [13]. Honing may also be used for the final machining of gun
barrels [15], turbochargers, and steering knuckles [16].

One of the key issues to be achieved after the honing processes is to obtain a good
surface finish of the honed holes [17], specifically to create a characteristic texture on
the surface of the machined hole consisting of a grid of oil scratches, i.e., straight lines
intersecting at a specific angle, forming a cross-hatch pattern [18–20]. This helps to reduce
emissions in the automotive industry [21,22]. Detailed information on the obtained surface
properties after the honing process can be found in industry standards [23–25]. Dimkovski
et al. [26] applied the segmentation algorithms to honed workpieces, to the surfaces taken
from the top, middle, and bottom region of the investigated cylinder liner, and found
that the axial scratches were most densely distributed in the top region as well as in the
middle region, while in the bottom region there were only a few. They also stated that the
plateau honing grooves were substantially preserved in the bottom and middle region of
cylinder liners, largely removed in the top region, and were about the same size as the axial
scratches in all the regions. On the other hand, Fiat Chrysler America reported that the
cross-hatch angle on a honed surface should be about 36◦ [27], which means that some car
manufacturers have established special technical data regarding the honing angle obtained
on a machined surface after the honing process.
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In addition, honing improves many useful functional parameters of the machined
workpieces, such as roundness, cylindricity, straightness, etc. [28–30].

Many kinds of abrasives are used to conduct the grinding and honing processes
of workpieces made from different materials. The abrasives may have different grain
sizes, as well as different grain densities in the volume of the abrasive tool, and can have
different binding materials for the grains. For instance, Sabri and El Mansori [31] compared
vitrified bonded diamond abrasive stones (VBD) with the vitrified bonded Silicon Carbide
(VBSC) ones and found that, for different speed values of the abrasive stone, the VBSC
tools contributed to obtain lower values of the profile parameters of roughness, such as
a reduced peak height (Rpk), core roughness (Rk), and reduced valley depth (Rvk). In
addition, VBSC tools wore faster than VBD tools.

There are many kinds of honing processes, such as traditional honing and non-
traditional honing [32–34]. Much of the literature deals with the honing process and
with methods for checking and improving the performance of this abrasive machining
process. Singh et al. [35] compared several finishing methods used for the final machining
of cylindrical holes: abrasive flow machining (AFM), magnetic abrasive finishing (MAF),
magnetic float polishing (MFP), magneto-rheological finishing (MRF), elastic emission
machining (EEM), ultrasonic machining (USM), and ion beam machining (IBM) with the
conventional honing process and stated that the honing process was the most suitable
one for finishing internal cylindrical surfaces in most applications. Another example of
an alternative process was described by Paswan et al. [36], who discussed the issue and
advantages of magnetorheological honing. Honing is a final machining process, but work-
pieces can be further processed. Arantes et al. [37] have verified that the use of honing
brushes to machine previously honed workpieces improved the roughness profile parame-
ters obtained on machined surfaces. Specifically, the Rk and Rpk parameters significantly
decreased after the use of flexible brushes, and a certain decrease was also observed for the
Rvk parameter [5].

Honing machines can be conventional or numerically controlled (CNC honing ma-
chine tools) [38–43], either with vertical or horizontal configuration [44], and can have
one or more spindles in order to increase productivity, for example six machining spindles.
The honing process can also be conducted on drilling machines, on lathes, or on milling
machines [45–47]. Modern machine tools controlled by servo and with specific software
are also used for honing, which enables the production of a textured surface with the use
of highly dynamic infeed of a piezo actuator [48]. In addition to modifying the design
of honing tools, the literature also includes information about auxiliary elements of the
machines, for example, adding the possibility of automatic measurement of the hole’s
diameter during honing, which would allow the optimization of the course of the honing
process. On the other hand, Deshpande et al. [9] proposed replacing the machining carried
out in several machine tools with machining in only one multi-spindle honing machine
with a roughing tool prepared for rough machining, a finishing tool and a flexible brush to
be used after finishing the honing. On the other hand, Komet Group proposed a honing tool
that can be implemented in CNC milling machines [49], while Honingtec manufactured a
tool that can be adapted to both conventional or CNC machines [13].

According to Schmitt et al. [50], the honing process is characterized by three over-
lapping movements of the honing tool: rotation around the tool axis, oscillation along
the tool axis, and the feed movement of the honing stone in the radial direction (this is
explained in further detail in Section 2). During honing, the position of the honing head
and the value of the honing force can be controlled to improve the conduction of the honing
process. An axial movement is transmitted into a radial movement of the honing stone.
This movement can be either feed-controlled or force-controlled. With feed-controlled
honing, the honing stone is fed outwards in certain steps, at certain time intervals. With
force-controlled honing, the height of the feeding steps is dependent on the difference
between the wanted and measured process forces and this leads to different process forces
during the honing process [50].
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Honing is used to produce components with a finely finished machined surface, with
a good geometric quality [51]. Plateau honing is used, above all, to reduce the costly
running-in period, as was specified by Mezghani et al. [52].

Honed holes can have diameters between 1 mm and about 2 m and can have lengths
from fractions of a mm to a few meters. It is possible to obtain holes with diameters from
0.015–0.03 mm to 1.5 mm using a method called Microcut Bore Sizing, which was described
by Pawlus et al. [53].

The main advantages and disadvantages of the honing processes are presented in Table 1.

Table 1. Main advantages and disadvantages of the honing process [3,22,54,55].

Advantages Disadvantages

The honing geometry decreases the fluid velocity in the ring surface
interfaced with fluid film compared to the wave-cut geometry.

Slow process compared to other abrasive machining
processes, in which several stags are required

The honing geometry increases the pressure distribution in the ring
surface interfaced with fluid film compared to the wave-cut geometry.

Expensive tools if diamond and cubic boron nitride are
used

Friction reduction in friction pair is larger having honing cylinder
geometry both for smooth and textured ring. Linear speed value is limited

Honed cylinder liner in friction pair achieves a reduction of friction
compared with the relevant wave-cut cylinder liner.

The cross-hatch pattern favors oil flow

Honing is performed on tubes and cylinders used in lifting, engine components, and
robotic industries. Saint-Gobain Abrasivi [56] reported that honing was used in hydraulic
arms for cranes and hoists, plastic extrusion cylinders, hydraulic jacks and lifting platforms
with hydraulic or oil pistons, and on spherical valves, controlling the flow of gas, oil, or
water with a simple opening and closing system in pipelines.

Schmid et al. [57] showed that another field of activity for production development was
the fine machining of fractionality-favorable materials, e.g., coatings (for example Plasma
coating). The main advantage of a porous sprayed layer is that the surface topography
remains practically constant over the entire service life of the engine, regardless of wear. In
car-race applications, plasma coatings are influential in the sense that engines with plasma
coatings have practically no run-in phase.

Karpuschewski et al. [58] remind that honing is used to reduce fuel consumption and
the amount of pollutants (CO2, NOx) generated during the use of an internal combustion
engine. Around 30% of world energy consumption is used to overcome the friction in tribo-
pairs of mechanical elements. Grzesik [59] noted that a very important engineering problem
was an issue of the reduction of friction between cooperating elements. Friction reduction
of a piston group by 5% is equivalent to approximately 1% less engine friction [60–62].
Depending on the finishing method, a different coefficient of friction for the friction pair
is obtained and it is also important that the finishing machining is carried out with low
process forces. Honing is used to reduce oil consumption during the operation of an engine,
as reported by Johansson et al. [63]. Honing provides a lower coefficient of friction than
the surface ground in the abrasive pair. Kim et al. [64] compared the coefficients of friction
for samples honed with an angle of 40 degrees and for samples honed with an oil groove
intersection angle of 140 degrees. Depending on the lubrication conditions, samples honed
with an intersection angle of oil channels of 40 degrees provided a lower friction coefficient
compared with samples having an intersection angle of 140 degrees. Kim et al. [65] reported
that samples with a honing angle of 140 degrees provided a lower coefficient of friction.

Korczewski et al. [66] describe the procedure for verifying the condition and repairing
the worn surface of the cylinder liners of a marine internal combustion engine using honing.
Hu et al. [67], Iliuc et al. [68], and Jocsak et al. [69] report that it is particularly advantageous
to hone the surface of the cylinder bore of an internal combustion engine in order to
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reduce the friction coefficient in the friction pair cylinder-rings, especially in the top dead
center (TDC).

Ogorodov [70] described the problem of the honing fixture that enabled the fixturing
of thin-walled cylinders, and stated that by using appropriate combinations of the spring
configuration it was possible to obtain the required axial geometry of the honed holes, and
that the specified deformation of the thin-walled cylinder might also be used to intensify the
correction of the initial hole distortion in the honing process. Uhlmann et al. [71] described
the possible scenarios for clamping the honing head and the machined workpiece and
summed up the advantages of the various machining methods. Rigid clamping of the
honing head and the honed workpiece enabled the cylindrical straightness and the proper
positioning of the honed hole. In case the honing head is rigidly guided in the honed hole,
but the workpiece is not rigidly mounted, or when the workpiece is rigidly mounted but
the honing head is not guided, this will allow cylindricity and straightness to be corrected,
but it will not improve the position of the hole.

The course of the honing process is influenced by the value of the parameters used in
the manufacturing process. Allard [72] discusses individual parameters that significantly
affect the obtained machining result. Examples of these parameters are: the value of the
pressure of the whetstone on the surface to be machined, the number of honing cycles, the
honing angle, and the machining speed. Schmitt et al. [73] reported that a honing process
conducted with a constant honing force could improve the quality of the honed holes.

Although conventional honing processes are well known, new requirements in pro-
ductivity, surface finish, or friction reduction between piston and cylinder liner open new
fields of research. In the present work, first the influence of honing parameters on the
roughness, shape deviation, and material removal rate is discussed. Then, three main
types of innovations are presented: use of variable kinematics, automation of the honing
machines, and use of additive manufacturing technologies to improve the performance of
the honing tools.

