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Abstract: The evaluation of surface quality after milling still represents a challenge due to the stratified
structure of wood. In this paper, the surface quality of beech wood obtained by profile milling was
analyzed differentiating between tool marks, fuzzy grain, and accidental surface gaps overlapped
onto the deep anatomical cavities. The samples were milled at two rotation speeds, 3308 rpm (n1)
and 6594 rpm (n2), and two feed speeds of 6.53 m/min (vf1) and 23.74 m/min (vf2). After the samples
were cut, approximately 600 m of beech wood were further processed before measuring the surface
quality again. The surface waviness measured by Wa increased more than double when the feed
speed increased from vf1 to vf2. Rk increased with the feed speed (with the feed per tooth, fz, for a
constant n, respectively) for n2 by a significant 57%. An increase in the rotation speed from n1 to n2

has reduced Rk, but the effect was not significant. The processing quality, Rk, measured at different
depths did not differ statistically, in spite of the local differences in the cutting speed. The moment of
measuring the surface roughness, such as immediately after sharpening or after a working period,
influenced the surface quality. After the tool processed 600 m of beech material, the surface quality
improved by 30%. The statistical analysis showed that the most important factor affecting the surface
quality was the feed speed (implicitly fz, for constant n and number of cutters).

Keywords: beech wood; profiled milling; surface quality; roughness; waviness; tool marks; raised
fibers; anatomical cavities

1. Introduction

The assessment of the surface quality following wood processing is very important
in order to establish the impact of various processing parameters combinations [1–3].
The optimization of milling operations by considering the surface quality will reduce
the amount of further sanding and can contribute to a reduction in the finishing costs.
Therefore, it is important to find a combination of processing parameters suitable for a
minimum surface roughness. Furthermore, the surface roughness of wood is very complex
and represents a superposition of morphological features, such as waviness, raised fibers,
tool marks, wood anatomical voids, as well as possible processing surface defects, such
as material detached from the surface [4–9]. In this respect, the most used roughness
parameters such as Ra or Rz are not enough to give a complete picture of the origin of the
different irregularities present on a processed surface.

According to the studies performed by Gawroński [10], Sutcu [11], and Koc et al. [12],
the cutting parameters affect the surface roughness of beech wood. The study performed by
Gürgen et al. [13] on Pinus sylvestris after CNC milling showed that the surface roughness
decreased with increasing rotation speed and decreased with decreasing the feed speed for
all machining parameters. The evaluation of surface roughness for different depths of cut
revealed that the maximum surface roughness value was registered for the highest depth
of cut. Jiang et al. [14] have found that the cutting speed has not significantly influenced
the surface roughness of walnut processed by straight-tooth milling, but the depth of cut
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was significant. Costes and Larricq [15] stated that the quality of beech, when routed on a
CNC machine, improves with an increase in the cutting speed. Piernik et al. [16] concluded
that an increase in the feed speed and the chip thickness increases the surface roughness of
beech milled by CNC, while the cutting speed had no effect on surface roughness, but just
on the cutting power.

Most researchers have used Ra and Rz [11–13,17–19] to assess the quality of wood
after milling, but these parameters do not consider the nature of wood irregularities and
include the inherent wood anatomical gaps in the evaluation. The roughness parameters
Ra and Rz decreased with a lower feed rate and a higher spindle speed in a study by Kok
et al. [12] on beech (Fagus orientalis), Ayous (Triplochiton Scleroxylon), and MDF processed
by CNC. Similarly, in another study of Rabiei and Yaghoubi [18], the surface roughness
evaluated by Ra decreased with increasing the spindle speed and decreasing the feed rate
as well as the depth of cut when beech wood was milled on a CNC machine. However,
these two parameters employed by the researchers are not sufficient to correctly interpret
the quality of wood and wood-based surfaces, which means that they must be evaluated
together with other roughness parameters [7].

Kilic et al. [20] evaluated the effect of milling on the surface roughness of beech
and aspen wood. On the basis of statistical analysis, they found no significant difference
between the surface roughness determined on the tangential and radial surfaces. They
observed that a number of roughness parameters, such as Ra, Rz, Rk, Rpk, and Rvk
roughness are useful, to be used together, to evaluate the surface quality of wood.

Magoss [21] studied the influence of the wear of the cutting edges on the surface
roughness for several species (oak, larch, beech, and pine wood) processed on CNC milling
machines. The experimental results showed that the Rk parameter, which measures the
core roughness and is the closest approximation of the tool marks, may be an important
indicator of the tool edge wear. In the case of beech wood, the Rk value after milling with a
blunt tool was approximately twice the value of milling with a sharp tool.

