% applied sciences

Article

Surface Quality of CNC Face-Milled Maple (Acer
pseudoplatanus) and Oak (Quercus robur) Using Two End-Mill
Tool Types and Varying Processing Parameters

Ana-Maria Angelescu, Lidia Gurau *

check for
updates

Academic Editor: Wilma Polini

Received: 2 June 2025
Revised: 16 June 2025
Accepted: 17 June 2025
Published: 20 June 2025

Citation: Angelescu, A.-M.; Gurau,
L.; Ispas, M. Surface Quality of CNC
Face-Milled Maple (Acer
pseudoplatanus) and Oak (Quercus
robur) Using Two End-Mill Tool Types
and Varying Processing Parameters.
Appl. Sci. 2025,15,6975. https://
doi.org/10.3390/app15136975

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Mihai Ispas

Faculty of Furniture Design and Wood Engineering, Transilvania University of Brasov, B-dul Eroilor, Nr. 29,
500036 Brasov, Romania; ana.angelescu@unitbv.ro (A.-M.A.); ispas.m@unitbv.ro (M.I.)
* Correspondence: lidiagurau@unitbv.ro

Abstract

Face milling with end-mill tools represents a solution for woodworking applications on
small-scale or complex surfaces, but information regarding the surface quality per spe-
cific tool type, wood material, and processing parameters is still limited. Therefore, this
study examined the surface quality of tangential oak and maple CNC face-milled with
two end-mill tools—straight-edged and helical—for three values of stepover (5,7, 9 mm)
and two cutting depths (1 and 3 mm). The surface quality was analyzed with roughness
parameters, roughness profiles, and stereomicroscopic images and was referenced to that
of very smooth surfaces obtained by super finishing. The helical end mill caused signif-
icant fiber tearing in maple and disrupted vessel outlines, while prominent tool marks
such as regular ridges across the grain were noticed in oak. The best surface roughness
was obtained in the case of the straight-edged tool and minimum stepover and depth of
cut, which came closest to the quality of the shaved surfaces. An increase in the cutting
depth generally increased the core surface roughness and fuzziness, for both tools, and this
trend increased with an increase in the stepover value. The species-dependent machining
quality implies that the selection of tool geometry and process parameters must be tailored
per species.

Keywords: maple; oak; surface roughness; microscopy; stepover; cutting depth; end-mill
tools; CNC face milling

1. Introduction

Surface quality is a critical factor in the machining of hardwoods, directly influencing
both the aesthetic characteristics and the functional performance of wooden components.
In sectors such as furniture manufacturing and interior architecture, the demand for precise
machining of wood and high surface quality has increased significantly. This growing
need has led to the development and refinement of strategies that not only address the
machining parameters but also need to consider the anatomical complexity and structural
variability of hardwood species.

Among the machining methods for face surfacing, conventional rotary cutter blocks
are widely used for continuous, large-area planing. However, their size and geometry limit
their effectiveness when small surface areas with alternating depths and contours are the
milling requirement. These tools often cause significant anatomical alterations beneath
the surface, including lateral distortion, tissue rupture, and fiber crushing, particularly in
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hardwoods, where variability in vessel distribution and fiber orientation generates uneven
cutting resistance [1]. As a result, roughness produced under such conditions affects more
than just surface appearance; it also undermines downstream processes such as bonding
and coating.

To address these limitations, more adaptable solutions have gained attention. Helical
planning, for instance, is promoted for its ability to produce smoother surfaces and generate
lower cutting forces but can also leave periodic ridges due to the geometry and motion
of the tool path, especially at high feed speeds and for processing across the grain [2].
CNC-based face milling has become increasingly relevant in precision wood machining
due to its capacity for controlled material removal and adaptability to complex surface
geometries. Unlike traditional planning systems, face milling involves a perpendicular tool
approach to the surface and is particularly well suited to CNC environments where tool
paths can be finely programmed. Within this category, end mills with fronto-lateral cutting
edges, tools that engage both axially and radially, have garnered interest for their versatility
and geometric flexibility. Originally developed for metalworking and composite materials,
such tools have been successfully adapted to the machining of solid wood components,
where they enable high-precision processing of both planar and contoured surfaces [3,4].

Their geometry allows for an effective engagement with features such as recessed
zones, narrow edges, and transitions in depth, making them particularly valuable in appli-
cations involving decorative or small-scale parts. Moreover, when properly selected and
operated under optimized feed rates and cutting depths, fronto-lateral tools in face milling
setups have been shown to deliver superior surface quality and reduced subsurface damage
compared to conventional rotary cutter blocks [1,2]. Machining-induced subsurface defor-
mation, such as cell compression and fiber rupture, can hinder adhesive penetration and
reduce joint strength. These characteristics position face milling with fronto-lateral tools as
a promising solution for fine woodworking applications that demand both dimensional
accuracy and clean, bondable surfaces. Nonetheless, achieving optimal results requires
close attention to the interplay between tool geometry, feed rate, cutting depth, and the
anatomical structure of the wood.

In a study on face milling of paper birch, Ref. [2] employed a RotoPlane 16T face planer
fitted with 34 insert knives to investigate the influence of the machining parameters on
surface integrity. Three different feed speeds and cutting depths were tested, revealing that
feed speed had a significant impact on both surface roughness and wettability, while cutting
depth had a comparatively minor effect. These findings underscore the complexity of inter-
actions between machining parameters and wood anatomical characteristics. Supporting
this, Ref. [5] showed that machining method and fiber orientation significantly influence
surface roughness in beech and aspen, while [6] reported that feed rate and cutting angle
affect the surface quality of sessile oak, emphasizing species-specific sensitivity to tool ge-
ometry. Additionally, Ref. [7] noted that anatomical traits such as vessel diameter and fiber
interlocking can outweigh bulk density in determining surface roughness, especially in
tropical species. Furthermore, Ref. [8] identified feed rate and spindle speed as key factors
in reducing roughness when CNC face milling palm wood, reinforcing the importance of
process control.

To this body of evidence, Ref. [9] added information by demonstrating that lower feed
speeds (10 m/min compared to 30 m/min), using a Weinig Unimat 500 planer (Tamex,
Sarajevo, Bosnia and Herzegovina), significantly decreased surface roughness in oak,
yielding results comparable to those achieved by combined planing and sanding using a
Viet Opera V machine. Most recently, Ref. [3] explored the CNC face milling of Anatolian
chestnut using high-speed steel straight-end mills (¢ = 8 mm, 3 flutes) and found that the
lowest Rz values were achieved at the spindle speed of 16,000 rpm and with the depth of
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10 mm, confirming the importance of tool configuration and cutting strategy in optimizing
surface quality.