The following sections are considered. Section 2 describes the main parameters of
the honing process, Section 3 deals with effect of the honing parameters on surface finish,
Section 4 deals with effect of the honing parameters on shape deviations of honed holes,
considering the influence of the workpiece temperature, Section 5 deals with the effect of
the honing parameters on material removal rate, Section 6 is about the recent innovations
in the honing process, and Sections 7 and 8 are the discussion and the conclusion sections
of the paper, respectively.

2. Parameters of the Honing Process

Figure 1 presents the system of speeds occurring in honing processes [74]. The honing
head is usually provided with rotation movement and linear reciprocating movement.
The radial displacement of the abrasive stones can be achieved by means of different
mechanisms, for example using a mandrel with conical elements (Figure 1, position 3).



Metals 2023, 13, 140 5 of 35

Figure 1. Structural diagram of honing of cylindrical holes: Vax—axial linear velocity of the honing
head in reciprocating motion. Vaz—peripheral speed of the honing head, Vexp, expansion speed of the
stones, 1—machined workpiece, 2—honing head, 3—expanding pin, 4–6—abrasive whetstone, [74].
Creative Commons (CC BY) license.

The basic formulas defining the honing kinematics are (1)–(4):
Cutting speed Vc [m/min]

Vc =
√

V2
ax + V2

az (1)

where: Vax—axial linear velocity of the honing head in reciprocating motion
[ m

min
]

Vax = 2Lnax

[ m
min

]
(2)

L—stroke length of the honing head in reciprocating motion [m]

nax—stroke frequency of the honing head in reciprocating motion
[

1
min

]
Vaz—peripheral speed of the honing head

[ m
min
]

Vaz =
πdn
1000

[ m
min

]
(3)

n—rotational speed of the honing head
[

obr
min

]
d—diameter of the honing hole [mm]
α—honing angle [◦]

tg ∝=
Vax

Vaz
(4)

The parameters influencing the honing process were characterized, among others, by
Wooldrige [75]: process:

– pressure of the abrasive whetstone to the honed surface;
– material of the abrasive tool;
– cutting speed;
– honing angle;
– width of the abrasive tool;
– type of cutting fluid;
– size of the abrasive grain.

Pastor [11] listed the principal variables of honing process:

– specific pressure value of abrasive whetstone to the honed surface;
– cutting speed, formed by two components: rotation and axial speed
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– coolant fluid;
– temperature of the coolant;
– composition of material to be honed and their production variations;
– kind of abrasive grain;
– grit size;
– kind of abrasive bind;
– surface status of the workpiece before honing (superficial hardness, roughness, protec-

tive impregnations, electroplate depositions, etc.);
– temperature of the workpiece during honing process;
– expansion speed of abrasive whetstones;
– kind of material to be removed.

With regard to the properties of honed workpiece, exemplary parameters influencing
on conducting of honing process are detailed by Uhlmann et al. [71]:

– material of the workpiece;
– dimensions of honed hole;
– deviations of the initial shape of honed hole and assumed after machining;
– the quality of the machined surface;
– the number of abrasive stones for the tool;
– tool dimensions;
– grain material;
– binder material;
– grain size and its concentration;
– condition of the abrasive tool surface.

One of the key parameters of the honing treatment is to provide the characteristic
surface texture along with the required roughness profile parameter values.

3. Effect of Honing Parameters on Surface Roughness

As for the effect of the number of strokes of the honing head on material removal rate
and roughness, Mezghani et al. [52] observed that a greater material removal rate value is
observed for a higher number of strokes (one stroke is one up-and-down movement of a
honing head). Additionally, as the honing process continues, with each subsequent stroke
of the honing head, roughness of the honed surface decreases.

The obtained honing efficiency results from the machining parameters, from the value
of axial, tangential, and normal speed as well as the size of the abrasive grain [76]. Vrac
et al. [77] also reported that, by using a finer grain of abrasive, it was possible to obtain
the same value of an Ra parameter as it was for coarser-grained tools, with different
cutting conditions.

Another important issue is ultrasonic honing with oilstone’s axial ultrasonic vibration.
Wang verified that ultrasonic vibration honing had an influence on the significant reduction
in the surface roughness profile parameter Ra, and it reduced its value by about 50% [78].

Cabanettes et al. [79] found that only a few roughness parameters (of a machined
surface) out of 65 were significantly correlated to honing tool wear. For example, the
functional parameter Spk (areal reduced peak height) and Ssc (arithmetic mean summit
curvature) were strongly correlated. Both parameters describe the upper part of a surface.
This observation is in line with the fact that honing is a super-finishing process acting on
the asperities of cylinder liners.

Buj-Corral et al. [80] reported that the grain size had a high influence on all studied
roughness parameters, and that the larger the grain size was, the rougher the surface.
When the same grain size was used, higher pressure caused higher roughness, because
abrasive grains dug into the workpiece surface and made deeper marks on it. Tangential
speed had a slight effect on roughness. The same authors [81] found that, from a density
of 30 onward, the higher the density, the lower the roughness, and that material removal
rate (MRR) increased with density of up to 45, which showed relatively low roughness
and tool wear. For a density of 60, clogging was so significant that the honing stone lost its
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ability to remove material, with the lowest MRR value. They reported that tool wear was
inversely proportional to abrasive density. When a density of 60 was used, since clogging
occurred, the abrasive grains did not work properly and, for this reason, the abrasive did
not wear significantly. To create the oil channels, as was described by Wang [82], it is very
important to choose a proper grain size in each honing step. The shape and the roughness
of cylinder holes are closely related to the honing stones used, and the obtained quality of a
honed surface has a profound effect on tribological performance, because the cross-hatch
pattern on the workpiece surface can be used to retain oil or grease and ensure proper
lubrication and to minimize wear of cooperating components, for example, in the cylinder
liners of combustion engines. Depending on the abrasive material used and the value of the
pressure of the whetstone to the honed surface, different values of the surface roughness
profile parameters are obtained [83]. Cutting pressure defines the penetration depth of
the cutting grains into the honed material of the workpiece. Additionally, it should be
noted that the quality of the honed surface is also influenced by the material of the abrasive
tool used in the honing process. For example, in order to increase machining efficiency,
diamond grain can be used, which increases machining efficiency but, due to the strength
of diamond grains, causes an increased amount of machined material remaining in the oil
channels [84]. Szabo [85] confirmed that the super hard grain material and largest grain
tools provided significant productivity and accuracy compared to traditional grain material
tools and that the abrasive tools had a high stability and life. As previously stated, the
main parameter influencing the roughness parameters, e.g., Ra, on the honed surface is the
grain size and the value of the pressure of the whetstone against the honed surface [86–88].
There is a certain range of machining parameters that allow obtaining a smoother honed
surface. Tripathi noted that pressure of abrasive stones on the machined workpiece surface,
honing speed, and the honing time influenced the surface roughness parameters [89]. As
the working pressure of the abrasive whetstone on the machined surface increased to a
certain value, the obtained value of the Ra parameter decreased, and then, with the next
increase in the working pressure, it only increased constantly. Similarly, as the machining
speed increased to a certain value, the obtained value of the Ra parameter decreased, and
then remained at a similar level. With the increase in honing time, the value of the honed
surface roughness decreased. To sum up, the obtained value of the parameters of the
roughness profile for the machined surface depends, among others, on the grain size: the
smaller the grain, the smaller the value of the Ra parameter, as described by Entezami
et al. [90]. According to Kadyrov et al. [91], the values of the roughness profile parameters
for the honed surface are influenced by the pressure of the abrasive stone on the machined
surface, the amount of material removed, and the honing time. The number of honing
steps also determines the parameters of the roughness profile of the machined surface.
Kurzyna et al. [92] compared two-stage honing, three-stage honing, and honing with the
additional use of a honing brush in the third stage of treatment. The obtained results show
that three-stage honing with a honing angle of 30–60◦ ensured the lowest value of the Ra
and Rz parameters. They also reported that there might be more than 3 stages, e.g., the 4th
stage might be stream honing of liquid with a pressure of 12 MPa, which removes particles
very weakly bound to the base material of the honed surface. In order to improve the
parameters of the roughness profile for the honed surface, Ozdemir et al. [87] suggested
that in the final stage of machining, honing brushes (mounted in the same way as abrasive
stones) should be used. Rosén and Garnier [93] stated that the possibilities for surface
geometry characterization using 3D metrology ranged from robust statistical parameters
like the arithmetic surface mean height (Sa) and root mean square height (Sq) to more
specialized summit shape and texture direction descriptors. Günay and Korkmaz [94]
noted that, depending on the size of the abrasive grain used, a reduction in the roughness
profile parameter value could be achieved along with the reduction in the abrasive grain
size. The verification of the conducted process and of the obtained texture in the honing
process is very important [95,96].
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As described by Sabri et al. [97], some engine parts, such as cylinder liners, have a
value for their honed surfaces like an Rpk parameter around 0.3–0.5 µm, an Rk around 1 µm,
and an Rvk around 1–1.5 µm. They reported that some manufactures in the automotive
industry, such as Renault or PSA Citroen, introduced other parameters describing the
functionality parameters, such as Cr (Running-in criterion), Cf (operating criterion), and
Cl (lubricating criterion). The increase in the pressure of the whetstone during rough
honing increases the depth of the oil channels, which means an increase in the value of
the Rvk parameter [98]. Lawrence [7] noted that the main influence on Rk, Rvk, and Rz
parameters was the rotational speed of a honing head; on the Rpk parameter it was the
oscillatory speed; on the Mr1 parameter it was the honing time, and on the Mr2 parameter,
the pressure of a honing whetstone. As Michalski and Wos [99] stated, the smaller depth
of the oil channels, i.e., the smaller value of the roughness profile parameter Rvk, the
lower the wear of cylinder elements and piston rings. Depending on the density of the oil
channel arrangement and on the depth of the oil channels, different oil pressure profiles
are obtained between the mating surfaces in the friction pair in the cylinder of an internal
combustion engine.