Gurău et al. [22] investigated the surface roughness of larch wood (Larix decidua Mill.)
cut through by laser and CNC routing at different feed speeds, by parameters Ra, Rp, Rv,
Rsk, Wa, Pa, Pt and the Abbot-curve parameters, Rk, Rpk, and Rvk, in order to find a more
comprehensive understanding of the effect of processing on wood surface topography.

Learning from the above studies, it can be concluded that a complex surface such
as that of wood requires a larger set of roughness parameters capable of differentiating
between the various layers of irregularities present on a processed surface.

Therefore, this study uses a comprehensive set of standard parameters for surface
characterization, such as Ra, Rv, Rsk, and Wa [23], and the Abbot curve parameters, Rk, Rpk,
Rvk, A1, and A2 [24]. These parameters allow the analysis of surface quality on stratified
levels of irregularities differentiating between tool marks, fuzzy grain, and accidental
surface gaps overlapping onto the deep anatomical cavities of the wood, such as pores from
earlywood. Such analysis will provide a more in-depth understanding and quantification
of the tool interaction with the wood material and will help for a reliable selection of the
most appropriate processing parameters. Furthermore, in a calculation of those parameters,
a robust Gaussian regression filter tested and found suitable for wood was used in order to
avoid the bias caused by the simple Gaussian filter contained in the majority of measuring
instruments [9,25].

2. Materials and Methods
2.1. Wood Samples

Beech wood (Fagus sylvatica L.), with a mean density of 745 kg/m3 and 7% moisture
content, was processed by profiled milling in two processing passes in order to obtain
profiles with 16 mm maximum depth (Figure 1).
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and 6594 rpm (n2), and two feed speeds, 6.53 m/min (vf1) and 23.74 m/min (vf2), respec-
tively. The cutting parameters combinations were n1−vf1, n1−vf2, n2−vf1, and n2−vf2. This pro-
vided a first set of samples. A second set of samples was prepared by using the same cut-
ting parameter combinations, but after the tool milled 600 m of beech wood. The intention 
was to observe the impact of the cutting distance, as it further shows the influence of the 
cutting tool wear [28] on the surface quality, when the same working variables are used.  

The strips of each cutting case combination were further shortened to 60 mm × 50 mm 
× 20 mm specimens available for inspection. The samples were labeled to identify their 
cutting parameters combination. Three samples were selected from the first set of data 
(sharpened tool) and two samples from the second set of data (after tool has cut 600 m), 
for each rotation speed and feed speed combination (n1−vf1, n1−vf2, n2−vf1, and n2−vf2), for 

Figure 1. The samples’ profile.

The milling was carried out on 1000 mm × 50 mm × 20 mm strips, along the grain
direction, by using various cutting parameter combinations, which will be further detailed.

2.2. Processing by Profiled Milling

A vertical milling machine was used to process the beech strips with a profile cut-
terhead made of C45 steel [26], with 4 new and sharp cutters, made of C120 steel [27]
(Figure 2). The dimensions and geometry of the cutting tool and the cutters are presented
in Tables 1 and 2, respectively.
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Figure 2. The profile cutterhead used in the milling process.

Table 1. Geometric parameters of the cutterhead.

D
(mm)

B
(mm)

d
(mm)

Clearance Angle α

(◦)
Rake Angle γ

(◦)

178 40 30 25 18

Table 2. The dimensions of the cutters.

Length
(mm)

Width
(mm)

Thickness
(mm)

Height
(mm)

58 40 7.2 16

The profiled milling was performed with two rotation speeds, such as 3308 rpm
(n1) and 6594 rpm (n2), and two feed speeds, 6.53 m/min (vf1) and 23.74 m/min (vf2),
respectively. The cutting parameters combinations were n1−vf1, n1−vf2, n2−vf1, and
n2−vf2. This provided a first set of samples. A second set of samples was prepared by
using the same cutting parameter combinations, but after the tool milled 600 m of beech
wood. The intention was to observe the impact of the cutting distance, as it further shows
the influence of the cutting tool wear [28] on the surface quality, when the same working
variables are used.

The strips of each cutting case combination were further shortened to 60 mm × 50 mm
× 20 mm specimens available for inspection. The samples were labeled to identify their
cutting parameters combination. Three samples were selected from the first set of data
(sharpened tool) and two samples from the second set of data (after tool has cut 600 m), for
each rotation speed and feed speed combination (n1−vf1, n1−vf2, n2−vf1, and n2−vf2), for
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both tool conditions: sharpened and after 600 m cutting distance. This meant 20 processed
samples were available for the surface quality measurement.