Ring-porous species like oak exhibit pronounced variation in the cutting resistance
between earlywood and latewood, even under identical machining settings. It was ob-
served [7] that radial sections generally show higher roughness than tangential ones due
to fiber interlock and vessel arrangement, especially when measured perpendicular to
the grain. In a broader comparative study involving tropical hardwoods such as Garapa,
Tatajuba, Wenge, and Merbau, the above author further found that the surface roughness
values for measurements perpendicular to the grain were nearly double those measured
along the grain, underlining the critical role of the anatomical structure (cell cavities) in
shaping the surface texture.

While investigating several machining approaches, including face milling and super
surfacing (shaving), Ref. [10] found that microstructural integrity played a crucial role in
determining the tensile shear strength of glued joints. They observed that super surfacing,
when using sharp, rounded tools, preserved subsurface quality and improved the bonding
behavior—findings that directly support the use of super surfacing as a benchmark in
our studies.

Similarly, Ref. [11] reported superior bonding on face-milled beech surfaces compared
to conventionally planed ones, provided that the milling process was optimized to avoid
excessive fiber damage. These observations highlight that achieving a smooth surface
is not sufficient on its own; the underlying structure must also remain intact to ensure
functional performance.

From a process control perspective, surface quality in face milling is influenced by
factors such as tool entry direction, with climb milling generally resulting in less cell com-
pression and more uniform textures [10]. Feed rate and tool sharpness also play a key role
in minimizing subsurface damage, even when surface roughness appears acceptable [12].
Moreover, due to the inherent heterogeneity of wood, including variations in fiber orienta-
tion and vessel structure, machining strategies must often be tailored to each species. As [6]
observed, parameters effective for one anatomical configuration may not be directly trans-
ferable to another without careful adjustment. In summary, surface quality in hardwood
machining results from a complex interaction between process parameters, tool design, and
wood anatomy. While conventional cutter blocks are suitable for flat surfaces, they lack
the precision and adaptability needed for intricate components. CNC-based fronto-lateral
end mills offer greater flexibility and accuracy, yet studies on their performance in the face
milling of wood remain limited. Optimizing surface quality thus requires a tailored selec-
tion of parameters adapted to each wood’s anatomical structure. The present study aims to
expand the current understanding of surface quality in hardwood machining by evaluating
and comparing the effects of CNC face milling on oak and maple wood, using two end mill
tools with different geometries, designed for fronto-lateral processing: one with straight
cutting edges, and the other with helical blades. The selection of two contrasting wood
species, one homogeneous with diffuse pores—maple—and the other more heterogeneous
and ring-porous with large pores, allowed us to explore the effect of wood anatomy upon
surface integrity and perform a reliable characterization of the tool marks and processing
quality. Machining was performed under varied stepover and cutting depth conditions, and
the resulting surfaces were assessed through a combination of profile roughness parameters
and stereomicroscopic imaging. To establish a benchmark for high-quality surface finish,
the CNC-milled surfaces were compared with those obtained through super surfacing
(shaving), following a methodological approach similar to that employed by [10].

While the roughness parameter Ra was included primarily to facilitate comparisons with
the existing literature, greater emphasis was placed on Abbott-Firestone parameters, i.e., Rk,
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Rpk, and Rvk, which offer a more reliable and structurally sensitive assessment of machined
wood surfaces. These parameters allow for a clearer distinction between machining-induced
irregularities and inherent anatomical texture, particularly in hardwoods. Ultimately, this
study aimed to identify the best combinations of tool geometry and machining parameters
that can achieve the smoothest surfaces in this CNC face-milling setup.

2. Materials and Methods
2.1. Wood Samples

Oak (Quercus robur) and maple (Acer pseudoplatanus) samples with a moisture content
of 9.6% and 10.3% and a density of 717 kg/m? and 580 kg/m?, respectively, were prepared
with tangential cut faces, processed by straightening and planing, and then crosscut to
achieve the final dimensions of 80 x 80 x 20 mm. Among them, 24 wood samples were
directed to CNC processing, 12 of oak and 12 of maple, to test their surface quality after
processing with two end-milling cutters, three stepover values, and two cutting depths
(2 x 3 x 2=12). Supplementarily, one oak and one maple specimen, preprepared in the
same way, were processed by shaving with a super surfacer and represent the reference
surfaces, as will be further described.

2.2. Processing by CNC

The 24 prepared samples were machined using a CNC milling process along the
grain direction, on the face surfaces, which were then analyzed to evaluate their quality.
Although the used milling tools are capable of processing both the face and the edge
surfaces, the study intentionally focused only on the quality of the face surface, as the edges
involve radial orientations and additional factors that would necessitate a separate and
more complex investigation beyond the scope of this work.

All specimens were uniformly secured to the machine table to minimize movement
and vibration during machining, as shown in Figure 1a. The milling process employed
two types of Leitz end-mill cutters, each with a 10 mm diameter: one featuring two helical
blades, with I.D. 042278 and active cutting length of 25 mm (Figure 1b), and the other
with straight blades, with I.D. 038058 and active cutting length of 23 mm (Figure 1c).
Both cutters were made of tungsten carbide; however, the helical-bladed tool (T1) was
additionally coated with a Marathon layer to enhance performance and durability. Both
tools were designed with a positive twist orientation, from the face side of the workpiece
toward the bottom, facilitating effective chip evacuation and improved dust extraction. To
ensure consistency in the cutting performance, both tools were new, and their blades were
microscopically inspected to confirm the absence of any defects.

(c)
Figure 1. Machining on CNC: (a) workpiece mounted; (b) spiral-end mill T1; (c) straight-end mill T2.

Additionally, all milling operations were performed parallel to the wood grain, with
each specimen carefully oriented so that cutting occurred in the direction of tree growth to
minimize fiber damage and surface variability.
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The samples were cut using a three-axis CNC router, ISEL GFV model, manufactured
in Germany, with machining parameter settings divided into constant and variable, as
summarized in Table 1. The depths of cut were chosen to represent typical roughing
and finishing operations: 3 mm for roughing, and 1 mm for finishing. These values
were validated by previous studies focused on wood machining, including [13-15], which
identified similar depths as effective in balancing material removal rate with surface quality.
Separate sets of samples were prepared for each depth of cut to ensure a reliable and
consistent evaluation. The feed speed was maintained at a constant 4 m/min throughout
all experiments. This value was selected based on prior research findings [16-20], which
demonstrated that this feed rate contributes to reduced surface roughness in hardwood
machining while avoiding excessive tool wear or burning effects common at lower speeds.

Table 1. Machining parameters used for CNC face milling.