Bouassida [100] has discussed the effect of the cross-hatch angle obtained in different
places on the honed hole’s surface, as well as of the depth and width of the lubricating
grooves. The deepest grooves reached a depth of 2.7 µm and 2.2 µm with an average value
of 0.93 µm and 0.66 µm. The average value of the honing angle was 22◦, the width of the
grooves was about 30 µm, and grooves with a greater width, about 80 µm, were also found.

Schmitt et al. [101] described the implementation of an acoustic signal analysis to the
examination of the honing process. In the same field, Buj-Corral et al. [81] defined a new
S-parameter that determines the relationship between energy in low and high frequencies
contained within the emitted sound. The selected density of 30 corresponds to S values
between 0.1 and 1. Correct cutting operations in honing processes are dependent on the
density of the abrasive tool used in the honing process.

Raza [102] described the hydrodynamic effect of a single idealized dimple, created
on a honed surface, and the creation of additional hydrodynamic force due to a different
hydrodynamic pressure distribution over diverging and converging parts of the dimple.
He showed that the pressure decreased as the oil flow approached the bottom center of
the dimple but on the symmetrical side, the pressure increased. He also stated that the
tribological behavior of textured surfaces depended on the properties of the oil used in the
friction pair. Raza reported that:

- For higher viscosity oil (ISO VG 320), textured specimens did not show any beneficial
effect in reducing friction;

- For medium viscosity oil (ISO VG 150), all the textured specimens showed a lower coef-
ficient of friction than smooth specimens for higher sliding speeds (1.0 and 1.27 m/s);

- For lower viscosity oil (ISO VG 46) the beneficial effect of micro-grooves becomes larger
with a decrease in groove density as well as for higher sliding speeds (0.5, 1.0 and 1.27 m/s).

Raza also observed that the beneficial effect of surface texturing occurred at the mixed
lubrication regime.

Reizer et al. [103] described the parameter changes observed during wear and stated
that the statistical height parameters Sq and Sv decreased. However, the core depth Sk
increased. Lawrence [7] reported that different sizes of abrasive grains could be used in the
honing process, that is, from 7 µm to 250 µm, and the larger the grain used in the honing
process, the higher values of the roughness profile parameters obtained on the machined
surface, e.g., Rpk, Rk, and Rvk. Sabri et al. [104] reported that the roughness amplitude
was proportional to the expansion speed of an abrasive whetstone. For rough honing, El
Mansori et al. [105] used a honing head equipped with 8 diamond stones with a grain size
of 120 µm, for finishing honing used 6 silicon carbide stones with a grain size of 80 µm, and
for plateau honing used a honing head equipped with 4 silicon carbide stones with a grain
size of 40 µm. The number of strokes has a great impact on the honing process. Mezghani
et al. [52] described the effect of the stone spreading speed on the friction coefficient and
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on the value of the parameter of the honed roughness profile Rk. It can be noted that the
lowest value for the spread of the abrasive stone affects the receipt of the lowest value for
the Rk parameter. With the increase in the speed of spreading the whetstone, the obtained
value of the Rk parameter also increases. Mezghani et al. [52] described the effect of the
stone spreading speed on the value of the parameters Rpk and Rvk. It could be noted that
the lowest value of the speed lead to the lowest value for the Rpk and Rvk parameters.
With the increase in the speed of setting the stone, the obtained value of the Rpk and Rvk
parameters also increased.

A special texture can be obtained in cylinders when the plateau honing processes is
applied. Figure 2 shows the surface roughness profile of the plateau surface during the
subsequent processing steps. Figure 2A schematically shows the roughness profile after
rough honing, Figure 2B shows the finishing stage, characterized by the removal of the
peaks of the roughness profile with fine abrasive grains, and Figure 2C shows the surface
of the plateau after the finishing step of a honing process, characterized by oil reservoirs
for distributing the oil with a reduced height of the peaks of the roughness profile of the
machined surface.

Figure 2. Profiles of a plateau honed surface: (A) after first rough honing step, (B) peaks to be
removed in the final honing step (in green), (C) after final plateau step.

The Abbot Curve is used to present the characteristics of the honed surface on which,
among others, the roughness profile parameters from the Rk group are defined, such as
Rpk, Rk, and Rvk (Figure 3). Masip et al. [106] described how to obtain a plateau surface
after the honing process. In the first step of the honing process rough honing tool should
be used with a large size of abrasive grain, and in, for example, the second step, a finishing
tool with a small size of abrasive grain.

Figure 3. Bearing area ratio—ISO 13565-2.

Masip et al. [106] also described the change in the Abbot curve diagram (Figure 3)
depending on the number of strokes of the honing head. The greater the amount of honing
head oscillation, the greater the flattening of the Abbot curve.

Reizer and Pawlus [107] found that plateau honing time was the most important
parameter affecting Sq, S10z (ten-point height), Sdq (root meam square gradient), Spq, Svq,
and Smq surface topography parameters. They also stated that the effect of coarse honing
pressure on plateau honed surface topography parameters was negligible. They assumed
that surface topography parameters were strongly correlated when the absolute value of the
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linear correlation coefficient ρwas greater than 0.7. Amplitude parameters were strongly
interrelated, especially Sa and Sq. These statistical parameters are highly correlated with Sp,
Ssk (skewness of the surface), Sp/Sz, SHtp (surface section height difference corresponding
to 20–80% of material ratio), Sdq, Sdr (developed interfacial area ratio), Spc (arithmetic
mean peak curvature), Spd (density of peaks), Svi (valley fluid retention index), Sk, Svk
(areal reduced valley depth), and Smr1 (material ratio of summits) parameters. However,
they were not statistically connected with parameters describing maximum surface height.
Skewness was inversely proportional to kurtosis. Hybrid parameters Sdq, Spc, and Sdr
were also highly correlated. Among the spatial parameters, Str and Sal were independent
of other parameters but mutually interrelated. The Std parameter was independent. The
parameters Spq, Svq, and Smq were mutually independent and also not correlated with the
other parameters. Parameters from the Sk family (Spk, Sk, Svk, Smr1, and Smr2 (material
ratio of valleys)) were mutually independent.

Obara et al. [84] observed the histograms of the plateau-honed topographies and
noticed that the three steps of the honing process resulted in a stratified surface with
two different distributions: one associated with peaks and core and another with the valleys.
Due to the partial removal of peaks, plateau-honed surfaces provide good tribological
behavior and the skewness is negative, resulting in a surface with an asymmetric probability
density function. Mezghani et al. [52] concluded that smooth surfaces led to better friction
performances despite the increases in the ratio between plateau and valley height (non-
plateaued surface).

Plateau honing is characterized by the following roughness profile parameters [46].

- Rpk 0.1–0.3 µm (average value 0.2 µm);
- Rk 0.8–1.2 µm (average value 1 µm);
- Rvk 1.2–2 µm (average value 1.6 µm);
- Mr1 2–10% (average value 6%);
- Mr2 70–85% (average value 77.5%);
- Rz (DIN) 3–4 µm (average value 3.5 µm);
- Honing angle 40–55◦ (average value 48◦).

Graboń and Pawlus [108] found that the wear of two-process surfaces was lower
than that of one-process surfaces characterized by the same Sq parameter. Linear wear
of specimens was proportional to the initial values of the parameters Sk and Sq, and
wear intensity decreased constantly for sliding distances larger than 1.6 km. They also
determined optimal values for the Sq parameter (0.4–0.7 µm), for which the coefficient
of friction reached a minimum value. The values of the coefficient of friction usually
decreased during the wear process. Graboń and Pawlus also stated that, during the “zero-
wear” process, a two-process structure was created. The characteristic feature of the wear
process was a decrease in skewness of the surface Ssk, as well as an increase in kurtosis
of the surface Sku and in the spatial parameter Sal. Amplitude parameters characterizing
the peak surface of machined part Sp and Spk decreased. They also reported that the
greatest changes took place in parameters Ssc and Sbi (surface bearing index). The largest
parameter (especially describing the peak surface part) changes were noticed after 0.5–1 h
of operation.

On the other hand, texturing of the workpiece surface (area density between 20–26%)
using a burnishing technique resulted in a significant improvement in wear resistance
in comparison to a system with untextured samples. The area ratio of 26% minimized
the linear wear of the tested assembly by 27% in comparison to a system with a turned
workpiece. Before burnishing, liners were plateau-honed [109,110]. However, the oil pocket
area ratio should not be very big, because it could cause an increase in unitary pressures
and then an increase in wear intensity. The smallest wear was obtained for the biggest
dimple depth. The microscopic observations revealed that the oil pockets were filled in by
wear debris. Napadłek [111,112] discusses the process of honing a cylinder liner made of
heat-treated 41CrAlMo7 alloy steel subjected to a gas nitriding process, which is used in
internal combustion engines. The first stage of machining is boring, i.e., rough machining
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the hole (the drilling process is not considered), then the hole was roughly honed. The next
operation was gas nitriding followed by laser texturing, consisting of creating oil reservoirs
in the upper part of the cylinder. One of the methods for reducing the friction coefficient
of the rings in the cylinder is the use of additional coatings, e.g., SUMEBore [113], which
improve the tribological properties of the piston rings-cylinder surface in the friction pair.
Vladescu et al. [114] showed that dense oil pockets ensured the lowest friction value in the
mating friction pair under mixed and boundary regimes, whereas sparser patterns showed
lowest friction at the transition between mixed and full film lubrication regimes and that
the deep pockets were beneficial in the boundary lubrication and at the transition between
boundary and mixed lubrication regimes. They confirmed that rectangular surface pockets
were effective at reducing friction when they were oriented with their long axis transverse
to the sliding direction, for example, in cylinder liners of combustion engines, and that
shallower pockets were beneficial at the transition between boundary between the mixed
regime and full oil film regime. Wos et al. [115] described the issue of texturing of honed
surface using additional oil pockets and stated that the best tribological performance was
obtained for both surfaces textured with the smallest pit-area ratio of created oil pockets
of 2.25%.

