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Abstract: This paper presents an experimental study of uniform and variable texture
patterns on a honed EN-GJS 400-15 spheroidal graphite cast iron surface. Textured samples
were fabricated using a CNC electrochemical jet machining technique and tested against
a 52100 G5 roller countersurface featuring a rectangular 1 mm × 13 mm contact area.
Tribological tests were conducted in a fully flooded PAO4 lubricant bath at 30 ◦C on a
TE-77 reciprocating sliding tribometer with a 25 mm stroke length. Frictional behaviour
was assessed at test frequencies from 12 to 18 Hz under two loads, 11 N and 50 N, covering
mixed and hydrodynamic lubrication regimes. Experimental results demonstrated that
EJM textured surfaces were accurately fabricated within a ±2.50 µm standard error in
depth, with chemical etching effects reducing the Rq roughness of initial grinding marks by
0.223 µm. Textured surfaces exhibited a more pronounced friction performance at 50 N than
at 11 N, exhibiting a consistent friction reduction of up to 18.8% compared to the untextured
surface. The variable textured surface outperformed the uniform textured surface under
the mixed lubrication regime due to the enhanced secondary lubrication effect. Optical
and SEM analyses revealed that textured surfaces reduced plastic deformation and two-
body abrasion.

Keywords: spheroidal graphite cast iron; surface texturing; electrochemical jet machining;
sliding; friction; wear

1. Introduction
Surface texturing has emerged as a promising approach to improve the tribological

performance of internal combustion engines (ICEs) since the early 20th century [1], particu-
larly in the ring/liner assembly, which accounts for nearly 10% of total fuel consumption [2].
This method involves introducing engineered microfeatures on contact surfaces to enhance
performance. The benefits of surface texturing in lubricated sliding contacts are well docu-
mented in the literature, including its role as a lubricant reservoir [3–5], trapping debris [6],
and enhancing microhydrodynamic effects [7–13]. Pioneering research groups, such as
those led by Etsion [9,13–18], Costa [19–22], and Reddyhoff [11,23–29], have extensively
contributed to the understanding of surface texturing, focusing on its geometrical optimi-
sation, friction reduction mechanisms, and fabrication techniques. However, empirical
guidelines for surface texturing design remain elusive due to the variability in contact
conditions [30,31], particularly in reciprocating sliding.

Given the oscillatory nature of ring/liner interaction in small-scale ICEs, lubrication
transitions between hydrodynamic lubrication during the main stroke and mixed or bound-
ary lubrication near the stroke ends must be considered for optimal surface texture design.
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Despite this, few studies have explored the potential of stroke-dependent variable texture
patterns. Zhou et al. [32] developed a theoretical model incorporating conditions dependent
on the crank angle, recommending optimal surface texture designs based on three regions
along the cylinder. They recommended smaller features with lower texture density at the
midstroke, with increasing feature size with densities toward the stroke ends. Similarly,
Vlădescu et al. [26] proposed that larger volume features should be placed in the boundary
lubrication regime and that narrower and more widely spaced features would be more
suitable for other lubrication regimes.

Beyond geometric optimisation, selecting an appropriate surface texturing technique
is crucial for ensuring functional effectiveness. Key factors include precision, repeatabil-
ity, flexibility, cost, and productivity. Reviews by Coblas et al. [1] and Arslan et al. [33]
summarised state-of-the-art texturing techniques, with laser surface texturing [9,25,34–36]
and electrochemical etching [4,5,21,37–41] being the two most widely adopted methods
for texturing metallic surfaces, owing to their ability to create well-defined continuous or
discontinuous texture patterns [1]. Laser surface texturing utilises high-energy pulses to
ablate targeted material via rapid melting and vaporisation [1,33]. While it offers high
dimensional precision, it can also alter metallurgical properties and create heat-affected
zones, which often necessitate post-processing [1,33]. Electrochemical etching, by con-
trast, circumvents these limitations by removing material through a chemical reaction
between the substrate and a reactive agent [1,33]. However, traditional electrochemical
methods require masking individual features on the workpiece, which can be inefficient
and costly. Recent innovations [21,37–41] have overcome these limitations by enabling
maskless localised machining.