Parameter Value
Rotation speed 15,000 rpm (constant)
Feed speed 4 m/min (constant)
Depth of cut 1 and 3 mm
Stepover 5 mm, 7 mm, and 9 mm

Tool ch L T1: D =10 mm, Z = 2 (helical), L = 70 mm, active L = 25 mm
ool characteristics 79, 1y = 10 mm, Z = 2 (straight), L = 70 mm, active L = 23 mm

The stepover, defined as the lateral distance between adjacent toolpaths, was set
relative to the tool diameter (10 mm) and varied to assess its influence on surface quality.
Specifically, three stepover values were used, i.e., 5 mm, 7 mm, and 9 mm, corresponding
to 50%, 70%, and 90% of the tool diameter, respectively. This range was achieved by
adjusting the overlap between toolpaths from a minimum overlap of 1 mm (resulting in a
9 mm stepover) to a maximum overlap of 5 mm (resulting in a 5 mm stepover), with an
intermediate setting of 3 mm (7 mm stepover) also included. This variation allowed for a
comparative analysis of the effect of toolpath density on the resulting surface finish.

2.3. Processing by Super Surfacing (Shaving Operation)

A Marunaka New Royal 10 super surfacer was used in this study (Figure 2a), which is a
high-precision Japanese woodworking machine designed for ultra-fine surface shaving. The
machine features a 390 mm fixed blade, mounted in a transverse slot on the working table
and inclined at 20° relative to the feed direction. This configuration enables a controlled
shearing cut as timber is fed longitudinally across the blade.

®

Figure 2. Experimental setup and output of the super surfacing process: (a) Marunaka New Royal

10 super surfacer; (b) 390 mm fixed shaving blade; (c) resulting wood shaving and processed surface.
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A rubber conveyor belt feed system, consisting of a continuous flat belt reinforced
with longitudinal strips, guided the workpiece steadily across the blade. This mechanism
ensures uniform pressure and smooth, controlled movement, allowing the machine to
remove a consistent 0.1 mm wood surface layer. The result is the production of fine,
continuous shavings while maintaining the anatomical integrity of the wood. The extended
cutting edge of the blade exceeds the slot width, detaching full-width, uninterrupted
shaving with each pass.

As shown in Figure 2b, the robust blade assembly contributes to minimal vibration
and high dimensional stability throughout the cutting process. This stability ensures the
production of thin, continuous, and uniform shavings (Figure 2c).

2.4. Surface Quality Measurements

Surface characterization was carried out using the MarSurf XT20 system from MAHR
Gottingen GmbH (Gottingen, Germany), equipped with an MFW 250 scanning head
(Figure 3a). The instrument features a £750 um range tracing arm and a stylus tip with a
2 um radius and a 90° tip angle. The measurements were conducted at a scanning speed
of 0.5 mm/s, with a contact force of 0.7 mN and a lateral resolution of 5 um. For each
sample and CNC cutting parameter combination, four surface profiles of 50 mm were
recorded (Figure 3b), all measured perpendicular to the grain direction. For the shaved
surfaces, the procedure was the same, but the number of measured profiles was increased
to six per sample.

(b)

Figure 3. Experimental setup for roughness measurement: (a) Marsurf XT20 system; (b) measuring

the sample surface across the grain.

The measured surface profiles were processed using MARWIN XR20 software (version
9.00-23 from 2013) supplied by the instrument’s manufacturer. The initial step involved
the removal of form error through polynomial curve fitting, which eliminated large-scale
geometric deviations. This correction enabled the extraction of the primary profile by
subtracting the fitted curve from the raw data, following [21]. The primary profile retained
both waviness and roughness components, which were distinguished based on wave-
length, with longer wavelengths corresponding to waviness, and shorter wavelengths to
surface roughness.

To separate the roughness profile from longer wavelength irregularities, a robust
Gaussian regression filter was applied following [22], using a 2.5 mm cut-off length, as
recommended for wood surface analysis [23,24]. From the filtered roughness profiles,
roughness parameters were calculated [21], such as the arithmetical mean deviation (Ra)
and the maximum profile valley depth (Rv). Given the hierarchical and anisotropic nature
of wood, Abbott-Firestone curve parameters were also included to characterize the func-
tional aspects of the surface. These comprised Rk (core roughness depth), Rpk (reduced
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peak height), and Rvk (reduced valley depth) [21]. These parameters are particularly
relevant in wood surface evaluation, as supported by prior studies [24-26], with further
methodological details provided in [27]. The use of these three descriptors is essential
to capture the complex morphology of wood surfaces and to provide a comprehensive
understanding of their topographical characteristics. The significance of the results for all
processing parameters combinations was tested with single-factor and two-factor ANOVA,
without replication for p < 0.05. Individual primary and roughness profiles were further
obtained in MathCAD Professional 2000 (MathSoft Inc., Cambridge, MA, USA) by pro-
cessing the original measured ASCII data to allow for comparisons between tools and
cutting parameters.

2.5. Stereomicroscopy Analysis

The processed surfaces were examined using a NIKON SMZ 18-LOT2 stereomicro-
scope (Nikon Corporation, Tokyo, Japan). Micrographs were captured from all specimens
machined by CNC, as well as from the shaved ones, and these visual observations were
analyzed alongside the surface quality measurement data.

3. Results
3.1. Quality Evaluation of the Shaved Surfaces

Processing wood surfaces with a super surfacer provides an exceptionally smooth
finish in which the influence of machining roughness is minimal or negligible. As a result,
the surface texture primarily reflects the natural anatomical structure of wood and its
cellular diversity. A shaved surface, as an almost ideal smooth surface, can be used as
a quality reference for any type of processing, that is, CNC milling in this research. The
shaved surfaces of maple and oak were very smooth to touch and shiny. As shown in Table 2,
the roughness parameter values differed between maple and oak, even though both species
were processed under identical conditions. The reason is that those roughness parameters
are strongly influenced by the particular species” anatomical cavities. However, the least
affected parameter was Rk, whose mean value was similar for both species, despite their
anatomical differences. This result indicates once more that Rk is the parameter that best
approximates the surface roughness caused by machining, namely, the shaving operation
in this case.

Table 2. Mean roughness parameters of the reference surfaces processed by super surfacing (shaving)
for maple and oak. All roughness values are in um, and the values in brackets represent the
standard deviation.

