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Abstract: Circumferential milling is used in wood processing, yet it generates vast quantities of dust
and chips in a single pass, highlighting the need to predict chip dispersion and prevent associated
hazards. This article presents findings from a theoretical and experimental analysis of chip size and
kinematics of pine wood during cutting. A chip diffusion boundary surface model was established
and its key parameters were determined through CCD testing. Results reveal that chip diffusion can
be divided into three distinct areas based on motion state: main diffusion, random diffusion, and
vortex. Notably, spindle speed and feed rate are most influential on the orthogonal diffusion angle of
the main diffusion zone, whereas cutting depth most heavily impacts the top view diffusion angle.
Chip scattering on the table showed an exponential increase in average chip size with sampling
distance, whereas the boundary surface model accurately characterizes chip motion and demonstrates
a reasonable degree of reliability, offering potential in predicting chip morphology and diffusion
state. This model has important implications for wood milling practices, particularly in controlling
chip dispersion.

Keywords: wood milling; chip motion boundary; chip dynamics; chip scattering state

1. Introduction

Owing to its unique aesthetic appeal, wood is a popular material used in the furniture
and construction industries [1]. However, milling wood poses challenges, such as the
incomplete collection of chips, leading to chip spillage and the creation of dusty working
environments that put workers” health at risk [2]. The issue of wood chip collection cannot
be ignored and the efficiency of chip removal devices is impacted by the lack of knowl-
edge regarding chip shape, diffusion angle, and diffusion boundary shape [3]. Current
approaches to designing chip removal devices result in unnecessary energy waste and noise.
Wood chips produced by different grain directions and processing parameters display vary-
ing shapes and diffusion angles, making it difficult to predict their motion patterns [4,5].
Given the significant role played by chip motion in the milling process, understanding
chip morphology and diffusion state during wood milling is crucial to improving the
orderliness of the process, reducing cutting forces, heat, chip accumulation, and stoppage
during machining [6,7]. Therefore, studying chip morphology and diffusion during wood
milling is imperative for a better understanding of the process and disease prevention.

The collection of chips during wood milling is a crucial factor in wood processing,
drawing the attention of researchers and industry professionals alike [8]. The size and
movement properties of the chips play a crucial role in determining the design of chip
collection devices [9,10]. Non-uniformity and anisotropy are significant challenges for
analyzing wood compared to metallic materials [11], and wood’s anisotropy contributes
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to machine vibration, which impacts accuracy during machining [12]. Through an exper-
imental investigation, DARMAWAN W. et al. [13] found that reverse milling produced
mostly spiral and thin chips and that higher helix angles resulted in a higher percentage
of these types of chips with fewer granular cuts. They also identified long, short, flake,
and granular chips in high-speed milling [14]. Mats Ekevad and Bireger Marklund used
high-speed photography to examine the chip formation of circular saw blades and found
that chip size and trajectory were strongly dependent on tool front angle, wood moisture
content, and degree of moisture freezing [15]. Based on these foundations, Y. Dong and
A. Bouali et al. conducted a study on the orientation of the suction tube for a wood chip
collection device [10]. Using a high-speed camera to observe the milling process, they
were able to determine the direction and velocity of chip spread. Their findings indicated
that tilting the suction tube was more efficient for chip collection than placing it vertically.
However, the chip collection efficiency was limited to 54.4 due to the insufficient structure
of the collection device. It was noted that the design of the chip collection device should
consider factors such as diffusion range, velocity, and size of the wood chips. These find-
ings provide insight into enhancing the performance of wood chip collection devices. This
study has important implications for optimizing the design and operation of wood milling
processes in industry. However, these studies mainly focused on the factors that influence
chip morphology and orientation, without providing a clear quantification of wood chip
morphology and diffusion state during wood milling.

Drawing upon the literature findings, it was decided to study the movement of the
wood chips during the circumferential milling of wood. To achieve this, both experimental
and theoretical analyses were conducted. Additionally, a boundary surface model was
established to describe the diffusion of wood chips.

2. Materials and Methods
2.1. Materials

To investigate the wood milling process, pine boards that were 15 mm thick were
sawn with a wire saw down to a size of 50 mm x 50 mm X 15 mm. These pine boards
were sanded with sandpaper with a grit size of 100 to serve as the milling test object.
Table 1 presents the physical parameters of the object. The tool utilized for the woodcutting
samples within this study is the tenon milling cutter (model § x 1 — 1, Yueqing Fuxin
Hardware Tool Company Limited, Wenzhou City, China). This milling cutter is frequently
implemented in the fabrication of wooden tenons and grooves [16]. The cutter has four
carbide teeth. It is capable of machining wood with a thickness ranging from 10 mm to
17 mm.

Table 1. Mechanical properties of smooth grain pine wood.