Kurzyna et al. [92] compared traditional honing performed with the honing angle of
30–60◦ of grooves with spiral honing, characterized by a honing angle of 135◦, and stated
that lower oil consumption could be observed for spiral honing. Muratov and Gashev [116]
presented examples of curvilinear paths that could be produced on the honed surface
during honing carried out with variable kinematic parameters. Yousfi et al. [117–124] dealt
in detail with the issue of texturing honed surfaces, focusing on the development of new
shapes for abrasive grain trajectories. They discussed the possibility of generating various
shapes for curvilinear oil channels, as well as rectilinear paths intersecting at different
angles. Another important issue regarding micro-grooves created on a honed surface is
the shape, density of distribution, and depth, but also, for micro-grooves in rectangularly
shaped oil containers, the direction of distribution in relation to the direction of cooperation
of mutually frictional elements. Yuan et al. [125] concluded that the grooves with a depth
around 7 µm and perpendicular to the sliding direction had a better effect on friction
reduction than those of a parallel orientation. Compared to the untextured surface, these
grooves could reduce friction in a tribo-pair up to 38.2%. Galloway Engines [20] stated that
the ideal finish of an engine was made up of a pattern of oil grooves along the surface of
the hole. Under magnification, these scratches make up a series of peaks and valleys [126].
The piston rings run up and down along the peaks and the valleys act as oil reservoirs for
the lubrication of the cylinder. Galda et al. [127] reported that at loads equal to 0.8 MPa and
sliding velocities in the range of 0.02–0.2 m/s, the cavities in the sliding surface improved
the tribological characteristics with poor lubrication. With a low degree of coverage of the
surface with the recesses equal to about 3% and the quotient h/d (h—depth, d—diameter
of oil pockets) of the recesses close to 0.1, the coefficient of friction was lower by more than
60% in comparison with the µ (coefficient of friction) of the ground surfaces. At higher
pressures of about 3.2 MPa, the presence of cavities in the surface in most of the tested cases
did not have such a beneficial effect in terms of reducing the coefficient of friction. One of
the tested variants (Sp = 3%, h/d = 0.11 and the oil capacity of oil pocket Vi = 130,000 µm3)
was characterized by a coefficient of friction lower by 40% to more than 50% compared to
the sliding joint with ground surfaces. They also found that the presence of cavities with
a specific geometry and a defined degree of surface coverage improved the operation of
sliding in conditions of poor lubrication at low sliding speeds. Due to the accumulation
of a lubricant in the recesses, which under certain conditions can take part in the load
transmission, it is possible to reduce the micro-areas of contact of the mating surfaces in
the sliding joints.

Gropper et al. [128] reported that surface texturing remained a feasible method for con-
tact performance enhancement in terms of load carrying capacity, minimum film thickness,
friction, and wear. They also stated that robust numerical models allowed the evaluation of



Metals 2023, 13, 140 12 of 35

texture designs prior to being manufactured and could avoid time consuming experimental
trial and error approaches. Guo et al. [129] confirmed that the lubrication performance of
the cylinder liner and piston ring pair varied with different surface texture structures. The
regular concaves, created on a machined surface, improved the operation condition of the
cylinder liner and piston ring pair. They also stated that on the same surface texture, the
regular concave with a depth-diameter ratio of 0.1 was more favorable for improving the
lubrication of the cylinder liner and piston ring pairs than that with the 0.3 ratio.

Hoffmeister et al. [130] found that the parameters of the honing process had a signifi-
cant influence on the honed surface topology. Where a high infeed pressure at the honing of
conventional materials like gray cast iron could lead to formation of so called “blechmantel”
(cold worked material), it resulted in the formation of a lid burr extending into the pore
cavities at the honing of thermally sprayed layers. This new kind of burr could be detected
on the SEM images of the machined surfaces and was expected to negatively affect the
tribological properties of the cylinder running surfaces. Hoffmeister reported that, for
the SUNA6-3 layers, limits regarding the maximum infeed pressure at the finish honing
have been shown by the clogging of the honing stone. The influence of the other process
parameters like infeed step width and cutting speed on the material removal rate and
surface roughness were comparable to honing conventional materials. Due to the high
initial roughness of the thermally sprayed layer, Hoffmeister reported, that the first honing
step subjects the honing stone to high abrasive wear.

Howell-Smith et al. [131] concluded that the regime of lubrication changed throughout
the working piston cycle. As a result, during the engine cycle, boundary interactions as
well as viscous shear of the lubricant film contributed to the parasitic frictional losses.
The contribution of boundary friction was dominant in piston reversals at the TDC (top
dead center) and the BDC (bottom dead center), and particularly in transition from the
compression to the power stroke, as predicted and measured by many research workers.
They also stated that the adherence of lubricant to the bounding surfaces is a function of
the lubricant molecular species, as well as the surface energy and topography. At the TDC
and the BDC, the presence of hard coatings resists wear. Howell-Smith confirmed that hard
coatings were generally oleophobic to a certain degree. Thus, surface modification was
beneficial at the TDC to create reservoirs of lubricant, which also encouraged lubricant
entrainment into the contact at low sliding speeds (the microwedge effect).

Whitehouse [95] and Malburg et al. [132] stated that the honing process could reduce
the run-in period and the oil consumption by modifying the local geometry. Mezghani
et al. [133] discussed the issue of the influence of the oil channel width on the obtained
coefficient of friction and confirmed that the greater width of the oil channel caused a
reduction in the value of the friction coefficient and the greatest decrease in the value,
because by 300%, it could be observed with the increase in the width of the channel from
6 µm to 18 µm. With a further increase in the width of the oil channel, the decrease in
the friction coefficient was still observable, but not so significant. They also discussed the
problem of the influence of the density of oil channel distribution on the textured surface
and noted that with the increase in the number of channels from 16 to 20 channels/mm2,
the value of the coefficient of friction decreased. For 20 channels/mm2, the lowest value of
the friction coefficient was obtained. On the other hand, with further densification of the
number of oil channels, an increase in the coefficient of friction was observed, although it
should be noted that with a greater number of oil channels (e.g., for 44 channels/mm2) the
obtained coefficient value was lower than, e.g., for 16 channels/mm2.

Dimkovski et al. [134] reported that the calculated parameters from the roughness
surfaces and their visual inspections showed that the processed material lying in the oil
channels from the honed holes top region was largely removed (the surface was almost
polished) while the blechmantel from the other regions was much less well removed,
leaving open a possibility of causing wear. They found that this polished area was quite
small (2–3%) compared to the whole running surface, which suggests that more blechmantel
could be removed before serious damage might or might not occur. In the engine tests,
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the diamond honed liners showed good performance and the registered quantities of
blechmantel and axial scratches were within tolerance limits for the present state [134].

Dimkovski et al. [135] concluded that a lower base honing pressure and relatively
longer plateau honing time were needed to slide-hone to receive a well-honed cylinder
liner surface finish. They also stated that the roughness parameters that quantify surface
features like valley component, deep honing grooves interrupt and blechmantel, plateau
roughness (Sk and Sdq), summit denMsity (Sds), size/volume, and curvature (Ssc) were
important for characterizing a good functioning liner surface. The study suggests that liner
surfaces that have smaller valleys and smoother plateaus with more and flatter summits
would reduce friction and oil consumption.

Finally, to end this section, as an example of finishing honing processes, Figure 4
shows profiles obtained with grain size of 30 and 15 respectively, using cBN stones on
St-52 steel.

Figure 4. Roughness profiles obtained with: (a) grain size 30, (b) grain size 15.

An irregular profile was reported in both cases, corresponding to abrasive machining
processes. When a high grain size of 30 was used, higher peaks of 3 µm and lower peaks of
−3 µm were obtained. On the contrary, a low grain size of 15 led to high peaks of 0.5 µm,
with some valleys of −0.9 µm, which could be attributed to the previous surface finish of
the cylinders obtained by means of lamination processes.

4. Effect of Honing Parameters on Shape Deviations in the Honed Holes

The honing process can make a hole with desired properties, round with a straight
shape with a fine degree of precision, with a high process capability and accuracy measured
in tenths of a micron [16].

Xi et al. [136] showed that the stroke length was the main factor, followed by honing
pressure, that affected the cylindricity of inner-hole honing. Zhang et al. [137] stated that
the cylindricity of an engine cylinder hole was primarily determined by five groups of



Metals 2023, 13, 140 14 of 35

factors, such as machine tool and fixture stiffness, honing head structure, the arrangement
of honing stones, the property of material of engine cylinder block, the honing process
parameters and the previously generated initial cylindricity of the honed hole in the
previously conducted machining.

Sabri and El Mansori [31] reported that some of manufactured parts, for example cylin-
der liners, had to be machined with a roundness deviation of less than 5 µm, cylindricity of
10 µm, and finish requirements of less than 2 µm of the Rk surface roughness parameter.
They described the effect of the VBD and VBSC stone spreading speed (“VBD” means a
vitrified bonded diamond abrasive stones, and “VBSC” the vitrified bonded silicon carbide)
on the cylindricity of the honed hole. For the spreading speed of 1.5 µm/s they obtained
the lower cylindricity deviation for the VBD stone. For higher stone spreading speeds
of 2.0 µm/s and 8 µm/s, they obtained the lowest value of cylindricity deviation for the
VBSC stone.

One of the main goals of the honing process is to reduce the shape deviation of honed
holes. Holes intended for honing may have different shape deviations (cylindricity, conicity,
deviation of the shape of the axis of the hole) and depending on the type of deviation, a
different value of the whetstone run-out should be used. This issue has been discussed
in detail in the literature, for example by Bujukli and Kolesnik [138]. The shape of the
cooperating components affects the thickness of the oil layer in the piston-cylinder friction
pair. Johansson et al. [139] reported that a reduction in the thickness of the oil between the
cooperating surfaces has a good effect on the friction in the tribo-pair of piston-cylinder for
reducing the wear of mating elements.

Voronov [140] and Voronov et al. [141] concluded that the main parameters impacting
on the dynamics of the manufacturing system and formation of the machined surface were
the radial stiffness of the compression bars, the pressure of the initial compression during
the honing process, and the speed of rotation of the honing head.