Reference Surface

Ra Rk Rpk Rvk Rk + Rpk Rv

Maple
Oak

3.83 (0.11) 6.16 (0.21) 1.27 (0.09) 16.21 (0.64) 7.43(0.66)  45.79 (3.19)
9.96 (1.83) 6.46 (0.62) 237 (144)  63.36(10.80)  8.83(11.75)  165.04 (8.98)

Figure 4 illustrates an example of the corresponding roughness profiles for both
species. The red curve represents the maple profile, and the blue curve corresponds to
oak. The irregularities observed below the black horizontal axis (the zero line) represent
the lumens of wood cells, particularly the vessel voids, emphasizing that the surface
topography was anatomically driven rather than mechanically induced. Although y-axis
values are displayed, each roughness profile was vertically offset and referenced to its own
zero line. This approach was adopted to facilitate a more effective comparison between the
two species.
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Profile height for oak (um)
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Figure 4. Comparative roughness profiles of shaved reference surfaces.

Although Ra is widely used to characterize a surface texture and is an average value of
all surface irregularities [2,16,28-32], especially in the case of a very smooth finish combined
with deep anatomical voids, it proves to be sensitive to anatomical features rather than to
machining effects. Significant statistical differences in Ra were observed between maple
and oak, despite the controlled and uniform shaving process that eliminated variability
due to the cutting conditions. These differences are rooted in the distinct microscopic
structures of the two species. Maple exhibits small, diffuse pores uniformly distributed
across the growth ring, with diameters of approximately 25-30-50-70 (110) pm and a vessel
proportion of 4-8.4% [33]. Combined with a sparse parenchyma, this leads to a smooth and
uniform surface, resulting in a low Ra value (3.83 pm). In contrast, oak is characterized
by large, ring-porous vessels in the earlywood, with diameters reaching up to 350-500 um
and a vessel area proportion that can exceed 40% in narrow growth rings, along with
prominent, dense rays [33]. These features create a pronounced surface texture, reflected in
a considerably higher Ra (9.96 pm). Therefore, Ra cannot be considered a reliable parameter
for assessing surface quality in smoothly processed oak wood, as it predominantly captures
anatomical variations rather than the actual effects of machining [1].

For both species, the low Rpk values indicate a surface with minimal protrusions
and no prominent peaks, an expected result of the shaving process, which effectively
levels the surface, thereby enhancing smoothness and visual uniformity. Rk, characterizing
the roughness caused by the shaving tool, was similar for both species, approximately
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6 um. When examining the combined parameter Rk + Rpk, which represents the functional
portion of the surface topography, the values were relatively similar: 7.43 pm for maple,
and 8.83 um for oak. This combined metric is especially relevant for applications involving
contact or finishing treatments, where the interaction with the surface depends on both
the core roughness (Rk) and any protruding surface peaks (Rpk). Despite the anatomical
differences between the two species, the similarity in the Rk + Rpk values suggests that the
shaving process produced comparable functional surfaces.

In line with this, Ref. [34] also highlighted the combined role of the machining parame-
ters and the anatomical texture in determining surface morphology, noting that species with
a diffuse-porous structure and a fine texture (e.g., beech) tend to exhibit smoother surfaces
than ring-porous species such as oak, which have large vessels and a less uniform texture.

The roughness parameters, the roughness measured profiles, and the microscopic
images of the shaved surfaces are further used as references for the quality analysis of the
CNC milled maple and oak in the following sections.

3.2. Quality Evaluation of the CNC Milled Surfaces
3.2.1. Analysis of the Primary Profiles

The primary profiles include both roughness and waviness components. The profiles
reveal the presence of kinematic waviness, a typical feature of CNC milling, primarily
generated by the stepover parameter. To investigate the influence of stepover and tool
geometry on surface quality, primary profile graphs were generated for all combinations of
these parameters (T1 with helical cutting edges, and T2 with straight cutting edges) and
cutting depths (1 mm and 3 mm). Although similar observations were made for the 3 mm
cutting depth, Figure 5 includes only the comparisons for the 1 mm depth.

W“T‘T" ”" _ W ”‘ W"‘W ‘W .. "M 'T“f

(a) T1 maple (b) T2 maple
wmw' T v‘y Ty e v“‘IwJ* w““m v “FW I WW“’“‘W”‘WW*

AN

%«ﬂﬁwrm i ﬂ‘wﬂ[ I M\qm«w«»ww WWWW Wﬂf ~WWW WWHW?

(c) T1 oak (d) T2 oak

Figure 5. Comparison between the primary profiles of milled surfaces for stepovers of 5, 7, 9 mm, at
1 mm cutting depth and those of the shaved surfaces: red—shaved surface, navy blue—stepover 5 mm,
magenta—stepover 7 mm, light blue—stepover 9 mm; x-axis—profile length; y-axis—profile height.

Each graph includes the profile of the shaved surface, which served as the reference for
high-quality finishing. A black center line is provided in all graphs to help interpret the data,
acting as a baseline for evaluating the depth and distribution of surface irregularities. The
primary profiles are color-coded: red represents the shaved surface, navy blue corresponds
to milling with a 5 mm stepover, magenta to milling with a 7 mm stepover, and light blue
to milling with a 9 mm stepover.
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For maple and oak, both milling tools enhanced the surface waviness, as well as the
fuzziness, as the stepover value increased (Figure 5). The profiles corresponding to the
5 mm stepover were relatively close to the reference profiles (red), especially for oak, but
the deviations grew more pronounced with the 7 mm and, especially, the 9 mm stepover.

3.2.2. Surface Roughness and Stereomicroscopy Analysis of CNC-Processed Maple

This section presents an in-depth evaluation of the surface quality of CNC-processed
maple, combining quantitative roughness measurements with qualitative observations
obtained through the roughness profiles and stereomicroscopy. The analysis focused on the
surface morphology resulting from different tool geometries and stepover values, under
controlled machining parameters.

Table 3 presents the mean values and standard deviations of the surface morphology
parameters for maple, corresponding to machining with tools featuring straight (T2) and
helical cutting edges (T1), at depths of 1 mm and 3 mm, and stepover values of 5, 7, and
9 mm. The results obtained from the super surfacer are also included, representing the
values for a high-quality reference surface (R) against which the machined samples were
comparatively assessed.