Costa et al. [21] introduced a simple ‘maskless electrochemical texturing (MECT)’
method, demonstrating its high current efficiency for texturing metallic surfaces. Sub-
sequently, Da Silva and Costa [38] employed this MECT technique to fabricate chevron-
shaped texture patterns on grey cast iron, reporting improved friction and wear per-
formance. Mitchell-Smith et al. [41] developed electrochemical jet machining (EJM), a
high-precision and highly localised derivative of electrochemical machining, as illustrated
in Figure 1. EJM does not require specialised tooling, as the jet itself serves as a cutting tool.
The process employs compressed air to minimise electrolyte dispersion, ensuring precise
material removal and improved feature definition. Walker et al. [4,5] successfully employed
EJM on texturing Al–Si surfaces, achieving up to 38.5% and 37% friction reductions in
mixed and fluid film lubrication regimes, respectively.
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Cast iron is a durable and widely used material for cylinder liners in automotive appli-
cations due to its excellent machinability, mechanical properties, and cost efficiency [42–46].
Previous studies have demonstrated the effectiveness of textured cast iron liner surfaces
in improving friction and wear performance by using MECT [38] and electrolyte jet ma-
chining [47,48]. However, the performance of variable texture patterns on honed liners
remains insufficiently explored, especially under real engine load conditions. Additionally,
the influence of material microstructure and surface roughness on texturing fabrication and
operational performance is not well understood. To address this gap, this study applies
EJM to EN-GJS 400-15 spheroidal graphite cast iron surfaces incorporating position-specific
texture designs. Detailed surface analyses were performed to evaluate the feasibility of the
EJM method, followed by reciprocating tribological testing to assess the frictional and wear
behaviours of the textured surfaces under small-scale ICE load conditions.

2. Materials and Methods
2.1. Sample Preparation

Coupon samples were made of EN-GJS 400-15 spheroidal graphite cast iron with
the composition detailed in Table 1, a common material for engine blocks and liners in
small-scale ICEs. A rectangular bar of 60 mm × 40 mm × 280 mm (West Yorkshire Steel
Ltd., Leeds, UK) was sectioned into 5.45 mm thick test coupons using a Sodick SLC600G
electro-discharge machine (Sodick Europe Ltd., Warwick, UK). The coupon surfaces were
ground at a 45◦ angle relative to the length dimension to represent the honed patterns
found on the cylinder liner of an ICE [43–46]. An AISI 52100 G5 finished cylindrical rolling
bearing element with 6 mm diameter and 15 mm length (Atlas Ball & Bearing Ltd., Walsall,
UK) was used to represent the top compression ring. Each cylindrical roller featured a 1 mm
radius fillet at both ends to prevent pressure concentration effects at the edges, ensuring
even load distribution at the contact interface. A 1 mm flat contact width was lapped on
each roller using a 25 µm diamond suspension on a Kemet 15 lapping machine (Kemet
International Ltd., Maidstone, UK), achieving a 13 mm2 flat countersurface that represented
a conformal run-in ring surface condition.

Table 1. Nominal composition weight percentage of EN-GJS 400-15 spheroidal graphite cast iron and
its typical mechanical properties [49].

Nominal composition

C 3.4–3.85

Si 2.3–3.1

Mn 0.1–0.3

P ≤0.1

S ≤0.02

Mg ≤0.07

Fe Bal.