Table 3 summarizes the machining parameters used during the milling experiments
with indication of the local cutting speed and feed per tooth values in 4 regions/profile
depths, marked in Figure 3, and in which the surface quality was further checked.

Table 3. The machining parameters.

Tool Rotation
Speed n (rpm) Feed Rate vf (m/min) Measured

Point
Profile Depth

(mm) Cutting Speed vc (m/s) Feed per Tooth fz
(mm/Tooth)

n1 3308
vf1 6.53

Point 1 2

28.39
fz11 0.49

vf2 23.74 fz12 1.79

n2 6594
vf1 6.53

56.59
fz21 0.25

vf2 23.74 fz22 0.90

n1 3308
vf1 6.53

Point 2 8
29.43

fz11 0.49

vf2 23.74 fz12 1.79

n2 6594
vf1 6.53

58.66
fz21 0.25

vf2 23.74 fz22 0.90

n1 3308
vf1 6.53

Point 3 16
30.82

fz11 0.49

vf2 23.74 fz12 1.79

n2 6594
vf1 6.53

61.43
fz21 0.25

vf2 23.74 fz22 0.90

n1 3308
vf1 6.53

Point 4 10
29.78

fz11 0.49

vf2 23.74 fz12 1.79

n2 6594
vf1 6.53

59.35
fz21 0.25

vf2 23.74 fz22 0.90
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Figure 3. Sample cross-section with four zones of linear measurement.

From Table 3, note that the fz is directly influenced by the feed speed vf for a constant
n and for the same number of cutters (a single type of tool was used in this research).
Another notable observation is that the cutting speed, vc, differs very slightly with the
local tool diameter (depth of cut, respectively), for a given rotation speed, n. Therefore, the
interpretation of the results will be mainly focused on variations in vf, respectively, n.

2.3. Roughness Measurement

The surface morphology of the beech samples was measured with MarSurf XT20
equipment manufactured by MAHR Gottingen GMBH, Göttingen, Germany (Figure 4a). It
used an MFW 250 scanning head with a tracing arm in the range of ±750 µm, and a stylus
with 2 µm tip radius and 90◦ tip angle, as shown in Figure 4b.
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(b) linear surface scanning by stylus (zone 1 in Figure 3).

For measuring the beech milled profiles, only the straight zones were considered, as
marked by red arrows in Figure 3. The depth for the marked points were 2 mm for point 1,
8 mm for point 2, 16 mm for point 3, and 10 mm for point 4. This decision was drawn from
the requirement that the stylus remains normal in relation to the processed surface. Further
studies will take into consideration the possibility of measuring round profiles as well, by
using adequate supports. Four profiles, 30 mm long, were measured from the numbered
zones (Figure 3) along the milling direction with a speed of 0.5 mm/s, a scanning force of
0.7 mN, and a resolution of 5 µm. This meant 4 profiles were taken from each sample. In
case of the first set of samples, there were 12 profiles for one parameters combination. For
all 4 parameter combinations (ex. n1−vf1; n1−vf2; etc.), the total number of measurements
reached 48. Similarly, for the second set of samples, there were 32 measurements.

Data acquired were further processed with MARWIN XR20 software provided together
with the measuring equipment. Data evaluation began with removing any unwanted
form errors, followed by a procedure of filtering with a robust Gaussian regression filter,
contained in ISO/TS 16610-31 [25]. This filter was tested and it was recommended for
wood surfaces because it reduces the distortions associated with deep grouped valleys in
the profiles and it is more reliable in comparison with a simple Gaussian filter, common
in most measuring instruments [9,29–32]. In this way, the measured data were separated
by filtering the wavelengths of irregularities in waviness profiles and roughness profiles,
corresponding to W parameters for the longest wavelengths, while R parameters evaluated
the shortest wavelengths. The cut-off length used for filtering was 2.5 mm, recommended
for wood surfaces [30,32]. After filtering, a number of useful parameters were calculated,
such as Ra (arithmetic mean deviation of the roughness profile), Rv (the largest absolute
profile valley depth), Rsk (skewness of the profile), and Wa (arithmetic mean deviation
of the waviness profile) according to ISO 4287 [23]. In addition, Rk (the core roughness
depth), Rpk (the reduced peak height), Rvk (the reduced valley depth), A1 (peak area in
µm2/mm), and A2 (valley area in µm2/mm) were employed according to ISO 13565-2 [24].