Akkurt [142] presented information describing the influence of the type of hole treat-
ment of cylindrical holes on the obtained surface parameters. He presented information
about the size of the roughness profile parameters that could be obtained during grinding,
reaming, drilling, turning, honing, and burnishing. He pointed out what amount of hole
shape deviation could be obtained for particular types of machining, and it turned out that
the honing process significantly improved the cylindricity of the machined hole compared
to other manufacturing methods. Burnishing was also one of the lead manufacturing
methods enabling to obtain similar parameters for a machined surface.

Kapoor [143] described the effect of changes in reciprocating speed and rotational
speed on an improvement in out of roundness (∆OOR) and observed that for a constant
overrun equal to 16 mm, there was an increase in the percentage of improvement in out of
roundness with an increase in the value of the reciprocating speed. The maximum ∆OOR
was observed at a higher reciprocating speed and at a relatively lower rotational speed. At
higher a rotational speed of the honing head, ∆OOR declined for all values of reciprocating
speed. This might be due to the fact that, at higher values of rotational speeds, there is the
possibility of deformation of the honed workpiece due to overheating, so there was less
improvement in ∆OOR. The helix angle for maximum improvement in out of roundness
was observed to be 20◦.

El Mansori et al. [105] confirmed the influence of the axial acceleration of the honing
head movement on the cylindrical deviation. For an acceleration with a value of ≤1 g
and for an acceleration with a value of ≥2 g, greater deviations in the cylindricity of the
honed hole were obtained than for the machining carried out with the acceleration value of
1.5 g (g—gravitational acceleration value). The greater the value of the honing head travel
velocity in the axial direction, the greater the angle of intersection of oil grooves. Mezghani
et al. [144] proved that helical honing reduces the friction coefficient in the piston-cylinder
assembly compared with the plateau honing process.

The value of the pressure of the abrasive whetstone against the honed surface plays a
significant role on the deviation of the cylindrical shape of the honed hole. Muratov and
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Muratov [145] proposed a machine tool for honing of cylindrical holes with a mechanism
that allows changing the value of the pressure of the abrasive stone against the machined
surface, which allows for obtaining holes with a minimum deviation in the size and shape
tolerance. A honing machine equipped with system of changing the value of the pressure
of the whetstone on the honed surface allows obtaining the accuracy of the dimension
within the tolerance from 0.003 mm to 0.005 mm with the cylindrical deviation value in the
range of 0.01 mm to 0.012 mm [145].

A particularly important issue for the honing treatment performed is the temperature
increase of the honed workpieces. Increased temperature affects the formation of stresses
and thermal deformations, and also makes it difficult to measure the obtained diameter of
the workpiece. The increase in temperature during processing may reach several tens of
degrees Celsius [47,146–149], which affects the thermal expansion of machined workpieces.
The greater material removal rate, the higher the temperature of the honed workpiece and
its hole deformation [74]. In order to reduce the workpiece temperature, it is very important
to optimize the honing process parameters [150]. Some of the ways to lower the workpiece
temperature are to intensify cooling, to add an oil cooler, and to implement variable honing
kinematics [1,41,47,74,151].

Spencer et al. confirmed the influence of the honing angle on the minimum oil film
thickness and reported that the variation in film thickness for different honing angle values
was minimal, but with an increase in honing angle the thickness of oil film decreased [152].
Very important to the honing process are the influence of kinematics and the shape of
created oil grooves on the generated temperature of machined workpieces [47].

The temperature of the honing process is more responsible for residual stresses than
the depth of cut in the abrasive machining process. For example, tangential stresses show a
maximum stress value at a depth around 80 µm [2].

Guo et al. found that honing produced a more uniform hardness in a near-surface than
grinding due to the less abusive nature of the honing process than of the grinding process [153].

Pawlus et al. [154] confirmed that the angle between oil grooves on a honed surface
was a very important parameter because it affected their functional properties, and the
specifications of leading engine builders included the value of this parameter and its
tolerance. They reported that the distribution of these valleys in both directions could
have an influence on the proper or bad behavior of the rotation of piston rings. Zhang
et al. [155] reported on three possibilities of using additional oscillation of abrasive tools
used in honing process: longitudinal vibration, radial vibration, and torsional vibration of
abrasive whetstones.

An important issue is the development of tools, machine tools, and honing methods
which, for example, would allow the creation of oil paths in the shape of curves of various
kinds [156–158]. It is also very important to control the value of temperature created in final
step of the honing process. The greater material removal rate, the greater the temperature of
a honed workpiece and its hole deformation [47]. It is also clearly visible how important an
issue it is to control the temperature of the honed workpieces, which affects the functional
properties of the machined workpiece.

Finally, as an example, in a finishing honing process with grain sizes of 30 and 15,
using cBN stones on St-52 steel, following roundness profiles were obtained (Figure 5).
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Figure 5. Roundness profiles obtained with: (a) grain size 30, (b) grain size 15.

In another example, in honing operations the temperature was measured with a
thermal imaging camera (Figure 6).

Figure 6. Image of a cylinder obtained with a thermal imaging camera.

In this example, the highest temperature of 29.7 ◦C is achieved on the internal surface
of the cylinders (white area).

In a previous work, it was observed that temperature depended greatly on the rota-
tional speed of the honing head [47].

5. Effect of Honing Parameters on Material Removal Rate

Different parameters influence Material Removal Rate (MRR) in honing operations.
Uhlmann et al. [71] confirmed that greater pressure and tool density means a greater MRR
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value. Vrac et al. [77] observed a stronger influence of honing speed for a coarser-grained
than a finer-grained pre-honing tool on the roughness and material removal rate. This
means a finer surface texture for the same material removal rate is obtained with a finer
abrasive grain tool. They stated that, for the same roughness parameters (average and
maximum roughness), a higher productivity and specific volume material removal rate
could be obtained. This increase in material removal rate was between 15–20%. Stroke
number and working pressure have a big impact on the material removal (MRR) rate in the
honing process. A greater amount of pressure or stroke numbers yields a greater material
removal rate value, according to Mezghani et al. [52]. Abrasive grain stress may influence
the falling out of abrasive grains from the honing stone. These grains have unpredictable
trajectories over the workpiece surface, making irregular creases. As these creases are more
pronounced, their impact on inconsistent lubricant flow is higher [77].

Buj-Corral et al. [81] reported that, for grain size 64 and pressure 700 N/cm2, an
abrasive density of 15 was insufficient, because the material removal rate was low and tool
wear was high. A density of 60 was also ruled out since, although roughness and tool wear
were low, the material removal rate decreased with respect to a density of 45, suggesting
the clogging of the honing stones. Buj-Corral et al. [4] also confirmed that main variables
affecting material removal rate were the grain size of the abrasive and the pressure of
honing stones on the workpiece’s surface. Gao et al. [159] found that material removal rate
depended on grain size and pressure, followed by tangential speed. Further, increasing the
honing speed could significantly improve the material removal rate. Moos [83] concluded
that, in honing processes, chip removal and material removal rate depended on the cutting
pressure between the honing stone and the workpiece.

Drossel et al. [160] reported that MRR of 4 mm3/mm2/min could be increased 5 times
if cutting speed and contact pressure were increased. When using an electromechanical
actuator, the feed is constant, which results in a constant material removal rate. It is an
open loop-controlled system, given user-defined feeding steps. With the hydraulic servo
actuator, on the other hand, the stone is fed with a constant pressure resulting in a variation
in the material removal rate. Unlike the electromechanical system, a hydraulic actuator is a
closed loop control system where the feed will be controlled to stay within a user-defined
interval. This makes it possible for the machine to automatically compensate for operation
variations, such as tool wear. They also found that, in the beginning of the honing process,
the surface roughness was relatively high from earlier operations. This would result in a
low amount of force needed to press the stone against the surface with a constant feed. As
surface roughness decreases, the amount of material to be machined will increase. When
using constant feed this will, in turn, lead to an increase in force needed to press the stones
outward. The result will be an increase in force throughout the process. By controlling
the material removal with constant force, the machining system is more stable and less
variation in surface roughness can be detected compared to processes with a constant
material removal rate.

Grosse et al. [161] concluded that it was currently not possible to omit cutting fluid in
honing processes due to the relatively low cutting speeds and the planar contact between
the workpiece and the honing stone and, therefore, the flushing capability for chip removal
was needed. Resource efficiency can be maximized during the honing process by replacing
mineral oil-based honing oil with an alternative fluid. In their study, grey cast iron was
honed under the application of honing oil and mineral oil free cutting fluid, hence forth
referred to as polymer dilution. Their results also showed that the polymer dilution led to
higher achievable specific material removal rates with concurrently lower surface roughness
compared to the application of mineral-based honing oil.

Günay and Korkmaz [94] reported that they acquired the highest material removal
rate at a cross-hatch angle between 40◦ and 60◦.

Guo et al. [129] observed that the overall trend of the particle numbers of wear of
cooperating elements in tribo-pair confirmed in the 200 min−1 and 400 min−1 tests was
from small to large, and then from large to small, until it became stable. After a few days
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of machining the particle size the number was relatively uniform. It was noticed that the
number of wear particles generated in the first day of machining at 800 min−1 was greater
than the others (i.e., at 200 and 400 min−1), indicating the material removal rate at the high
speed (800 min−1) was initially higher. As surface irregularities left by the honing process
were removed, the surface became smoother and thus much fewer wear particles were
produced in the following days until the wear condition. In comparison, the number of
wear particles generated by the regular concave was generally small in the stable operation;
thus, presumably, the regular concave texture optimized the lubricating effect in the first set
of the cylinder liners.

Mezghani et al. [144] revealed a change of activated abrasion mechanisms versus the
stroke number. The material removal rate was indeed reduced when the number of strokes
increased (wear of abrasive grits). At the same time, the rate of specific energy remained
constant. When the number of strokes increased, the plateau-honing process became less
efficient due to the activation of a plastic deformation mechanism in detriment to the cutting
one. Similar results were observed for the two different initial cylinder surfaces’ roughness.
At the beginning of the plateau-honing process, the material removal was due to the surface
peaks removal. A second regime took place, which was characterized by a lower material
removal rate and considerable smoothing of the honed cylinder liner’s surface. Larger
contact between the workpiece surface and the tool occurred, leading simultaneously to
plastic deformation of the surface asperities and surface cutting.