Table 3. Mean values of the roughness parameters in pm measured for maple processed by the T1
and T2 tools and the super surfacer (R). In brackets, the stepover values in mm. The cutting depth

is in mm.
Roughness  Cutting TIG) TI1(7) T19) T26) T2(7)  T209) R
Parameter Depth
. mean 4.66 6.99 5.84 4.68 450 4.65 3.83
R ST. DEV 0.31 0.27 0.28 0.21 0.13 0.36 0.11
a 3 mean 451 425 4.83 4.03 5.72 6.55 3.83
ST. DEV 0.13 0.17 0.52 0.07 0.51 0.40 0.11
mean 12.32 16.86 15.19 9.39 9.26 9.27 6.16
1 ST. DEV 0.87 1.36 0.36 0.39 0.61 1.03 0.21
Rk 3 mean 11.95 10.92 12.08 9.03 10.48 13.24 6.16
ST. DEV 0.41 0.59 1.13 0.45 0.42 1.25 0.21
. mean 5.82 8.51 7.42 4.05 5.86 9.61 1.27
Rok ST. DEV 0.34 0.74 0.49 0.46 0.38 0.87 0.09
p 3 mean 5.96 6.03 7.07 3.66 7.17 7.04 1.27
ST. DEV 0.62 0.80 0.81 0.21 0.52 1.19 0.09
. mean 13.08 20.59 24.33 18.74 16.06 15.65 16.21
ST. DEV 2.02 1.40 2.60 1.33 0.24 1.44 0.64
Rvk mean 12.14 11.52 14.02 14.92 21.99 23.85 16.21
3 ST. DEV 0.89 0.99 2.66 1.37 2.32 213 0.64
. mean 18.14 25.38 22.61 13.43 15.12 18.89 7.42
Rk + Rok ST. DEV 0.76 1.10 0.70 0.67 0.26 0.76 0.66
P 3 mean 17.91 16.95 19.15 12.69 17.65 20.28 7.42
ST. DEV 0.08 1.39 1.72 0.47 0.74 2.27 0.66
mean 59.52 7427 57.27 69.77 63.23 56.09 45.79
R 1 ST.DEV  19.44 10.12 2.77 11.60 7.14 3.30 3.19
v mean 50.93 43.71 56.97 57.30 66.50 76.74 45.79
3 ST. DEV 8.21 3.11 22.99 11.60 436 6.83 3.19

In a study on beech edge-glued panels [35], using a 6 mm diameter straight-end router
bit with two cutting edges, geometrically similar to the T2 tool used in the present study,
the Ra value at a 4 mm stepover was 4.463 um, while the Ra values for depths of cut of
2 mm and 4 mm were 4.216 um and 4.381 um, respectively. The values were close to the Ra
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values for maple in our study, and the minimum values were recorded for T2 and were
around 4.5-4.6 um for a depth of cut of 1 mm and 4.03 pm for a depth of cut of 3 mm at a
stepover of 5 mm. Although Ra is the most used parameter in the literature, here Rk was
considered more reliable to differentiate the quality with different processing variables. The
parameter Rk most effectively captures the central concentration of data points, as it is a
robust parameter that excludes the influence of isolated surface features such as protruding
fibers (surface fuzziness) or deep irregularities (pores, cracks). The evolution of the Rk
parameter in relation to the stepover, the tool type, and the cutting depth can be seen in
Table 3 and Figure 6. The surface obtained through super surfacing is also represented (R),
marked by a gold line, serving as a reference for surface quality.

o~ Rk
£ 20.00
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£ 15.00
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Tool stepover (milimeters)
T (I mm) s T2 (1 mm) T1 (3 mm) T2 (3 mm) R

Figure 6. Comparative analysis of the core roughness (Rk) mean values for maple CNC-machined
with T1 and T2, referenced to the values for the shaved surface (R). The values in brackets represent
the cutting depth.

In general, for both cutting depths, the machining surface roughness depicted by the
core roughness Rk was significantly smaller for T2 compared to T1 and for all stepover
values, with the exception of the stepover of 9 mm at 3 mm depth, with which the surface
quality worsened for both tools, leading to no statistical differences between correspond-
ing surfaces. Compared to the reference shaved surface (Rk = 6.16 um), the Rk values
for T2 were the closest (Rk = approximately 9 um), 33-34% higher for the milled sur-
face for a cutting depth of 1 mm, whereas the surfaces processed by T1 were more than
two times rougher.

In Table 4 is an example of a statistical analysis, in which, at a stepover of 5 mm,
two-way ANOVA without replication indicates statistically significant differences among
the four combinations of tool type (T1 and T2) and cutting depth (1 mm and 3 mm). The
very low p-value (p = 6.00 x 10~°) confirmed that the variations in the Rk values were
not due to random factors but were instead influenced by the combined effect of tool
geometry and depth of cut. Conversely, the high p-value for the replicates (p = 0.9818)
demonstrated the consistency and reproducibility of the measurements. A similar trend
was observed at the 7 mm stepover, at which the influence of the processing parameters
remained statistically significant, while the variation among the replicates remained low.
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Table 4. Two-way ANOVA without replication for maple, at a stepover of 5 mm.
ANOVA
Source of Variation SS df MS F p-Value F crit

Rows 0.062338 3 0.020779  0.055278 0.981819336 3.8625484

Columns 3253002 3 10.84334  28.84625  6.00666 x 107> 3.8625484
Error 3.383111 9 0.375901
Total 3597547 15

Concerning the stepover influence over the Rk parameter, a significant increase in
Rk with the stepover value was found for T1 at the 1 mm depth of cut and for T2 at the
3 mm depth of cut, as tested by ANOVA without replication. Although the values of Rk
for T2 and 1 mm depth of cut were similar (Table 3), the overall quality worsened with the
increase in the stepover due to an increase in fuzziness and fiber detachment, which can be
seen from the increase in the Rpk values in Table 3, as well as from the protuberances in the
roughness profiles in Figure 7 or in the aspect of the micrographs in Figure 8. Increasing the
depth of cut to 3 mm increased the core surface roughness Rk as well as the fuzziness (Rpk)
in comparison with the values at 1 mm depth, and this trend increased as the value of the
stepover increased (Figure 9). This showed that an increase in the depth of cut combined
with an increasing stepover led to a significant deterioration in surface quality, the T2 cutter
becoming more sensitive to the operating parameters under conditions of increased effort.
Overall, T2 showed a clearer quality trend with changes in the cutting depth and stepover
than T1, for which the quality variation was rather unpredictable.
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Figure 7. Comparative roughness profiles for maple processed by the tools T1 and T2 at the cutting
depth of 1 mm and reference profile: red—shaved surface, navy blue—stepover 5 mm, magenta—
stepover 7 mm, and light blue—stepover 9 mm. For visualization clarity, each roughness profile
is vertically offset relative to its own baseline; the vertical positioning does not reflect the absolute
height differences between conditions.
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(a) T1, stepover 5 (b) T2, stepover 5
(c) T1, stepover 7 (d) T1, stepover 7 (8) Super surfacing
(e) T1, stepover 9 (f) T2, stepover 9

Figure 8. Comparative microscopic images of maple processed by T1 and T2 at the cutting depth of
1 mm and of the reference surface. Magnification 120 x.