The parameters from ISO 13565-2 [24] are particularly useful to characterize the
stratified structure of a processed surface. Compared with other parameters, Rk depends
the least on the wood anatomical structure and measures the height of the core roughness,
the region defined by the highest concentration of data points in a measured profile, which
excludes isolated peaks and valleys. For a milling process, it can be an approximation of
the tool marks left on wood. Instead, Rpk is defined by the isolated peaks, which for a
wood species, according to Westkämper and Riegel [4], can be considered an evaluation
of wood raised grain and fuzziness of the surface. The fuzziness is caused by groups of
fibers that are attached to the surface at only one end. Rvk is defined by isolated valleys,
which in the case of wood can be caused by accidental material pull-out during processing
and/or deep anatomical cell lumens.
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Another test was conducted to monitor the surface quality after the tool has milled
600 m of the same profile and species, in order to see which is the effect of the tool condition.

Surface profiles were measured in the same way as in the case when the tool was
sharpened, but on two specimens. This meant there were 8 measured profiles for analysis of
each of the 4 parameters combination, making a total of 32 measurements. The surface mor-
phology measurement and evaluation followed the same steps as for the sharpened tool.

2.4. Stereo-Microscopy Analysis

A stereo-microscope NIKON SMZ 18-LOT2 (Nikon Instruments, Melville, NY, USA)
was used for the microscopic investigations of the profile milled beech samples. The straight
zone 1 from Figure 2 was in focus. In order to better observe the occurrence of the raised
fibers and possible surface defects such as material detachment, the samples were tilted by
approximately 45◦.

2.5. Statistical Analysis

The surface quality parameters were tested for their significance for all processing
combinations (rotation speed–feed speed). The software used was an IBM SPSS Statistics
version 23.

3. Results and Discussion

The mean values and standard deviation for parameters evaluated in this analysis are
contained in Table 4.

Table 4. The mean values roughness parameters (in µm). Standard deviation is presented in
parentheses.
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10.15
(1.38)

6.24
(1.83)

12.27
(3.17)

30.43
(8.02)

−1.34
(0.97)

0.51
(0.61)

28.66
(3.71)

0.28
(0.34)

10.28
(1.85)

3308−23.74
(n1−vf2)

4.93
(0.63)

12.26
(2.09)

8.67
(4.00)

13.54
(2.71)

35.37
(4.93)

−1.15
(0.87)

0.64
(1.48)

34.46
(5.33)

0.42
(1.58)

12.35
(5.65)

6594−6.53
(n2−vf1)

5.03
(1.62)

10.93
(2.11)

9.71
(4.72)

14.24
(8.02)

36.09
(14.57)

−0.99
(1.49)

0.68
(0.59)

34.89
(11.90)

0.47
(0.45)

10.44
(2.31)

6594−23.74
(n2−vf2)

4.97
(0.70)

11.43
(1.15)

7.12
(3.60)
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(3.67)

36.38
(9.79)

−1.50
(0.88)

0.49
(0.98)

32.96
(4.66)

0.29
(0.59)

10.47
(4.20)

The surface morphology was first studied by considering the largest wavelengths
irregularities produced by milling on the surface, namely the surface waviness. This can
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be observed directly by comparing primary profiles, which contain both roughness and
waviness (Figure 5), selected for the four groups/combinations of rotation speeds and
feed speeds.
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Figure 5. Primary profiles containing waviness and roughness together, for the four combinations of
rotation speeds and feed speeds, when the tool was sharpened.

It can be seen from Figure 5 that an increase in the feed speed from vf1 to vf2
(3.6 times) has increased surface waviness, in the primary profiles, for both rotation speeds.
The profiles are considerably wavier, containing large undulations, which can be spotted as
patterns repeated at almost regular distance (approximately 6 mm), in Figure 5 and by a
waviness profile overlapped on the ridged beech surface, in Figure 6. This observation is in
agreement with the values of Wa parameter, which doubled in the case of both rotation
speeds (Figure 7).

This result was statistically significant for p < 0.05 (test ANOVA, followed by Dunnett
T3 multiple comparisons) (Tables 5 and 6). An explanation may be that an increase in the
feed speed increases tool vibration, which leaves deeper waves in the surface. When the
rotation speed almost doubled from n1 to n2, a decrease of 20% in surface waviness was
measured, but this reduction had no statistical support (Table 6).

Table 5. Dependent variable Wa—Test between groups’ effects.

Source Sum of Squares df Mean Square F Sig

Groups 693.397 3 231.132 51.894 0.000
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Figure 7. The variation of waviness parameter, Wa, with combinations of the rotation speed with the
feed speed. With blue arrows, pair means that differ statistically are marked.