Uhlmann et al. [71] reported that the temperature regulation of the cooling lubricant
in the honing process was imperative because larger quantities of heat were set free during
the honing of ceramics, particularly during the realization of high material removal rates.
In this way, the viscosity of the cooling lubricant could be kept constant and the work
result of the honing process could be reached independently of the machining time. During
the cutting of ceramics, constant cutting conditions were often impossible to achieve. The
honing process was characterized by a honing-in behavior of the honing stones. The
initially sharp cutting grains blunted with increasing machining time, which consequently
led to a decreasing material removal rate. Depending on the machined material and the
implemented honing stone specification, constant cutting conditions appeared after a
certain time of machining. The honing stones operated in the self-sharpening range, or
they lost their cutting ability until no further removal could be reached and the stones had
to be sharpened. Although close-grained honing stones D3 and D7 showed a constant
performance after a short honing-in time, the specific material removal rate at grain size
D15 went back to zero in the first 500 s. They also found that only a relatively low specific
material removal rate could be reached with close-grained honing stones, which was not
sufficient for economic machining. The specific material removal rate related to the surface
depends on the size of the diamond grain and on the stone pressure during the machining
of Al2O3 and ZrO2. While diamond grain size D3 does not allow efficient material removal
during the machining of the Al2O3-material, all diamond grain sizes above D3 can be
implemented. The application of diamond grain sizes exceeding D10 led to a significant
heating of the tool and of the machined workpiece. In order to avoid damages to the tool
and workpiece, the stone pressure was not increased above 2 N/mm2. They concluded
that the specific material removal rate increased with increasing stone pressure because
the normal force that pressed the single diamond grain onto the material increased. At
diamond grain sizes below D64, the specific material removal rate increased according
to the size of the grain. Especially during the transition from diamond grain size D10 to
D35, a considerable increase occurred in the material volume removed per time unit. The
transition from diamond grain size D64 to grain size D126 led to a reversion of this tendency
and thus to a decrease in the material removal rate. They also stated that this decrease
could be explained by a decrease in the number of active diamond grains, while the size
of the diamond grains increased. The reduction in the number of grains was connected to
an increase in the normal force at each diamond grain. If the increase in the normal force
at each grain led to an under proportional increase in the material volume removed from
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each grain, a decrease in the material removal rate resulted. The removed material volume
increased according to the size of the diamond grain. However, the increase in the specific
material removal rate was low at the transition from diamond grain size D64 to D125.
Szabo [85] reported higher material removal rate for cBN stones than for diamond ones.

Vrac et al. [76] found that, by using a finer grain tool, a lower roughness and similar
material removal rate was obtained. An inconsistent relationship between average and
maximum roughness in relation to the material removal rate and specific volume material
removal rate were described by the abrasive grain stress in the honing tools. In addition,
the abrasive grain stress influenced the fall-out of abrasive grains from the tool surface and
their uncontrolled movement over the sample–tool system. This resulted in a stochastic
workpiece material removal, which was more severe if the abrasive grains were larger in
the corresponding tool. By applying D181 tool, both the material removal rate and specific
volume material removal rate might be increased, but at the expense of increased roughness.
However, by using the D151 tool, the trend line was almost horizontal, which means that
an increased material removal rate and specific volume material removal rate could be
obtained without a significant impact on average and maximum roughness. The volume of
material removal rate of the surface machined by a finer grain tool (D151) may have equal
roughness parameters as with a coarser grained tool (D181) but providing 15–20% higher
material removal rate and specific volume material removal rate.

In accordance with an experimental analysis of GJL250 grey cast iron, Vrac et al. [77]
showed that a coarser-grained pre-honing tool had a stronger honing speed influence on
the roughness-material removal rate than a finer-grained pre-honing tool. This means
a finer surface texture at the same material removal rate could be obtained with a finer
abrasive grain tool.

In each field of machining, it is extremely important to introduce innovations about
the development of the machining method, the machining devices themselves, and the
tools used to carry out the process.

6. Honing Process Innovations

In the present section, three main types of innovations of the honing process
are presented: variable kinematics, and the automation of machine tools and use of 3D
printing processes.

6.1. Variable Kinematics

The honing process can be performed either in the traditional way, i.e., with a constant
speed value or with variable kinematic parameters [150,151]. It has also been confirmed
in the literature [47] that the change in the value of the honing process parameters—that
means the honing performed with variable kinematics parameters—affects the value of the
obtained roughness profile parameters.

In traditional honing a grid of rectilinear scratches (oil grooves) intersecting at a
specific angle is obtained (except for the ends of the cylinders where speed is not constant).
The value of the obtained honing angle depends on the value of the rotational speed
parameters and the linear speed of the honing head.

Honing can be divided into short-stroke and long-stroke processes, although some-
times additional oscillations of the honing head can take place [116]. This additional
motion allows the obtainment of non-traditional shapes for abrasive grain paths, for exam-
ple, curvilinear paths with different radii [47]. Zhang reported on the possibilities of using
an additional oscillation of abrasive tools used in honing process: longitudinal vibration,
radial vibration, and torsional vibration of abrasive whetstones [155]. Thus, the honed
surface can have different textures, which can be rectilinear, curvilinear, or even composed
of oil pockets [162]. Sherbina showed some examples of honed grooves prepared in the axis
direction of the honed hole [163] and Podgaetski and Sherbina with a curvilinear shape
for the machined grooves prepared in non-conventional honing processes [164]. Another
development in honing with the use of curvilinear paths of abrasive grain was described by
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Khanov et al. [32,33], who presented examples of oil channels with trajectories of different
curvilinear shapes.

To improve the conduction of a honing process and to lower a friction coefficient in
cooperating elements it is important to modify the kinematics of a honing process. The use
of variable kinematics in the honing process has a positive impact on many aspects of the
performance, efficiency, and accuracy of the honing process. Variable kinematics allows
obtaining better surface quality, lower temperature of the honing workpieces, and thus
less deviation in the shape of the cylinders. The variable feed of the honing head affects
the minimization of the cylindricity deviation in holes of a machined workpiece by about
12.77% (compared to traditional honing) [47]. The smallest increase in the temperature of a
machined workpiece with a diameter of d = 100 mm occurs with the variable rotation speed
of the honing head in the range of 20–80 min−1. The machined-workpiece temperature-
increase in the honing conducted with a variable kinematics condition is around 35.2%
compared to the traditional honing process. A variable rotation speed of the honing head
in the range of lower speeds, below 100 min−1, affects the reduction in the temperature
generated during honing. The change in rotation speed of the honing head in the range
between 100 and 200 min−1 results in an increase in the temperature of the machined surface
by nearly 23 ◦C/min. A higher value of honing speed produced a higher temperature of the
machined workpiece and faster wear of the abrasive whetstone (the total whetstone usage
may occur in about 1 min). The increase in the machined volume (increase in production
efficiency) is most affected by the honing pressure. A higher honing pressure leads to
a greater deviation in the cylindricity of honed holes. In a four-stage honing process
of cylinder liners with different workpiece wall thicknesses, the machining efficiency
of the material during the honing process differs depending on the thickness of each
machined item [47].

A lower value of the sum of the radii of curvature of the abrasive grain trajectory,
for honing performed with variable kinematics, reduces the temperature, reduces the
cylindrical shape deviation, and improves the parameters of the roughness profile of the
honed workpiece. Detailed knowledge of the impact of the curvature of the abrasive grain
trajectories on the machining process can bring many benefits, especially in the case of
thin-walled workpieces with different cross-section thicknesses for honed holes [47].

An example of the abrasive grain path trajectory during honing with varying values
of machining parameters are shown in Figure 7. Both traditional rectilinear paths as well as
paths with varying inclination angles are observed.

Figure 7. Example of a pattern that is obtained when variable kinematics is employed.
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Honing with variable kinematic parameters can be an element influencing the further
development of CNC machine tools used for honing [165]. One of the possibilities of
implementation in the industry is to add the option of generating a grain path according
to a specific mathematical formula to the traditional control of CNC machine tools, the
form of which would be the result of the analysis of the machining system, wall thickness,
method of mounting the honed workpieces, etc.

6.2. Automation of the Machine Tools

In recent years, honing machines have been improved by means of automation. For
example, Borse et al. [156] stated that it was easy to modify and to implement PLCs in
new honing machines, and thanks to this idea it will be possible to reduce human effort
and to improve the performance of the honing process. An important issue is also the
implementation of modern systems for monitoring the honing process conducted in CNC
honing machines [165].

Another kind of automation is related to the measurement of parts. For instance,
Chris-Marine [166] designed a method for measuring the degree of wear of the cylinder
bearing surface. They reported that, using this method, there was no need to disassemble
the engine head to check and measure the cylinder liner’s wear, thus saving significant
financial resources and a significant amount of time for inspection.

Droeder et al. [167] concluded that a piezo-hydraulic transmission was very well suit-
able to improve form honing due to high travel dynamics. Disturbances could be effectively
compensated by a closed loop control for force-dependent form honing. Additionally, the
influence of the support bar friction on the workpiece was significantly reduced by using
a new cutting fluid, due to which the achievable shape accuracy was improved, and the
shape amplitude increased. They reported that the defined target shape of the treated
workpiece was nearly reached even without an iterative running-in process, and that the
force transmission was supposed to be improved in further studies by optimization of the
corrugated cylinder geometry and the material for reducing the system compressibility.

Drossel et al. [168] found that adaptronic form honing offered a high potential to
optimize the tribological system of piston, piston rings, and liner bore. An improvement in
the cylinder shape in operation could be achieved by using corresponding and producible
macro shapes. The resulting higher adaptability of the piston rings and the possibility of
adjusting the piston ring tension led to a significant increase in the efficiency of internal
combustion engines.