(a) stepover 5, h=1 mm (b) stepover 7, h=1 mm (c) stepover 9, h=1mm
(d) stepover 5, h=3 mm (e) stepover 7, h=3 mm (f) stepover 9, h =3 mm

Figure 9. Comparative micrographs of maple processed by T2 for 2 cutting depths and 3 stepover
values. Magnification 120 x; h represents cutting depth.
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For maple, Rv ranged from 59.52 pum to 74.27 um for the 1 mm cutting depth and
from 43.71 um to 76.74 pm for the 3 mm cutting depth. The reference surface obtained
by shaving exhibited Rv effective values from 42 to 49 pum, indicating that a substantial
portion of the surface valleys were due to the natural anatomical structure of the wood.
According to [33], the vessel diameters in maple typically range from 30 to 70 um but can
occasionally reach 110 pm, which corresponds well with the Rv values observed. This
means that the deepest valleys measured by Rv and seen also in the roughness profiles of
Figure 7 belonged to the vessel cavities opened during the cutting process.

To gain deeper insights, comparative roughness profiles and corresponding micro-
scopic images were examined. The roughness profiles selected were for both tool types
(T1 and T2) at the 1 mm cutting depth and for all three stepover values, as presented in
Figure 7. The roughness profiles in Figure 7 are color-coded: red represents the shaved
surface, navy blue corresponds to milling with a 5 mm stepover, magenta to milling with a
7 mm stepover, and light blue to milling with a 9 mm stepover.

At a cutting depth of 1 mm, the roughness profiles in Figure 7 revealed that the
tool T2 (with straight blades) produced a cleaner surface finish compared to T1 (with
helical blades).

Furthermore, to better understand the differences in surface quality when processing
with T1 and T2 and also with respect to the reference shaved surface it is useful to examine
the microscopic images in Figure 8. These images, which include surfaces processed with
the tools T1 and T2, as well as the reference shaved surface, highlight the differences
in surface quality resulting from the machining parameters. Figures 9 and 10 provide
more insights regarding the influence of the cutting depth and stepover value for each
milling tool.

(a) stepover 5, h=1mm (b) stepover 7, h=1mm (c) stepover 9, h=1mm

(d) stepover 5, h =3 mm (e) stepover 7, h=3 mm (f) stepover 9, h =3 mm

Figure 10. Comparative micrographs of maple processed by T1 for 2 cutting depths and 3 stepover
values. Magnification 120 x; h represents cutting depth.

In Figure 8, on the shaved surface, the wood anatomy is clearly visible and well
preserved: fibers appear aligned and intact, vessels and their lumens are well defined,
and medullary rays, including those uniseriate, are sharply delineated. This proved that
shaving is an operation that uncovers and reveals wood surface anatomy with minimized
surface disturbance caused by processing. This morphology corresponded to the lowest Rk
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value (6.16 um), confirming the superior smoothness of the reference surface. In contrast,
surfaces machined with T1 and T2 showed varying degrees of anatomical degradation.
The surface processed with T1 (helical cutting edges) displayed significant fiber tearing,
disrupted vessel outlines, and areas where the surface appeared fragmented, indicating an
aggressive interaction between the tool and the wood. These characteristics were consistent
with the higher roughness measured.

Although similar types of damage were present on the surface machined with T2
(straight cutting edges), the degree of fiber disturbance was visibly lower. The surface
quality using the T2 milling tool resembled best the quality of the shaved surface, leaving
distinct the anatomical features when the smallest stepover value was used (Figure 8). The
anatomical cavities and their clarity faded with an increase in the stepover value, due to the
occurrence of fuzzy grain or even the detachment of fiber bundles. The visual impression
in Figure 8 suggests that T2 induced a less severe disruption, which aligns with its overall
more favorable performance at a lower stepover value.

Microscopically, it was observed that an increase in the depth of cut from 1 to 3 mm
increased the surface roughness of maple in the case of T2 and for all values of stepover
(Figure 9), which validates the previous comments based on the results in Table 3 and
Figure 6. The differences in quality caused by the depth of cut are not clear in the images of
the T2-processed surfaces, confirming the previous observations (Figure 10).

3.2.3. Surface Roughness and Stereomicroscopy Analysis for CNC-Processed Oak

Oak samples were evaluated under the same CNC machining conditions applied to
maple. Table 5 provides a summary of the mean values and standard deviations for the oak
samples, covering all tool and parameter combinations, with the super surfaced reference
included for comparison.

The value of Ra in the case of T2, depth of cut 1 mm, and stepover 5 mm was apparently
higher than that of Ra for the shaved surface. This only proved, once more, that Ra is
not reliable for species with deep pores like oak, because it is clearly influenced by wood
local anatomical voids. The shaved surface not only provided an exceptional processing
smoothness but also uncovered the wood anatomy almost like a microtome-processed
surface. Open pores directly affect Ra, which cannot express the real machining quality
of oak. Therefore, Rk was preferred in this research, as recommended in [26], although
the vast majority of researchers base their reports on Ra. For example, in [36] the value
of Ra for Quercus alba samples processed by surface planning, using a three-blade cutter
head with a 76 mm diameter, a rotation speed of 4500 rot/min, and a feed rate of 6 m/min,
was 11.27 um on tangential surfaces. In comparison, the CNC milling tests conducted in
the present study using a straight-edge geometry tool with a cutting depth of 1 mm, a
stepover of 5 mm, and a feed rate of 4 m/min resulted in an Ra value of 8.50 um. This
indicates that milling with a straight-edged tool can produce a smoother surface on oak
than conventional planing. Similarly, in [37], Ra after the planar milling of oak with a
130 mm spindle cutter was 8.33 um, very close to the value observed in the present CNC
milling tests with the T2 tool. The evolution of Rk with different stepover values, tool types,
and cutting depths is illustrated in Figure 11, alongside the value for the super surfaced
reference (R), marked with a gold line.
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Table 5. Mean values of the roughness parameters in um measured for oak processed by the T1 and T2

tools and the super surfacer (R). In brackets, the stepover values in mm. The cutting depth is in mm.