Table 6. Dependent variable Wa− Dunnet T3 Post Hoc Test for multiple comparisons between groups
rotation speed–feed speed.

Groups Mean Difference Std. Error Sig

n1−vf1 n1−vf2 −8.017 1 0.82 0.000

n2−vf1 1.415 0.58 0.141

n2−vf2 n1−vf2 −2.98 1.07 0.063

n2−vf1 6.45 1 0.90 0.000
1 The error term is Mean Square (Error) = 4.454. The mean difference is significant at the 0.05 level.

Figure 8 displays the roughness profiles measured for each pair rotation speed–feed
speed. Isolated raised fibers are marked with red ellipses, while the yellow ellipses indicate
isolated deep valleys. From definition, the core roughness of the roughness profiles does
not contain the isolated deep valleys associated with the deep pores from earlywood or
isolated detached wood material, nor the isolated raised fibers or surface fuzziness. Instead,
it can be viewed as the density of data above and below the zero line. Therefore, it appears
that an increase in the feed speed (respectively, in fz, for a constant n and z) is causing more
dispersion above and below the zero line (Figure 6), which translated in an increase in
Rk. These visual observations are confirmed by the measured Rk values, which increased,
when the feed speed (respectively, fz) increased 3.6 times, by 24% for n1 and by a significant
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57% for n2 (from 10.19 µm to 16.02 µm) (Figure 9). The conclusion is that an increase in the
feed speed (respectively, in fz, for a constant n and z) increases the core roughness Rk and
is more pronounced when the rotation speed increases as well (Figure 9).
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Since Rk is the parameter that approximates the best the tool marks (processing rough-
ness), a supplementary statistical test was performed with the direct cutting parameters
vc–fz on local profile depths D1–D4 (as in Table 3), when the rotation speed n was kept
constant and the variable was the feed speed vf (consequently, fz). The conclusion from
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Table 7 was the same, respectively, for a constant n; the increase in the feed speed vf
(respectively, fz) was statistically significant for Rk, even at different cutting levels (D1−D4)
and mostly for the n2 rotation speed.

Table 7. Pairwise comparison of parameters combinations (vc/fz) for Rk and the level of significance
for an increase in vf (fz, respectively).

Parameters Combination
1 (vc/fz)

Parameters Combination
2 (vc/fz) p-Value

Significance of an Increase in vf, and in fz,
Respectively, at Different Profile Depths (Having

Very Slight Changes in vc in between Them)

n2−vf1−D1
56.59/0.25

n2−vf2−D1
56.59/0.90 0.00 Increase of vf significant for n2

n2−vf1−D2
58.66/0.25

n2−vf2−D2
58.66/0.90 0.015 Increase of vf significant for n2

n2−vf1−D3
61.43/0.25

n2−vf2−D4
59.35/0.90 0.019 Increase of vf significant for n2

n2−vf1−D4
59.35/0.25

n2−vf2−D4
59.35/0.90 0.002 Increase of vf significant for n2

n1−vf1−D1
28.39/0.49

n1−vf2−D1
28.39/1.79 0.229 Increase of vf not significant for n1

n1−vf1−D2
29.43/0.49

n1−vf2−D2
29.43/1.79 0.275 Increase of vf not significant for n1

n1-vf1-D3
30.82/0.49

n1−vf2−D3
30.82/1.79 0.02 Increase of vf significant for n1

n1−vf1−D4
29.78/0.49

n1−vf2−D4
29.78/1.79 0.03 Increase of vf significant for n1

Also, a visual examination of the roughness profiles in Figure 8 shows a reduction in
Rk when the feed speed was kept constant while the rotation speed increased. For example,
an increase in the rotation speed from n1 to n2 decreased Rk by approximately 16% for the
vf1 feed speed. However, the effect on Rk of changing the rotation speed was not overall
significant. This result was also confirmed by testing the local significance for the local
profile depths (D1–D4) in Table 8.

Similar trends to Rk were observed in the values of Ra parameter (Figure 10), for
which an increase in the feed speed has caused a significant increase no matter which
rotation speed was used.
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Table 8. Pairwise comparison of parameters combinations (vc/fz) for Rk and the level of significance
for an increase in n (and local vc, respectively).