Mechanical properties

Tensile strength (N/mm2) 400

Elongation (%) 15

Hardness (HB) 120–180

A precision CNC EJM Texture Stat tool (TextureJet Ltd., Nottingham, UK) was em-
ployed to fabricate the designed texture patterns based on individual CAD models. The
EJM process was controlled by the programmed parameters listed in Table 2. A NaCl
electrolyte with a molar concentration of 2.3 mol/L, dissolved in deionised water, was
jetted from a cathodic straight-walled stainless steel nozzle onto the anodic working area.
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The setup utilised a fixed current, which allowed a floating voltage due to the changing
resistance caused by the inhomogeneous material structure of the workpiece, ranging
between 0 and 150 V. This enabled selective anodic dissolution, facilitating the precise
fabrication of dimensionally accurate features [41], as shown in Figure 1. Both uniform tex-
ture (UT) and variable texture (VT) patterns, with the parameters detailed in Table 3, were
created using a bouncing tool path with a stand-off distance of 500 µm and a translation
speed of 50 mm/min. This tool path allowed the end-effector to rapidly retract from the
surface after completing the machining of each feature, quickly increasing resistance and
thereby stopping any stray machining to maintain pattern precision [4]. It also enabled
debris to be washed away before the tool rapidly descended to begin the next feature.
As depicted in Figure 2, rectangular grooves oriented perpendicular to the reciprocating
sliding direction were chosen for the design feature, which proved to be the most effec-
tive in recent studies [5,23,27]. Feature width was selected as the lower limit of the EJM
technique to ensure full coverage by the countersurface, while the length was chosen to be
1.8 mm within a 2 mm × 2 mm texture cell area. The feature spacing design followed the
principle used by Walker et al. [4], maintaining a spacing of five times the feature width.
This resulted in a texture density of 18.9%, which is within the optimal range of 10–20%
recommended in [30,31,50,51] for improving friction and wear performance in parallel
reciprocating sliding contact under mixed and hydrodynamic lubrication regimes. The
VT pattern altered feature depth as a function of stroke position, transitioning from an
aspect ratio of 0.02 at the midstroke position to 0.04 at the stroke ends, as schematically
represented in Figure 2.

Table 2. Programmed parameters used in EJM.

Electrolyte NaCl @ 2.3 mol/L

Standoff 500 µm

Nozzle ID 150 µm

Current density 288 Acm−2

Flow rate 80 mL/min

Translation speed 50 mm/min
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Table 3. Geometrical dimensions and characteristics of the UT and VT surfaces, as referred to the
schematic in Figure 2.

Sample Htexture
(µm)

Ltexture−X
(µm)

Ltexture−Y
(mm)

Lcell−X
(mm)

Lcell−Y
(mm)

Feature
volume
(mm3)

UT 8 ± 2.5 420 ± 27 1.8 ± 0.15 2 ± 0.047 2 ± 0.035 0.0030

VT

18 ± 2.4,

420 ± 22 1.8 ± 0.17 2 ± 0.037 2 ± 0.045

0.0068,
16 ± 2.4, 0.0060,
14 ± 2.5, 0.0053,
12 ± 1.9, 0.0045,
10 ± 1.0, 0.0038,
8 ± 2.5 0.0030

2.2. Tribological Experiment
2.2.1. Testing Load

Tribological tests were conducted to evaluate the friction performance under contact
pressures representative of those experienced by the top compression ring in a small-
scale ICE, specifically the Honda GX200 engine (Honda Motor Ltd., Tokyo, Japan), under
cold start conditions. Two engine ring radial loads were determined at 1600 rpm under
unloaded and loaded operating conditions using RINGPAK Ricardo numerical engine
simulations, following a methodology consistent with previous work [45]. The variations
in the simulated ring radial load are plotted as a function of the crank angle in Figure 3.
Since the ring radial load fluctuates with the crank angle due to gas pressure variations
and stress concentrations, which lead to uneven load distribution across the ring surface,
the largest ring radial load was chosen to represent extreme operating conditions. The
peak loads were determined to be 188.6 N and 722.5 N for the unloaded and loaded states,
respectively. To simulate these peak conditions in laboratory tribological testing, the loads
were normalised based on the ratio of the countersurface contact area to the Honda engine
ring contact area. This normalization ensured that the nominal contact pressures in the
test setup closely reflected those under real engine operating conditions. Consequently,
experimental loads of 11 N and 50 N were derived, corresponding to nominal contact
pressures of 0.85 MPa and 3.85 MPa, respectively.
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2.2.2. Tribological Testing