Roughness  Cutting TI(G) T1() T1O) T2(5 T2()  T209) R
Parameter Depth
1 mean 10.01 15.21 15.97 8.50 19.06 2247 9.96
R ST. DEV 1.10 1.56 3.90 1.47 1.52 1.80 1.83
a 3 mean 12.04 18.04 17.95 16.18 19.65 21.19 9.96
ST. DEV 3.95 184.00 2.36 1.49 3.76 3.12 1.83
1 mean 13.57 14.49 14.76 10.10 12.97 16.23 6.46
K ST. DEV 0.29 0.82 1.40 0.72 1.17 2.14 0.62
R 3 mean 16.31 17.83 17.86 12.14 14.33 17.85 6.46
ST. DEV 2.70 0.99 0.87 0.72 0.97 2.04 0.62
1 mean 9.17 7.49 11.20 5.50 9.39 18.14 2.37
Rok ST. DEV 0.89 1.10 3.46 0.31 2.76 9.25 1.44
P ) mean 9.01 9.45 8.95 6.60 13.27 6.95 2.37
ST. DEV 1.18 1.42 0.92 0.79 9.37 0.85 1.44
1 mean 61.52 96.06 101.85 64.10 102.77 108.58 63.36
Rvk ST. DEV 10.94 8.25 16.95 11.17 5.24 6.40 10.80
v 3 mean 65.02 91.68 92.10 103.53 106.91 104.17 63.36
ST. DEV 22.99 10.05 9.83 7.12 17.37 5.40 10.80
1 mean 22.74 21.98 25.96 15.61 22.35 34.37 8.83
Rk + Rpk ST. DEV 0.93 1.68 3.86 0.58 2.60 9.45 1.90
P 3 mean 25.32 27.29 26.82 18.74 27.60 24.80 8.83
ST. DEV 3.04 1.88 0.78 1.30 10.02 1.78 1.90
1 mean 172.50 252.21 203.70 173.00 219.93 264.37 165.04
R ST. DEV 12.22 33.74 245.71 8.16 22.54 25.39 8.98
v 3 mean 171.69 196.71 191.80 219.15 225.89 238.48 165.04
ST. DEV 21.31 8.16 8.25 20.69 25.85 17.13 8.98
fg Rk
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Figure 11. Comparative analysis of the core roughness (Rk) mean values for oak CNC-machined

with T1 and T2, referenced to that for the shaved surface (R). The values in brackets represent the

cutting depth.

The core roughness parameter Rk for the surfaces processed by the T2 tool was sig-

nificantly smaller compared to that obtained using T1 for stepover values of 5 and 7 mm,

whatever the cutting depth, whereas the quality worsened for the stepover of 9 mm, indicating

no significant differences between the tools at this particular stepover value. In comparison
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with the reference surface quality, the Rk for both CNC tools exceeded by more than twice the
Rk after super surfacing. The tool T2 performed best for the stepover of 5 mm at the 1 mm
cutting depth, leading to an Rk (10.1 pm) that was approximately 1.5 times the Rk obtained
after shaving (6.46 um).

An increase in the stepover value increased the Rk for both tools and depths of cut
(Table 5 and Figure 11), but this trend was found significant by ANOVA only in the case of
T2. The roughness profiles in Figure 12, as well as the micrographs in Figure 13, seem to
confirm a surface deterioration with an increase in the stepover value for both tools.
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Figure 12. Comparative roughness profiles for oak processed by the tools T1 and T2 at the cutting
depth of 1 mm and reference profile: red—shaved surface, navy blue—stepover 5 mm, magenta—
stepover 7 mm, and light blue—stepover 9 mm. For visualization clarity, each roughness profile
is vertically offset relative to its own baseline; the vertical positioning does not reflect the absolute
height differences between conditions.
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(a) T1—x180, stepover 5 (b) T2—x180, stepover 5 (c) Super surfacing, x180

(d) T1—x120, stepover 7 (e) T2—x120, stepover 7 (f) Super surfacing, x120

(g) T1-x180, stepover 9 (h) T2-x180, stepover 9 (i) Super surfacing, x180

Figure 13. Comparative microscopic images of oak processed by T1 and T2 at the cutting depth of 1

mm and of the reference surface.

The core roughness Rk increased with an increase in the cutting depth for both tools
(Table 5, Figure 11), and this was found significant by ANOVA, especially for values of
5 and 7 mm stepover in the case of T2 and 7 and 9 mm stepover in the case of T1. The

increasing roughness with the cutting depth is also visible in Figures 14 and 15.

The two-factor ANOVA (without replication) presented in Table 6 for oak milling
at a 5 mm stepover indicates that both tool type and cutting depth significantly influ-
enced the surface roughness (p = 0.016). Comparing the two tools, T2 generated lower
roughness values, particularly at the 1 mm depth, confirming a better performance under

these conditions.

Table 6. Two-way ANOVA without replication for oak, with a stepover of 5 mm.

ANOVA
Source of Variation SS df MS F p-Value F crit
Rows 4.826416 3 1.608805 0.70846801 0.5708396 3.862548
Columns 81.74111 3 27.24704 11.99875198 0.0016932 3.862548
Error 20.4374 9 2.270823

Total 107.0049 15
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(a) stepover 5, h=1mm (b) stepover 7, h=1 mm (c) stepover 9, h=1mm
(d) stepover 5, h=3 mm (e) stepover 7, h=3 mm (f) stepover 9, h =3 mm

Figure 14. Comparative micrographs of oak processed by T2, for 2 cutting depths and 3 stepover
values. Magnification 120 ; h represents cutting depth.

(a) stepover 5, h=1mm (b) stepover 7, h=1 mm (c) stepover 9, h=1mm
(d) stepover 5, h =3 mm (e) stepover 7, h=3 mm (f) stepover 9, h=3 mm

Figure 15. Comparative micrographs of oak processed by T1, for 2 cutting depths and 3 stepover
values. Magnification 120x; h represents cutting depth.

In general, the increase in stepover produced more fuzzy grain, which is seen in the
Rpk values in Table 5 for a depth of cut of 1 mm and in the micrographs of Figure 13.

The Rvk and Rv values offer further insight into the depth of the surface valleys
formed during machining. For oak, the Rv values reached up to 264.37 um (T2 at 9 mm),
which aligns with the anatomical data reported in the literature, according to which oak
vessel diameters range from 350 to 500 um [33]. The shaved reference surface showed a
mean Rv of 165.04 um, indicating that the deepest valleys observed in the CNC-processed
surface were primarily related to the exposure of earlywood vessels cavities rather than to
excessive tool penetration or machining defects.



Appl. Sci. 2025, 15, 6975

20 of 24

Figure 13 illustrates microscopic images of oak surfaces machined with T1 and T2, for
three values of stepover at a cutting depth of 1 mm, compared with the reference shaved
surfaces, while Figures 14 and 15 show a comparison of the effect of the cutting depth for
each tool type.

The super surfaced reference images revealed a clean-cut anatomical structure, with
distinctive types of cells with their corresponding open lumens and with negligible surface
damage, almost like that of a microtomed surface. As in the case of maple, the surface
processed with T2 at a stepover of 5 mm resembled the reference surface best, and this
is also visible in the roughness profiles in Figure 12. For both tools, an increase in the
stepover value worsened the surface quality (Figure 13). This was noticed for T1, as shown
by the prominent tool marks appearing as regular ridges across the grain, in addition
to material detachment and fuzziness, indicating a more aggressive cutting action that
disturbed the anatomical integrity of the surface. The helical geometry of T1, while typically
advantageous for chip evacuation, generates angled shear forces that may tear across
earlywood vessels and ray tissue. This effect is particularly evident in ring-porous species
like oak, where large earlywood pores and broad multiseriate rays lead to a non-uniform
cutting resistance across the surface. On the other hand, the tool T2, with its straight cutting
edges, resulted in a cleaner cut, preserving more successfully the integrity of anatomical
features such as vessel boundaries and ray patterns.