Parameters Combination 1
(vc/fz)

Parameters Combination 2
(vc/fz) p-Value Significance of an Increase in n, When vf (fz)

is Kept the Same

n1−vf1−D1
28.39/0.49

n2−vf1−D1
56.59/0.25 0.03 Increase of n significant for vf1

n1−vf1−D2
29.43/0.49

n2−vf1−D2
58.66/0.25 0.05 Increase of n significant for vf1

n1−vf1−D3
30.82/0.49

n2−vf1−D3
61.43/0.25 0.752 Increase of n not significant for vf1

n1−vf1−D4
29.78/0.49

n2−vf1−D4
59.35/0.25 0.792 Increase of n not significant for vf1

n1−vf2−D1
28.39/1.79

n2−vf2−D1
56.59/0.90 0.001 Increase of n significant for vf2

n1−vf2−D2
29.43/1.79

n2−vf2−D2
58.66/0.90 0.559 Increase of n not significant for vf2

n1−vf2−D3
30.82/1.79

n2−vf2−D3
61.43/0.90 0.598 Increase of n not significant for vf2

n1−vf2−D4
29.78/1.79

n2−vf2−D4
59.35/0.90 0.934 Increase of n not significant for vf2

Another morphological aspect studied in relation to the processing parameters was the
raised fiber. For the rotation speed n1 = 3308 rot/min, the increase more than 3.6 times in the
feed speed from vf1 = 6.53 m/min to vf2 = 23.74 m/min has caused Rpk to increase 2.4 times
(from 6.81 µm to 16.51 µm) which was statistically significant (ANOVA followed by Dunnett
T3). This means, that an increase in the feed speed is raising the wood fiber (Figure 11). This
increase can also be observed from the microscopical images in Figure 12c,d, illustrating
a detail of zone 1, zone depicted with red arrows in Figure 12a,b. The raised fibers also
appear in the roughness profiles, where they are encircled in red (Figure 8). For the rotation
speed n2, although Rpk increased by 42% when the high feed speed was used and some
raised fibers are visible in the roughness profiles, this had no statistical support. The
increase in the rotation speed does not produce any significant effect regarding fuzziness
or raised fiber.
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Figure 12. Images of beech milled profiles (a,b) and microscopic details (c,d) at magnification 22.5×.
(a,c) Processing by n1−vf1; (b,d) processing by n1−vf2. Examples of raised fibers are marked with
blue ellipses.

Wood is a stratified heterogeneous material and apart from outliers located above
the core roughness it also has outliers located below the core roughness. They can be
seen as surface gaps, exemplified by yellow ellipses in Figure 8. Their origin can be
deep anatomical cavities going below the marks caused by the cutting tool, but can also
include accidental surface gaps when wood material is detached leaving unwanted voids
in the material. Both of them will depend on the type and proportion of anatomical cells
encountered by the cutting plane. The weakest zones should be those from the earlywood
and those coinciding with the wood rays (radial surfaces). The processed samples did not
consider a certain top wood surface orientation, which varied from radial to tangential
and combinations like semi-radial and semi-tangential. For the above-mentioned reasons,
the parameter Rv, which measures the deepest valley in the profile, had a high standard
deviation (Table 4) in comparison with the core roughness Rk, depending on the local wood
anatomy. Furthermore, Rv had values in the range of earlywood pores cavities reported
for beech (8–45–85 µm) [33] (p. 107) with the majority of them around the mean values
given in the literature (45 µm), while some of the deepest valleys were below 70 µm. These
observations can lead to the assumption that the isolated deep valleys seen in the roughness
profiles, in most cases, belong to inherent wood anatomical cavities and are not processing
defects. An exception was made in the situations in which the cutter encountered radial
surfaces and this caused detachment of some ray tissues, as can be seen in Figure 13b,
which significantly increased Rv (Figure 14), with approximately 40%, for the feed speed
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vf2 in comparison with vf1 (Table 4, Figure 14). Wood pores went beyond the marks left
by the tool on the wood, and this is observed by a negative Rsk and a subunitary ratio
Rpk/Rvk. The same is true for the ratio A1/A2, which indicates a larger share of the area
of the valleys compared to the area of the peaks (Table 4). An increase in the rotation speed
from n1 to n2 has significantly reduced Rv (Figure 14) with approximately 33% for the feed
speed vf1 (ANOVA and Dunnett T3).
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Figure 14. The variation of the deepest valley, Rv, with combinations of the rotation speed with the
feed speed. With blue arrows, pair means that differ statistically are marked.