Tribological tests were conducted using a Phoenix Tribology TE-77 high-frequency
reciprocating tribometer (Phoenix Tribology Ltd., Kingsclere, UK) to assess the friction
performance of untextured and textured coupon samples under a lubricated rectangular
contact configuration, as schematically illustrated in Figure 4. All tests were carried
out using a stroke length of 25 mm under a normal load of 11 N or 50 N. Test samples
were immersed in a fully flooded bath of 30 ◦C unformulated low viscosity synthetic
oil polyalphaolefin (SpectraSyn 4 PAO, ExxonMobil Chemical Ltd., Fawley, UK) with a
kinematic viscosity of 16.8 cSt at 40 ◦C and 3.8 cSt at 100 ◦C. The unformulated oil, which
contains no additives, was chosen to ensure that the observed tribological behaviours were
attributed solely to the surface texture, without compounding any influence of additives.
Oil temperature was controlled primarily through an integrated heating system and a
K-type thermocouple feedback loop. All samples were ultrasonically cleaned for 300 s in
60–80 petroleum ether prior to setup. The countersurface was positioned at the middle row
of the texture pattern to maintain symmetrical distribution about the midstroke position,
as depicted in Figure 4, such that the nominal initial contact pressure was determined
to be 1.30 MPa at 11 N and 5.91 MPa at 50 N. These values increased compared to those
over an untextured area due to the reduced real contact area introduced by the textured
features. This initial arrangement prevented features from appearing at reversals, which
negatively affect tribological performance due to oil film collapse, as reported by Vladescu
et al. [23,26]. The 1 mm wide flat contact area was self-aligned to the flat coupon surface by
registering the roller’s circumference against a perpendicular 3 mm pin that was part of the
specimen clamping mechanism. Alignment parallel to the reciprocating sliding direction
was achieved by adjusting the vertical position of the clamp before securing it tightly
with two bolts. The roller’s back face would pivot on the pin for a correct self-alignment,
which was assessed by a short duration test at a low frequency (~5 Hz) under a small load
(5–10 N) before being clamped using the grub screw under a high load of 200 N. Each
test was programmed to be started with a run-in process at 12 Hz frequency for 1800 s
under the specified testing load to ensure surface conformity and stabilisation of initial
tribological interactions. This duration was selected based on preliminary trials, which
showed stabilisation in the coefficient of friction within the timeframe. Each test was
then followed by an increment to 18 Hz at 1 Hz intervals, with a dwell time of 300 s at
each frequency, transitioning into the hydrodynamic lubrication regime. The rms average
friction force was acquired every second using a low-speed interface, while high-speed
instantaneous data (friction force and contact potential) as a function of stroke length were
recorded for 5 s after sliding at each frequency. The sampling frequency of the high-speed
data was set to 12 kHz at a test frequency of 12 Hz, with an increment of 1 kHz for each
increase in test frequency. The coefficient of friction was calculated in real time as the ratio
of the measured friction force to the applied normal load using the TE-77 control software
(COMPEND 2000). Each tribological test was repeated twice to ensure the repeatability
and reliability of the results.

2.2.3. Surface Analysis

Samples were cleaned in an ultrasonic bath filled with petroleum ether 60–80 solvent
for 5 min to remove testing oil, dust, and wear debris before conducting any surface analy-
sis. A noncontact optical surface profilometer (Alicona InfiniteFocus G4 focus variation
microscope, Bruker Alicona, Raaba, Austria) was used to examine surface topography,
including the analysis of surface roughness and dimensional parameters of the textured
patterns. A minimum of five randomly selected profiles were analysed for each acquired
3D surface map, and average values and standard deviations were calculated across the
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multiple profiles to minimise local variations. For roughness measurements, extracted
profiles, generated by averaging over a 10 µm bandwidth, were oriented perpendicu-
lar to the grinding marks on coupon surfaces and perpendicular to the sliding direction
on countersurfaces. Roughness was evaluated in accordance with ISO 4287 [52] using a
Gaussian filter (ISO 16610-21 [53]) with a cutoff wavelength of 0.8 mm and a minimum
evaluation length of 4 mm. This standard filtering approach was applied automatically
by the instrument, with no additional form or waviness filters beyond these settings. A
higher magnification analysis of particular texture features and wear characteristics was
performed on the UT and VT surfaces using a JEOL JSM-7200F field-emission gun scanning
electron microscope (FEG–SEM; JEOL Ltd., Akishima, Japan).
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3. Results and Discussion
3.1. Surface Topography
3.1.1. Untextured Surface

The optical microscope image in Figure 5a shows the initial untextured ground cast
iron surface, where the parallel grinding marks were machined at a 45◦ angle relative
to the horizontal sliding direction. These grinding marks were evenly distributed across
the surface, as confirmed by the 3D colour height map in Figure 5b. The average surface
roughness parameters, measured perpendicular to the grinding marks, were determined to
be 1.250 ± 0.036 µm for Ra, 1.681 ± 0.034 µm for Rq, and 10.087 ± 0.630 µm for Rz.