Although the ANOVA test indicated a significant increase in the core roughness for
a cutting depth of 3 mm, it was more difficult to discern any difference in quality caused
by the two depths of cut in the case of the T2 tool, as shown in Figure 14; the amount of
damage looked similar, while the best surface quality was clearly obtained for a stepover
value of 5 mm.

A visual examination of the microscopic images in Figure 15 indicated that for oak
processed by the T1 tool, the surface quality decreased with an increase in the stepover and
depth of cut. Apart from the pull-out material, the quality was affected by the pronounced
ridges imprinted by the T1 tool across the grain.

3.2.4. Influence of Wood Anatomy on Surface Roughness

When comparing the two species, the Ra values seemed consistently higher for oak
than for maple across all machining conditions. However, Ra proved insufficient for fully
describing the surface quality, as it is highly sensitive to the presence of large vessels. The
Abbott-Firestone parameters provide instead a deeper insight into the stratified structure
of processed wood surfaces. Although both wood species were machined using identical
parameters, their surface responses differed notably due to their anatomical characteristics.
Maple, a diffuse-porous species with fine and uniformly distributed vessels, generally
produced smoother surfaces, particularly when milled with the straight-edged tool (T2).
Its consistent texture contributed to lower Rk and Rpk values (Table 3) and resulted in a
more predictable response to variations in the processing conditions.

In contrast, oak, a ring-porous species with large earlywood vessels and prominent
rays, showed greater surface deterioration, especially when processed with the helical
tool (T1). This was attributed to the uneven cutting resistance within its growth rings,
caused by abrupt transitions between earlywood and latewood, which led to a fluctuating
tool engagement and local fiber tearing. Although oak has a higher overall density than
maple, a characteristic that would typically improve machinability, the disruptive effect
of its anatomical heterogeneity proved dominant. As a result, the oak surfaces exhibited
more pronounced roughness and morphological defects, despite the greater density of the
material. Across most parameter combinations, oak exhibited higher Rk, Rpk, and Rvk
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values (Table 5), and the microscopic analysis revealed more frequent fiber disruption and
visible tool marks.

Although machining could not fully replicate the anatomical clarity of super surfacing,
the tool T2 consistently demonstrated superior performance compared to T1 in minimizing
the core roughness and preserving the surface morphology during maple and oak CNC
milling. These findings are consistent with the results reported by [38], who also found that
straight-end mills produced smoother surfaces than spiral tools across various wood species,
including beech and pine. The authors explained that the geometry of the straight edge,
which cuts in a more planar and uniform manner, allows for better surface preservation by
minimizing lateral fiber disruption. Although no study was found in the literature about
an identical tool-wood material parameter setup, the minimum Ra values obtained in this
research for maple and oak for the optimal combination (T1 tool, minimum stepover and
depth of cut) were similar to the Ra values in other studies, which achieved optimal surface
quality using end-mill or planing tools (Sections 3.2.2 and 3.2.3).

Future research will give particular attention to the face milling of radial surfaces in
order to observe the influence of grain orientation (radial-tangential) on surface quality
after processing in identical conditions. Since both end tools are designed not only for
face milling but also for edge/side milling, another research target will be to compare the
tools” performance in relation to the surface quality of processed edges and understand
the influence of grain orientation and of the tool active part during CNC milling. The
clear differentiation between tangential and radial surface responses is essential to define
machining strategies that are anatomically tailored.

In addition, the experimental scope will be extended to include representative species
from other hardwood categories, such as diffuse-porous, semi-ring-porous, and ring-porous
groups, in order to capture the variability in surface formation mechanisms during face
and edge milling. This comparative approach will help clarify whether the tool-material
interactions observed for oak and maple are consistent across broader anatomical typologies
or whether species-specific adjustments are required for optimal surface outcomes.

4. Conclusions

The surface quality achieved by face milling for maple and oak using two types of end-
mill tools (with straight and helical cutters) for three values of stepover (5, 7 and 9 mm) and
two values of depth of cut (1 and 3 mm) was comparatively analyzed. The results were ref-
erenced to those of almost ideally smooth surfaces obtained by super surfacing (shaving).

The reference surfaces obtained by shaving were very smooth and revealed with clarity
and detail the species” anatomical structure, with negligible surface disturbance caused by
processing. Maple and oak presented a similar Rk value around 6 pum, characterizing the
roughness caused by the shaving tool. Ra was strongly influenced by the wood species
anatomy, particularly by the vessel deep voids of oak, which rendered Rk more reliable for
the characterization of the machining quality.

The comparative morphology of maple and oak face-milled surfaces evidenced a
species-dependent machining quality, from which the inherent deep anatomical voids
were excluded. In general, for both species, the machining surface roughness depicted
by the core roughness Rk was significantly smaller for the straight-edged tool compared
to the helical tool for both cutting depths and all stepover values, with the exception of
the stepover of 9 mm, with which the surface quality worsened for both tools due to an
increase in fuzziness and fiber detachment.

For maple and oak, both milling tools enhanced the surface waviness, as well as the
fuzziness, as the stepover value increased. An increase in the cutting depth generally
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increased the core surface roughness Rk, as well as the fuzziness (Rpk), and this trend
increased as the value of the stepover increased.

In the case of maple, the straight-edged tool showed a clearer quality trend with
increases in the cutting depth and stepover than the helical tool, for which the variation
in quality, was rather unpredictable. The maple surface processed with the helical end
mill displayed significant fiber tearing, disrupted vessel outlines, and areas where bundles
of fibers appeared fragmented, indicating an aggressive interaction between the tool and
wood, while for oak, apart from material detachment and fuzziness, prominent tool marks
appearing like regular ridges across the grain were noticed. The deepest valleys (Rv) ob-
served in the CNC-processed surfaces were primarily related to the exposure of earlywood
vessels cavities rather than to machining defects.

Of the two tested tools, the straight-edged mill working with the smallest depth of
cut (1 mm) and stepover (5 mm) approached the most the quality of the shaved surfaces,
with values of Rk about 33-34% higher than that of the reference in the case of maple and
56% higher in the case of oak, whereas the surfaces processed by the helical tool were
more than two times rougher. Further work would seek improvements in the selection
of tool geometry and process parameters, tailored per species, to bring the quality of
CNC-machined surfaces even nearer to the quality achieved through fine shaving.
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