Interpretation of surface quality in the case of wood is complex. For optimization
of the cutting quality and selection of the best working parameters, the tool marks are
of interest. From this perspective, Rk parameter is representative and has shown it is
significantly influenced by the feed speed and was less affected by the selection of the
rotation speed. The surface fuzziness and accidental material detachment will be species-
dependent and of wood local anatomy. However, their effect on the overall surface quality
cannot be neglected. A statistical analysis ANOVA followed by Dunnett T3 test performed
on the cumulative effect of processing plus the raised fiber (Rk+Rpk) has led to the same
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conclusions as in the case of Rk alone: the feed speed was the most important factor
affecting the surface quality by milling. Although the surface quality has improved by
increasing the rotation speed, its effect was not significant (Tables 9 and 10). The best
surface quality was obtained when combining n2 (6594 rot/min) with vf1 (6.53 m/min)
and the worst when the rotation speed n1 (3308 rot/min) was combined with the high feed
speed vf2 (23.74 m/min), as shown in Figure 15.

Table 9. Dependent variable Rk+Rpk—Test between groups’ effects.

Source Sum of Squares df Mean Square F Sig

Groups 1541.92 3 513.97 30.7 0.000

Table 10. Dependent variable Rk+Rpk—Dunnet T3 Post Hoc Test for multiple comparisons between
groups’ rotation speed–feed speed.

Group Mean Difference Std. Error Sig

n1−vf1
n1−vf2 −12.59 1 513.97 0.000

n2−vf1 1.17 1.26 0.921

n2−vf2
n1−vf2 −4.80 1.99 0.134

n2−vf1 8.96 1 1.55 0.000
1 The error term is Mean Square (Error) = 16.738. The mean difference is significant at the 0.05 level.
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When the surface isolated gaps were included, together with the tool marks and the
raised fiber, not only the feed speed was a significant factor, but also the rotation speed,
the surface quality improving for the highest rotation speed n2 in comparison with n1
(Figure 16, Tables 11 and 12).

Another test was conducted to monitor the surface quality after the tool has milled
600 m of the same profile and species, in order to see which is the effect of the tool condition.

Comparative profiles when the tool was sharpened and profiles after the tool milled
600 m are displayed in Figure 17.

Table 11. Dependent variable Rk+Rpk+Rvk—Test between groups’ effects.

Source Sum of Squares df Mean Square F Sig

Groups 3350.23 3 1116.74 36.49 0.000
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Table 12. Dependent variable Rk+Rpk+Rvk—Dunnet T3 Post Hoc Test for multiple comparisons
between groups’ rotation speed–feed speed.

Group Mean Difference Std. Error Sig

n1−vf1
n1−vf2 −14.93 1 2.28 0.000

n2−vf1 7.97 1 2.30 0.015

n2−vf2
n1−vf2 −9.18 1 2.20 0.002

n2−vf1 13.72 1 2.00 0.000
1 The error term is Mean Square (Error) = 30.6. The mean difference is significant at the 0.05 level.
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From the profiles presented in Figure 17, it can be observed that after using the tool by
continuous processing for 600 m cutting distance, the surface quality improved (Figure 18).
The surface improvement was also sensed by touch, but it is visible also in Figure 18c,d
taken as example.

A statistical comparison of the composed parameter Rk+Rpk+Rvk was performed in
order to obtain a global evaluation of the surface improvement. The ANOVA test followed
by a Post Hoc test Games–Howell (groups had unequal number of measurements) indicated
a surface improvement after the tool was working 600 m, which was significant when
the high feed speed was used (vf2 = 23.74 m/min). The improvement was quantified to
30% roughness decrease for the rotation speed n2 and to 34% when the rotation speed n1
was used.

This result is an indication that the surface quality is not only dependent on the
wood material and the processing parameters, but also on the tool working load, which
is expected to vary with the milling parameters as well as with the species. It will be
interesting, in further tests, to explore the surface quality from the moment the tool is
sharpened to the moment when it is worn out, together with microscopic observations
regarding the state of the tool cutting edge. This may help establish an ideal working
interval for the tool before it needs resharpening or replacement. A worn tool will increase
the surface roughness and the occurrence of surface defects, such as pull-out material and
fiber detachment.

Finally, another analysis addressed the surface quality at the four profile depths (from
Figure 3), in order to see if the variation of the local cutting speed, vc, implicitly of the feed
per tooth, fz, has a significant impact on the processing roughness quantified by the Rk
parameter. The analysis was made for all combinations of rotation speed–feed speed. An
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ANOVA single factor test was performed, with a level of significance p < 0.05. The results
are presented in Table 13.
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Raised fibers are encircled with blue.

Table 13. Rk mean values at the four measured profile depths and the analysis of their statistical
difference. Standard deviation in parentheses.