3.1.2. Textured Surface

The optical observations and measured primary profiles from the VT surface are
presented in Figure 6. Optical images in Figure 6a,d reveal that the EJM process removed
the topography at the features, resulting in darker regions, due to the selective dissolution
of the ferritic iron matrix. The topography changes are also reflected in the 3D colour height
map in Figure 6b. The textured surface showed none of the thermal effects, burs, or lips
around the edges of features that are common with laser-textured features. These findings
were further confirmed by the secondary electron images in Figure 7. The average Rq rough-
ness on the textured surface, excluding the features, was measured at 1.458 ± 0.032 µm,
indicating that EJM reduced the surface roughness by 0.223 µm.
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The geometrical dimensions and distribution of the textured pattern were analysed
using primary profiles measured from defined red bands in the optical images, as shown in
Figure 6c,e. All measurements with calculated standard deviations are tabulated in Table 3.
Both profiles exhibited local variations in dimensions, particularly at the bottom surfaces
of features, resulting from the spheroidal graphite phase.

The geometrical characteristics of the EJM textured features were also compared
with the CAD design. In Figure 6c, in addition to the local dimensional variations, edge
gradients were observed within the designed rectangular internal shape, resulting in a
total area difference of 20.07%. This discrepancy is attributed to the spatial variation
in dissolution rates influenced by the in-jet field potential energy distribution from the
cylindrical nozzle, which exhibits characteristics similar to the Gaussian distribution in
intensity [39,40]. Figure 6e shows that the EJM process accurately reproduced the designed
VT texture pattern along the X-axis, with feature depths decreasing from the stroke end
(left) to the midstroke (right). An average standard depth deviation of 2.50 µm from the
design specification was determined.
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Figure 6. (a) Optical microscopy image of a six-groove array on the VT surface, (b) corresponding 3D
height contour plot, and (c) primary profile along the defined red line. (d) Optical microscopy image
of a row of six groove features on the VT surface, and (e) primary profile over the defined red line.

Higher magnification SEM imaging was conducted on an 8 µm deep feature of the
VT surface, as shown in Figure 7. The EJM allowed anodic dissolution of the alpha ferrite
phase without inducing thermal effects on the metallurgical structure surrounding the
textured feature, which are common phenomena associated with the ablative processes of
metallic materials [4,5]. This absence of localised anisotropy prevents unwanted changes
in the microstructure due to rapid solidification or tempering, eliminating the need for
additional post-processing to remove surface protrusions that might disrupt lubricant
films. The predominantly carbon-depleted ferritic structure was dissolved around retained
spheroidal graphite, with the selective dissolution of the ferritic component of pearlite
resulting in fibrous cementite present further away from the spheroidal graphite. Due to the



Lubricants 2025, 13, 203 10 of 20

compositional segregation of carbon during spheroidal solidification, the resulting ferritic–
pearlitic matrix exhibited grain sizes exceeding 10 µm. An averaged Rq roughness was
measured at 2.583 ± 0.056 µm within the feature. EJM on the textured region slightly altered
the continuously distributed grinding grooves, particularly around the features, though
dissolution effects did not extend significantly beyond the immediate texture regions,
retaining ground topography. This was due to the nozzle dissipating high current density
electrolytes around the features, as the process continuously developed, both alongside
and between features, ensuring controlled material removal during workpiece translation.
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Figure 7. SEM images of an 8 µm deep groove feature on the VT surface using (a) ×45 and
(b) ×300 magnifications.

3.2. Tribological Results
3.2.1. Friction Behaviour

The average coefficients of friction from the untextured, UT, and VT surface tests
were plotted over the reciprocating test frequency conditions, as shown in Figure 8. Stan-
dard deviation error bars are included to illustrate the data variability, calculated from
270–280 measurements at each reciprocating frequency. Dotted lines are plotted to distin-
guish the results from each sample. The average differences in the repeated experimental
results yielded deviations of 3%, 5%, and 4% for the untextured, UT, and VT surfaces,
respectively. These deviations indicate that the measurements for each surface type exhibit
low variability, confirming the repeatability and reliability of the experimental conditions
and the test setup.