The form honing process characteristics also provide new opportunities in component
design, as stated by Drossel et al. [168], with respect to structural and material properties.
This can be helpful for design in lightweight construction. There is an ongoing industrial
demand for the utilization of controlled form honing. Thus, the adaptronic form honing
process has to be further improved for series production. Using various adaptronic systems
will be possible for providing higher performance in the honing processes. The use of
fast tool servo (FTS) systems for adaptronic form honing and adaptive spindle control
during the investigations showed an improvement in shape accuracy, surface roughness,
and productivity. They reported that, with the option to machine out-of-round bores
with adaptronic controlled honing and boring tools, the requirement for optimization of
the tribological system of piston, piston rings, and cylinder liner in combustion engines
could be met. Depending on the processing task, it is possible to apply both boring
and honing for the final finishing step and to combine the technologies in one process
chain. The fact is, there is an ongoing industrial demand for the utilization of these FTS-
systems for various machining operations. The benefit of the VAM-system (Ultrasonic
Vibration Assisted Machining) for deep hole drilling is the improvement of chip formation,
reduction in machining forces and increase in the obtained value of metal removal rates.
The widespread application of adaptronic, or sometimes defined as hybrid, processes in
production, illustrates the efficiency of this machining process. The adaptronic systems
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and the associated machining processes allow for both extending the limits of conventional
machining processes and improving the final product performance.

As explained in Section 4, during the honing process, the temperature of machined
workpiece increases. It can reach, for example, nearly one hundred degrees Celsius. This
is especially important in thin-walled workpieces, because the increase in workpiece
temperature means a thermal distortion of the machined workpieces. Thermal distortions
mean difficulties in measuring the diameter of the machined workpieces [47,169]. The Auto
Sizing System [45] could be helpful in improving the measurement of the machined parts.

Kadia [170] built a honing machine with many various automation solutions, such as
measuring stations with up to 16 air gauge levels and with an air scanning function, which
means that development of the honing machines is currently in progress. Some researchers
have confirmed new honing methods. For example, Paswan et al. [36,171] described
a microscopic study with scanning electron morphology and stated that a significant
improvement in the surface quality was due to abrasion wear on the internal ferromagnetic
cylindrical surface and could be observed when the finishing process was performed by
the newly developed magnetorheological fluid-based honing process.

Schmitt et al. [172] presented a new approach for a machine integrated inspection of
honed surfaces. The optical sensors used provided the potential for a fast inline assessment
of the honed texture. The sensors could be used to control the cooling lubricant.

Yadav et al. [173] designed a honing tool for drilling machines to make it possible to hone
not only on honing machines, but also on lathes, milling machines, and drilling machines.

Gao et al. [159] stated that the model and simulation method could be used to predict
the evolution of bore diameters during finish honing. Furthermore, it could also be applied
to the optimization of honing parameters to control the honed diameter precisely. In
future works, surface states of oilstones should be modeled in detail to further improve
the accuracy of the predicted results. Goeldel et al. [174] described a macroscopic model of
a honed surface and stated that the macroscopic model was useful for the generation of
honed surface maps. They also reported that the kinematics module could easily calculate
the stone passage number map and determine local contacts between the abrasive and
the workpiece at each instant in the honing cycle. The force module coupled with the
cutting model allows for determining the stock removal and the map of the thickness
of remaining material stock. They also stated that the definition of stock removal in
the cylinder bore allows for determining the stroke number and the cycle time needed
to achieve the requested form quality and roughness. Combining the number of stone
passages, cutting orientation, and thickness of the latest stone passage, enables the creation
of the surface aspect mapping. This mapping helps manufacturers to set up optimized
stroke parameters, such as acceleration and stroke amplitudes. This macroscopic simulation
can forecast macro- and micro-geometry criteria by considering cylinder and tool geometry
and the initial roughness and grit size. The use of a 3D mesh of the whole carter allows the
calculation of the geometrical deformation. By coupling the 2D honing simulation with
a 3D FEM of the engine block, the simulation will be able to calculate the instantaneous
deformation during the honing process. Goeldel et al. [175] described the honing simulation
software to predict the surface quality according to a validated thought-experiment. It
faithfully represents the shape defects and roughness and gives accurate information about
the texture. The impact of the kinematics on roughness and texture has also been studied.
They highlighted the fact that weak acceleration strongly deteriorates surface quality both
during the simulation and in the experiment. Knowledge about how surfaces are formed
through abrasion is the first step in their tribological characterization.

Graboń et al. [176] compared four procedures of oil capacity estimation, based on a
material ratio curve analysis, with a reference method based on the summation of volumes
of holes. They stated that oil retention volume, for example, could be calculated using the
Svk and Sr2 parameters from the Sk parameters group. The second and third procedures
were developed on the basis of the axis rotation of the material ratio curve. The fourth
method was based on determination of the point of maximum curvature of the normalized
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material ratio curve. They found that the standard method based on Sk parameters group
was the easiest, but substantial discrepancies were caused by a high or small slope in the
material ratio curve in its middle part, and errors of oil capacity overestimation could be
up to 80%. Deviations due to the application of new measuring proposals were smaller,
errors of oil retention volume estimation were usually not higher than 10%, and the average
differences were about 5%. A method based on the determination of the minimum radius
of curvature of the normalized material ratio curve had the soundest theoretical basis and
the widest application, therefore it was the recommended one. A procedure based on the
rotation of the material ratio curve was easier but had limited application. An approach
based on the rotation of the probabilistic plot of the material ratio curve was the most
difficult, and it could be used only for two-process random-deterministic textures. That
method could be applied for the analysis of cross-hatched cylinder surface topography.

Grigoryev et al. [177] reported that their algorithms could optimize the honing cycle
could be included in industrial production for the automation of the manufacturing systems.
Yurdakul et al. [15] stated that, even with only a few experiments, significant improvements
in the conducted process could be obtained. The regression function is useful for developing
optimization models of a honing process [178].

New ideas for providing honing process were described by Khanov et al. [179], who
found that the macro and micro grooves depend on kinematics and were determined by the
working trajectory of the cutting grains. This method of honing is called raster honing and
differs from the traditional honing process because of the shape of the oil grooves obtained.

Gashev and Muratov [180] stated that a raster trajectory (a curvilinear shape of oil
grooves) might effectively be used as the working motion in honing, since it was character-
ized by a continuous change in magnitude and direction of speed and acceleration, and it
was also complex and non-reproducible.

Gouskov et al. [181] concluded that the increase in the initial pressure and the radial
tool stiffness might cause the shaft to become unstable with transverse vibrations at critical
values and it was important to select the proper tool and honing parameters to avoid the
loss of system stability. Regarding the construction of a honing head, they reported that
in the case of a non-symmetric tool stone arrangement, the system’s dynamic instability
appeared due to a parametric resonance mechanism.

Guo and Zhu [182] described the effect of ultrasound on generating and controlling
the cavitation bubble of the grinding fluid during ultrasonic vibration honing process and
stated that, without ultrasonic vibration, the grinding fluid on the surface of the honing
stone could form several groups of droplets. Under ultrasound, the droplets began to break
down and form many cavities, eventually forming several groups of next bubbles. The
bubble under the ultrasound vibration honing process exhibited the dynamic behaviors of
growth, expansion, rapid implosion, collapse, and rebound.

Jocsak [69] reported that the difference in pressure flow factor and shear flow factor as
a function of honing cross-hatch angle suggested that flow blockage increased as the honing
cross-hatch angle was decreased. This phenomenon could be understood by considering
the relative density and length of the deep honing grooves within the ring wetted area for
surfaces with different honing cross-hatch angles. He also found that, when the cross-hatch
angle decreased, the length of the honing groove required to penetrate the radial width of
the ring wetted area increased and the density of honing grooves decreased. Additionally,
they stated that, since the deep honing grooves provided a pathway for oil flow, particularly
at a small oil film thickness, both increasing the length of a honing groove and decreasing
the density of grooves would effectively block both the pressure-driven flow and reduce
the shear-driven flow carried by the ring. The main effect of decreasing the honing cross-
hatch angle was an increase in the hydrodynamic pressure generated between the ring
and the honed cylinder liner. Stout [183] and Kaczmarek [184] described the key role of
honing grooves.

Khanov et al. [32,33,179] described the raster working trajectory in the honing of
cylindrical surfaces and stated that this was the combination of four tool motions: azimuthal
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and axial vibrations with different amplitudes and frequencies, and axial and azimuthal
supply at low speeds. They also defined that any trajectory consisted of a set of successive
frames. The frequency of frame replacement determined the difference in the azimuthal
and axial vibration frequencies (ω1 andω2). They also established that it was particularly
important for practical purposes that a moving point (cutting grain) twice reversed its
direction of rotation over the cylindrical surface within the frame period.

KS Motor Service International GmbH [185] stated that the honing stone length should
cover 50–60% of the cylinder bore length and that the most suitable top overstroke is
typically 25–30% of the honed stone length.

Singh et al. [35] described a logical method used for the selection of a suitable finishing
process from available alternative processes for finishing the internal surface and stated
that the most suitable finishing process for finishing the internal cylindrical surfaces was
the honing process [186].

Kishore et al. [187] described the choice of a surface finishing operation such as honing
and lapping and stated that it is based on functional requirements of an assembly. As these
processes are expensive, the design engineer should be cautious in assigning the quantified
surface roughness value. The process is capable of correcting the inner surface geometry
while maintaining a surface finish band between 0.25–1 µm. They also reported that stroke
length must cover the entire workpiece’s length of the cylinders of internal combustion
engines, air bearing spindles, gears, and hydraulic cylinders finished by honing. The
advantages of the honing are the re-texturing the ground edge, removal of burr, second
bevel, and high-quality surface finish. After brushing, the surface of the cylinder is perfectly
clean and free of burrs. Brushing has an advantage in that it reduces oil consumption and
provides for an easier run-in of pistons, piston rings, and cylinders.