Parameters
Combination p-Value Depth 1 Depth 2 Depth 3 Depth 4 Overall

Mean

n1−vf1 0.04
13.84
(0.05)

A

12.83
(1.67)
AB

11.05
(1.61)

B

10.69
(0.77)

B

12.10
(1.70)

n1−vf2 0.21
11.64
(0.48)

A

14.82
(1.52)

A

17.02
(4.70)

A

16.49
(3.59)

A

14.99
(3.41)

n2−vf1 0.51
9.77

(3.12)
A

9.17
(1.21)

A

11.62
(0.94)

A

10.21
(1.93)

A

10.19
(1.94)

n2−vf2 0.20
17.91
(1.43)

A

13.76
(1.66)

A

16.06
(2.29)

A

16.34
(2.84)

A

16.02
(2.38)

Note: Values on the same row with the same letter do not differ statistically.

From Table 13, it can be concluded that the processing quality measured at different
depths does not differ statistically, in spite of the local differences in the cutting speed.
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There are different opinions in the literature regarding the effect of the cutting speed during
machining processes. Some researchers found that the cutting speed has no effect on the
surface quality, while others found that the cutting speed has a slight effect depending on
process conditions [15].

The results regarding the effect of milling parameters on the wood surface quality are
not surprising and are expected, but in comparison with other studies from the literature
bring a novel approach to the evaluation of the surface quality, regarding wood as a
stratified material. A stratified analysis of surface roughness parameters can not only
clarify the surface complex morphology, but it is helpful to determine the contribution of
processing parameters to the overall surface quality and their significance.

4. Conclusions

This study has shown that the surface quality should be analyzed on stratified levels
of irregularities differentiating between, waviness, tool marks, fuzzy grain, and accidental
surface gaps overlapped onto the deep anatomical cavities of the wood, such as pores from
earlywood. This is because the milling quality will be dependent not only on the process-
ing parameters and tool characteristics, but also on the wood species and its anatomical
structure.

The interpretation of the results was focused on variations in vf, respectively n, since
fz is directly influenced by the feed speed vf, for a constant n and for the same number of
cutters (a single type of tool was used in this research), while the cutting speed, vc, differs
very slightly with the local tool diameter (depth of cut, respectively), for a given rotation
speed, n.

An increase in the feed speed, vf, increases tool vibration, which leaves deeper waves
in the surface. The surface waviness measured by Wa increased more than double when the
feed speed increased approximately 3.6 times, from vf1 = 6.53 m/min, to vf2 = 23.74 m/min.
Increasing the rotation speed from n1 to n2 (double) has decreased Wa with 20%, but
without statistical support.

An increase in the feed speed increases the toolmarks approximated by Rk which
are more pronounced as the rotation speed becomes higher. Rk increased with the feed
speed (respectively, fz for a constant n and number of cutters) for n2 = 6594 rot/min by a
significant 57%. An increase in the rotation speed from n1 to n2 has reduced Rk, but the
effect was not significant. For example, an increase in the rotation speed from n1 to n2
decreased Rk by approximately 16% for the vf1 feed speed. Similar behavior was noticed
for the Ra parameter. The processing quality (Rk) measured at different depths did not
differ statistically, in spite of the local differences in the cutting speed.

An increase in the feed speed raises the wood fiber. Therefore, the Rpk parameter
increased 2.4 times when the feed speed increased 3.6 times. The increase in the rotation
speed does not produce any significant effect regarding fuzziness or raised fiber.

Wood pores were deeper than the marks left by the tool on the wood and their effect on
surface quality was disregarded in the above conclusions. However, some gaps deeper than
the core roughness and caused by material detachment were noticed when the milling en-
countered radial surfaces, thus affecting the ray tissues. This did not change the conclusion
that the smoothest beech surface is obtained when the smallest feed speed (6.53 m/min) is
used. However, by including the surface gaps in the analysis by referring to the parameter
Rk+Rpk+Rvk, it attributed a significance to the rotation speed as well, such as the higher
rotation speed (6594 rot/min) also contributing to the surface quality improvement.

The processing quality measured at different depths does not differ statistically, in
spite of the local differences in the cutting speed.

The statistical analysis helped us to understand the hierarchy of influence factors and
their significance. In this respect, the most important factor affecting the surface quality
was the feed speed.

The moment of measuring the surface roughness, such as immediately after sharpen-
ing or after a working period, influences the result of the surface quality. Measurements
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of surface quality after the tool processed 600 m of beech material improved the surface
quality by 30%.

In further work, such stratified analysis will provide a more in-depth understand-
ing and quantification of the tool interaction with the wood material and will help the
selection of the most appropriate processing parameters as a function of the tool and
species variables.
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