For the 11 N tribological tests, the frequency-dependent gradients of each result
indicate that the tests were conducted within the hydrodynamic lubrication regime, as
shown in Figure 8a,b. Both UT and VT surfaces showed no significant improvements in
friction across all test frequencies, as the lubricant film was sufficiently thick to provide
the necessary fluid pressure to support the applied load, rendering surface textures less
influential.

When the test load increased to 50 N, the lubricant film thickness at the contact
interface decreased, leading to a reduction in the contact potential signal over the stroke,
as shown in Figure 9a,b. The friction behaviour in Figure 8c,d indicates a lubrication
regime transition from mixed lubrication to hydrodynamic lubrication between 13 and
14 Hz. Both UT and VT surfaces exhibited consistent friction reductions compared to the
untextured surface, with maximum reductions of 17.9% and 18.8% at 14 Hz, respectively.
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These findings validate that the groove features were oriented perpendicular to the sliding
direction, effectively reducing friction, which is consistent with previous studies [5,23,27].
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at (a,b) 11 N and (c,d) 50 N normal load.

In the mixed-lubrication regime at low frequencies (12 and 13 Hz), the primary friction
reduction mechanism was the secondary lubrication effect for both textured surfaces. The
textured features served as lubricant reservoirs, supplying additional lubricant to the con-
tact area when the lubricant was squeezed out under pressure, thereby reducing asperity
contact and overall friction. The improved lubricant retention and thicker film thickness
for both textured surfaces, compared to the untextured surface, were indicated by higher
instantaneous contact potential values throughout the stroke, as shown in Figure 9b–d.
The average instantaneous contact potential values were determined to be 16.5 ± 2.3 mV,
29.3 ± 5.0 mV, and 33.1 ± 3.4 mV for the untextured, UT, and VT surfaces, respectively. Ad-
ditionally, the average friction forces around midstroke were determined to be 1.56 ± 0.74 N,
0.79 ± 0.66 N, and 0.95 ± 0.68 N, confirming the superior performance of the textured
surfaces. The secondary friction reduction mechanism was attributed to a decreased contact
area due to the presence of texture features [54], which was particularly beneficial near the
stroke ends, where the mixed and boundary lubrication regimes dominated. A comparison
of the two textured surfaces revealed that the VT surface provided a slight advantage
in film formation, particularly near the stroke ends. At these positions, the VT surface
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exhibited a lower average friction force of 2.76 ± 1.38 N, compared to 3.14 ± 1.56 N for
the UT surface. This friction reduction is attributed to the enhanced localised secondary
lubrication effect, which is facilitated by the deeper groove features on the VT surface.
These findings are consistent with the recommended design criteria outlined in [26,32].
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As the tests progressed into the hydrodynamic lubrication regime, the previously
mentioned friction reduction mechanisms remained effective, whilst hydrodynamic effects
became more dominant due to thicker lubricant films resulting from higher stroke velocities.
This transition was particularly noticeable when a single feature was fully covered by
the contact area, as discussed by Walker et al. [5], regarding the influence of contact
area on sliding tribological performance. Moreover, the enhanced entrainment effect
and possible inlet suction phenomena within the parallel contact region contributed to
thicker lubricant films [55], leading to a higher hydrodynamic support load and further
friction reduction. This effect was corroborated by the evidence of localised wear around
feature edges, as shown in the SEM images in the following section. As the test frequency
increased and a hydrodynamic lubrication regime consequently expanded over the stroke,
the UT surface exhibited greater friction reduction compared to the VT surface, due to
a stronger hydrodynamic effect. This was because uniform shallow features were more
effective at generating higher net positive film pressure in this lubrication condition, a
behaviour that aligns with the numerical study by Vilhena et al. [56] and other experimental
findings [57–59].



Lubricants 2025, 13, 203 13 of 20

3.2.2. Coupon Surface Analysis

Optical images of the untextured, UT and VT surfaces after the 50 N tribological
testing, as shown in Figure 10, revealed that each wear scar was symmetrically distributed
about the midstroke position. The length of each wear scar was measured at slightly over
26 mm, confirming that proper parallel alignment between the coupon and countersurface
was achieved during each test. Discontinuities observed in all wear scars along the sliding
direction were attributable to positional variations in instantaneous stroke velocities. This
was corroborated by the lower average Rq roughness near the stroke ends compared
to the midstroke position, as indicated in Table 4. For both textured surfaces, the wear
scars extended beyond the textured features, preventing any detrimental effects at stroke
reversals [23,26].
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Figure 10. Optical images of wear scars on the (a) untextured, (b) UT, and (c) VT surfaces after a 50 N
tribological test.