Marinescu et al. [188] reported that, in honing, the abrasive particles or grains are fixed
in a bonded tool as in grinding. The honing process is mainly used to achieve a finished
surface in the bore of a cylinder. The honing stones are pressurized radially outwards
against the bore. Honing is different from grinding in two ways. First, in honing, the
abrasive tool moves at a low speed relative to the workpiece. Typically, the surface speed
is 0.2 m/s to 2 m/s. The combined rotation and oscillation movements of the tool are
designed to average out the removal of material over the surface of the workpiece and
produce a characteristic cross-hatch pattern favored for oil retention in engine cylinder
bores. Another difference between honing and grinding is that a honing tool is flexibly
aligned to the surface of the workpiece. This means that the eccentricity of the bore relative
to an outside diameter cannot be corrected.

Qin et al. [189] reported that the honing process could be used for remanufacturing
hydraulic cylinders. Zhang et al. [190] described the methodology to improve the cylin-
dricity of cylinder bore by simulating the honing motion trajectory, improving the honing
head structure, coordinating honing with its previous boring operation, and optimizing the
honing process parameters, and also stated that the cylindricity of the honed workpiece
could be successfully predicted by superimposing trajectory points. They proposed a new
honing head structure by removing some of the length of the honing stones on the top
and bottom sides of the honing stone. This new honing head structure could improve the
uniformity of the cylindricity of honed cylinder bore.

Schmitt [191] defines that internal honing is a manufacturing process with a geometri-
cally undefined cutting edge used for the machining of bores. Honing serves to generate
high form, dimension, and surface accuracy in pre-machined workpieces and constitutes,
generally, the last step in the machining process chain. He reports that possibilities for
the optimized process control of the honing process can be improved by modeling the
machining forces. He also states that force-controlled honing reaches a constant force
during the entire honing process time and ensures a higher precision and repeatability of
the conducted honing process.
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Wang et al. [192] concluded that the relationship between the abrasion loss and time
was linear, and the abrasion loss was the highest when using a 600# honing stone under a
pressure of 0.50 MPa. There is no direct relationship between honing force and stone wear.

Graboń et al. [193] stated that the coefficients of friction of sliding pairs with
two-process surfaces were higher compared to assemblies with one-process textures.
Graboń also reported that an increase in the honing angle of the cylinder liner led to
higher frictional resistance [193]. They also found that the final coefficients of friction were
lower when honing angles of liners were smaller than 55◦ (0.15–0.157) compared to higher
angles (0.161–0.166). The coefficients of friction of assemblies with one-process surfaces
after initial increases obtained maximum values and then decreased at comparatively high
rates. The performances of sliding assemblies with two-process surfaces were similar,
however maximum coefficients of friction were achieved later and rates of their decreasing
were lower. The final coefficients of the friction of sliding pairs contained liner samples
of the honing angle of 55◦ with two process textures higher (0.164–0.179) compared to
those with one-process surfaces (0.144–0.15). The increase in test duration from 30 min to
120 min caused large decreases in the coefficients of friction of assemblies with two-process
textures, as well as stabilizations and small increases in the friction forces of sliding pairs
with one-process topographies. As a result, two-process textures led to marginally smaller
coefficients of friction than one-process surfaces. An increase in test duration to 24 h did
not cause changes in the coefficient of friction.

According to Welzel [194], the importance and possibilities of an effective conditioning
of tribological loaded contacts is to minimize friction and wear or to increase the perfor-
mance of these tribological highly stressed components. Using slight modifications of the
finishing process, positive effects result in an increase in technical lifetime or a decrease in
power usage. Furthermore, various methods for the generation of defined structures for
lubrication storage and, thus, to increase the hydrodynamic bearing capacity in combina-
tion with increased scuff resistance were confirmed. A special aspect is considered in the
evaluation of mechanical and chemical modifications of near-surface or boundary layers,
which are used in addition to topography as a representative indicator for the description
of the functionalities of manufactured surfaces.

Grzesik et al. [195] observed the superior bearing properties corresponding to
Ssk = −1.03 and found that superior bearing properties were obtained when sharp irregu-
larities produced by hard turning were removed by an abrasive stone during superfinishing.
It can be noted that the ADF curve is similar to a typical bell (Gaussian) curve because the
kurtosis value is close to 3 (Sku = 2.60). On the other hand, the ADF curves are sharper
when the initial turned surface is modified by belt grinding or even more by superfinishing
(kurtosis increases to 5.31 and 6.13, respectively).

Iskra et al. [196] stated that, as the minimum thickness of the oil film increased, the
loss of friction, expressed as the power requirement to overcome internal friction forces in
the oil film, increased. Too much barrel shape and conicity in the cylinder in the piston-
engine cylinder combination affected the noise emitted by the engine and contributed to
the excessive wear of the ring grooves.

From the analysis of the literature, it can be seen that the obtained functional properties
of the processed elements are varied and that there is a wide spectrum of ways to optimize
the course of the honing process and the processing methods, tools, etc. [165].

Examples of tools used for honing of cylindrical holes can be seen, for example, in man-
ufacturers’ catalogs, including Honingtec [13], Barnes [14], Animex [24], Brush Research
Manufacturing [197] Chris Marine [198], Delapena [199], Engis [200], Gehring [201–205],
Kadia [171], Nagel [206], and Rottler [207].

6.3. Use of 3D Printed Tools

In recent years, the manufacture of additively manufactured tools has bloomed. For
example, the powder bed fusion technology has allowed the manufacturing of steel stamp-
ing tools [208]. Other materials that can be processed with powder bed fusion technologies
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are CoCr alloys, Ni alloys, Ti alloys, Al alloys, and ceramics [209]. In another example,
an injector was additively manufactured, and the honing process was used to reduce the
surface roughness of the part [210].

Researchers have also begun to address the issue of 3D printed cutting tools. Deja
et al. [211], in a review, highlighted the growing importance and great potential of 3D
printed abrasive tools. They concluded that metal powder technologies could be used
as potential methods to produce high-performance grinding wheels. The opportunity to
produce internal pores and channels has a positive effect, for example, on the cutting fluid
flow. Specifically, metal-bonded diamond tools for grinding were manufactured by means
of the selective laser melting process (SLM) [212].

Another possibility is to manufacture resin-bonded abrasive tools. For instance,
alumina ceramic cutting inserts can be obtained with the VAT photopolymerization tech-
nique [213], and specifically advanced abrasive machining tools can be used. Moreover,
grinding wheels with a regular arrangement of abrasives by means of stereolithography
(SLA) technology [214]. (Figure 8). These wheels proved to be more effective that the
conventional ones with random distribution of abrasives. Similar tools could be used to
manufacture abrasive stones for honing processes.

Figure 8. Schematics of circular (a), rectangular (b) and spiral (c) patterns of abrasive grain arrange-
ment in an X-Y plane of grinding wheels [212]. Creative Commons (CC BY) license.

Extrusion techniques such as fused filament fabrication (FFF) have been proven to be
useful for printing metallic parts from metal-filled [215] or ceramic-filled filaments [216]. In
both cases, a post-processing sintering process is often required. In the future, these additive
manufacturing processes could also be applied to the manufacture of machining tools.

7. Discussion

Surface roughness is known to depend greatly on the grain size of the honing stones [3,4].
The density of the abrasive also affects roughness, especially in rough machining, in the
sense that, if a too-high density is employed, there are few voids for the chips, and the
clogging phenomenon is more likely to appear, in which the honing stone does not properly
cut the material. Thus, the surface roughness decreases, but the material removal rate
also decreases [81]. Pressure influences surface roughness because an increase in honing
pressure leads to deeper valleys in the roughness profile. The usual values for average
roughness (Ra) range between 0.025 and 1.6 µm [217].

The stroke length and honing pressure have the greatest influence on shape deviation
in honing processes [136]. An increase in the temperature of the internal surface of the
cylinder leads to deformations of the part, which increase its shape deviation.

As a general trend, the material removal rate increases with the grain size [3,4]. Ac-
cording to Uhlmann et al. [71], greater pressure and greater abrasive density lead to a
higher material removal rate.

As for the recent innovations in honing processes, the use of variable kinematics can
help to improve surface finish and reduce shape deviation in honing processes because,
as a general trend, the temperature of the part will be reduced [47]. The automation of
the honing processes will increase the productivity of the process, as well as the quality of
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the parts. In the manufacture of honing stones, in which ceramic grains need to be evenly
distributed within the stone matrix [218], the use of 3D printed tools opens a wide range
of possibilities. For example, by means of stereolithography, it is possible to manufacture
tools with predefined geometries, in which the abrasive grains can be regularly placed
within the matrix, thus helping to improve both the surface finish and material removal
rate [212]. The usual bonds for cBN abrasive tools are metal, resin, or vitrified bonds [219].

8. Conclusions

The main conclusions of the paper are as follows:

1. Different parameters affect the surface finish of the parts obtained in honing processes:
the grain size of the abrasive, density, honing time, linear speed, axial speed, etc. In
general, the larger the grain size, the greater the surface roughness. The density of the
abrasive and pressure also influence roughness.

2. The stroke length, followed by the pressure, greatly influences shape deviation. In ad-
dition, high temperatures on the workpiece’s surface can lead to high shape deviations.

3. Grain size, stroke number, and working pressure have a big impact on the material
removal rate in the honing process. If a too-high density of abrasive is used, espe-
cially in rough honing processes, clogging may occur, which will reduce the material
removal rate.

4. As for the innovations in honing processes, variable kinematics has a positive impact
on many aspects of the honing operation, providing an efficient and accurate pro-
cess. It allows obtaining both good surface quality and a lower temperature on the
workpiece’s surface, with less shape deviation in the cylinders.

5. The automation of the honing process helps to optimize the tribology of the piston-
liner system.

6. Abrasive whetstones produced by a 3D printing method can be a factor in increasing
the availability of honing tools. For example, metal powder technologies such as
selective laser melting (SLM) can be used as potential methods to produce high-
performance novel grinding wheels or honing stones. Alternatively, metal-bonded
tools can be obtained by means of stereolithography with regular patterns for abrasives.

7. In the future, an increase in the automation of the honing tools is expected, with
the gradual introduction of CNC machines. The use of 3D printed tools opens a
new window in which many different technologies can be employed. For example,
extrusion, VAT polymerization, binder jetting, or powder bed fusion can be used,
among others, to obtain the ceramic and/or metallic tools.
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