Table 4. Average Rq roughness measured on the untextured, UT, and VT surfaces at the stroke
reversals and midstroke positions pre-/post-11 N and 50 N tribological tests.

Position Stroke Reversals Midstroke

Pre/Post-Test Pre (µm) Post (µm) Pre (µm) Post (µm)

11 N

Untextured 1.681 ± 0.034 1.447 ± 0.028 1.681 ± 0.034 1.484 ± 0.030

UT 1.458 ± 0.032 1.310 ± 0.029 1.458 ± 0.032 1.360 ± 0.034

VT 1.447 ± 0.023 1.412 ± 0.039 1.460 ± 0.027 1.452 ± 0.030

50 N

Untextured 1.681 ± 0.034 1.084 ± 0.031 1.681 ± 0.034 1.404 ± 0.029

UT 1.458 ± 0.032 1.014 ± 0.040 1.458 ± 0.032 1.201 ± 0.050

VT 1.447 ± 0.023 1.113 ± 0.044 1.460 ± 0.027 1.256 ± 0.034

Slight decreases in average Rq were observed on the untextured and textured surfaces
after the 11 N tribological tests, suggesting minimal surface damage and polishing-type
wear. These roughness changes further indicated that the wear-reducing benefit of textured
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surfaces was marginal at the 11 N test load, consistent with the observed friction behaviours.
In contrast, more pronounced wear occurred during the 50 N sliding tests, indicating that
the load had a significant impact on sliding wear [60]. Both textured surfaces demonstrated
reduced wear compared to the untextured surface, particularly near the stroke reversals, as
evidenced by smaller roughness changes. This reduction is primarily attributed to lubricant
film enhancement, as discussed in the friction behaviour analysis.

Secondary electron imaging was performed on the worn UT surface (Figure 11a–d)
and VT surface (Figure 11e,f) near the stroke reversals following the 50 N tribological tests,
where the most significant damage appeared. Both textured surfaces exhibited plastic
deformation of the ground surface and visible wear tracks around the textured features.
The plastic deformation of the top surface layers led to the agglomeration of removed
wear debris within the valleys of the ground marks, as demonstrated in Figure 11b. This
wear process reduced the ground surface asperity peaks, resulting in a worn surface
resembling the run-in plateau characteristic of honed engine cylinder liners. The observed
wear tracks, particularly those observed in Figure 11c, are characteristic of a two-body
abrasion mechanism. In addition, the presence of plastic extrusion features within the wear
morphologies, especially around the ground asperity peaks, suggests that plastic ratcheting
wear may also have contributed to the wear process [61,62]. Repeated sliding under load
could have induced localised cyclic plastic deformation, leading to material extrusion.
Interestingly, greater damage was observed at the feature edges (Figure 11a,e) compared
to the regions between features (Figure 11d,f) on both textured surfaces. This difference
results from reduced plastic deformation and two-body abrasion when the countersurface
passes over a row of textured features, benefiting from the secondary lubrication effect.
Although the VT surface demonstrated slightly improved friction and wear performance
near the stroke reversals, it exhibited wear characteristics similar to the UT surface. No
evidence of adhesive transfer from the countersurface was detected, which aligns with
expectations for these tests under low contact pressure conditions.

3.2.3. Countersurface Analysis

Figure 12a,b show optical images of the worn AISI 52100 countersurfaces after 50 N
tribological tests against the untextured and textured samples. Wear tracks extended across
the entire countersurface parallel to the sliding direction, suggesting minimal damage
on both surfaces. Primary surface profiles were extracted over the defined red bands
along the sliding direction, as shown in Figure 12c,d, revealing no noticeable increase
in contact width after testing. This indicates that no significant wear-induced changes
occurred in the rectangular contact area, which is crucial in dynamic pressure sliding, as
changes in the contact geometry could influence the contact pressures. The average Rq

roughness values, measured perpendicular to the sliding direction, were 0.564 ± 0.022 µm
and 0.414 ± 0.018 µm for the countersurfaces tested against untextured and textured
samples, respectively, increasing from an initial mean value of 0.361 ± 0.034 µm. The
smaller roughness increase on the countersurface, tested against the textured samples,
indicated reduced wear. Additionally, a secondary electron image of this countersurface,
shown in Figure 13, confirmed that the abrasion wear characteristics were due to a two-
body abrasion mechanism with no observable material transfer. These findings reinforce
the effectiveness of surface texturing in reducing overall wear in reciprocating tribological
contacts.
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Figure 12. Optical images of the worn countersurfaces tested against (a) untextured and (b) textured
samples after 50 N tribological tests. Primary surface profiles measured pre/post-test of the counter-
surfaces tested against (c) untextured and (d) textured samples, extracted along the defined red lines
in the corresponding optical images.
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4. Summary
The EJM technique successfully fabricated both UT and VT patterns on honed EN-GJS

400-15 spheroidal graphite cast iron surfaces featuring machined 45◦ grinding marks. The
process produced dimensionally accurate features without burs or lip formation, elim-
inating the need for additional post-processing. This is particularly advantageous for
honed cylinder liners, as post-processing could compromise the integrity of the original
honing structures. Selective dissolution of the alpha ferrite phase during EJM exposed the
spheroidal graphite, contributing to increased roughness at the feature bottoms. Compar-
isons with EJM textured surfaces on A390 alloy [4] confirmed that the resulting surface
topography is material-dependent, influenced by material composition, microstructure,
and grain size variability. EJM slightly modified the continuity of the initial grinding
grooves, reducing overall surface roughness. Despite localised roughness changes, no
significant adverse effects on friction performance were observed.

Tribological tests were conducted on the untextured and EJM-textured spheroidal
graphite cast iron surfaces under lubricated area contact conditions at two normalised
ring loads, 11 N and 50 N, to evaluate friction and wear behaviour using an unformulated
low viscosity lubricant (PAO4). At the lower load (11 N), no significant improvement
in friction was observed on the textured surfaces, as a sufficiently thick lubricant film
under hydrodynamic conditions limited the influence. Surface analysis revealed only
slight surface roughness changes across all samples, indicating minimal surface damage
and a polishing-type wear mechanism. However, under the higher test load (50 N), both
UT and VT surfaces exhibited consistent friction reduction compared to the untextured
surface. The textured surfaces also demonstrated noticeable wear reduction, particularly
near stroke reversal positions, attributed to enhanced lubricant film formation. Secondary
electron imaging supported these findings, showing plastic deformation and two-body
abrasion marks, primarily at feature edges, with less wear observed between features.
The VT surface showed improved film thickness and enhanced secondary lubrication
effects near the stroke reversals owing to its larger feature volume [5]. In contrast, the UT
surface exhibited a lower friction coefficient in the full-film regime due to the more effective
hydrodynamic effect resulting from its shallower features.

These results demonstrate the potential of EJM-textured VT patterns for cylinder
liner application while also underscoring the strong dependence of surface texturing
performance on load, operating frequency, and lubrication conditions.

5. Conclusions
This study investigated the application of EJM for fabricating complex groove patterns

on EN-GJS 400-15 spheroidal graphite cast iron and evaluated their tribological performance
under simulated engine ring operating conditions. The following key conclusions were
drawn:

1. EJM effectively produced precise uniform and variable groove patterns on cast iron
surfaces without introducing thermal effects, burs, or lip formation.

2. The selective dissolution process altered the surface topography, indicating that the
final surface characteristics are influenced by the material composition, microstructure,
and grain size.

3. Textured surfaces exhibited a greater friction reduction at 50 N than at 11 N, with a
consistent decrease of up to 18.8%.

4. Optical and SEM analyses confirmed that plastic deformation and two-body abrasion
were the primary wear mechanisms. Textured surfaces reduced wear by enhancing
secondary lubrication and hydrodynamic effects.
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5. The VT surface proved more effective than the UT surface in reducing friction and
wear under the mixed lubrication regime due to an improved secondary lubrication
effect.

6. Countersurface analysis revealed reduced wear when sliding against textured speci-
mens, showing less two-body abrasion and no observable material transfer.
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