. Compressive Bending Tensile Shear Modulus of . , . .
Density . . Poisson’s Coefficient
(ke/m®) Strength Strength Strength Strength Elasticity Ratio of Friction

& (MPa) (MPa) (MPa) (MPa) (MPa)
420 50 87 104 10 12,000 0.65 0.35

The wood circumferential milling test was conducted using a 3-axis wood processing
center (MGK 06, Nanxing Equipment Company Limited, Dongguan City, China). This
machine is equipped with a spindle speed range of 0-12000 r/min and feed speed range of
0—-40 mm/s.

2.2. Theoretical Approach
2.2.1. Analysis of Chip Morphology
The primary focus of this study is to investigate the spreading of wood chips during

circumferential milling. This particular technique of milling is frequently used in the
production of tongue and groove wood, particularly in the manufacturing of doors and
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Loose layer

Dense layer

windows. As shown in Figure 1, the process involves circumferential milling to create the
desired tongue and groove structure.

Area to be processed

Spindle speed n

Processed area — Wood chip

Figure 1. Wood circumferential milling and wood chip diffusion state. (a) Pine specimen clamped on
the machine. (b) Milling cutter fixed on the electric spindle and pine specimen fixed on the fixture.
(c) Schematic diagram depicting the chip generation process.

The structure of wood comprises earlywood and latewood and the boundary between
them is known as annual rings. As circumferential milling is commonly used in the
manufacturing of structural timber, window, and door timber, which generally have long
dimensions, they are made by the radial cutting of wood. For estimation purposes, if we
assume that the curvature of the annual rings is insignificant, the circumferential milling
process can be roughly categorized into three groups based on the positioning of the annual
rings, as depicted in Figure 2. In the figure, qq is the tool’s back angle, and the back angle
of each cutting edge is equal. The front angle of each cutting edge is 0°, whereas dy and d;
refer to the widths of the earlywood and latewood layers, respectively.

Rear corner a

(b) (c)

Figure 2. Analysis of the forces during circumferential milling of wood. (a) The state when the cutting
edge is parallel to the annual wheel of the wood. (b) The state when the cutting edge is perpendicular
to the annual wheel of the wood. Numbers 1 to 5 refer to the serial numbers of the five cutting edges
of the circumferential milling tool. (c) The state of cutting edge No. 1 when it is at an angle of 45° to
the annual wheel of the wood and the parameters utilized for the calculation of the tool and the layer
of the annual wheel of the wood are shown.

The circumferential milling cutter used in this study has a lead angle of ¢ = 0° and
a back angle of ayp = 30° on the cutting edge. The milling cutter is applied to the wood
with the annual ring pattern shown in Figure 2a. The lengths of the cutting edges 1 to
5 are denoted by /; to Is, and the inclination angle Ay = 45° is applied to edges 2 and 5.
Thus, the #1, #3, and #4 cutting edges are computed with single-layer properties during
cutting, whereas the #2 and #5 cutting edges are calculated using multi-layer properties.
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For instance, if [;cosAg < (dy | d1) for the No. 2 cutting edge, it is computed as single-layer
property, and vice versa.

Let the cutting width be ay, (i.e., the width of the cutting edge), and the single cutting
depth be d’; (i.e., the depth of cutting into the workpiece by the No. 1 cutting edge). The
value of a'c can be expressed as a function of the feed rate Vyand spindle speed n:

, 30V

ac= " 1)

The moment of inertia of the cross section to the neutral axis is as follows:

a0’
Iz = Zizc (2)

The maximum stress on the fracture surface is expressed in Equation (3), wherein Mr
represents the bending moment induced by the cutting chip.

M]:a/c

2L ®)

Omax =
Let F. and F; be the horizontal and vertical components of the cutting force, respec-
tively, between the circumferential milling cutter and the wood. The equations for F. and

F; are presented as (6) and (7) in reference [17]:

1 T

Tm = 5 Volf T'f (4)
. COS Yo
¢ = arctan (1 “sing ) ©)

E 2rpa’ Sy cot(7yo) cos(yg — arctany) ©)
7 cos(¢ — o+ arctany) cos @

F, = F. tanw (7)

where 1, is the radius of chip deflection, reis the radius of the wood fiber sieve tube, Vi is
the wood fiber volume fraction, and S, is the wood shear strength in the corresponding
direction. Additionally, ¢ denotes the rotation angle, y is the friction coefficient, and 6
represents the angle between the annulus and the horizontal plane.

Despite having a 0° leading angle, the milling cutter’s cutting edge generates an
upward force on the wood chips due to a combination of main cutting force and feed
resistance. This upward force causes the chips to tear away from the wood specimen, and
the magnitude of this force changes with the chips” angle of rotation. Assuming that the
angle of rotation of the wood chips at fracture is denoted by w, the force that lifts the chips
vertically upward to fracture is represented by N, the component force in the same direction
as the wood fibers is denoted as F., and the component force perpendicular to the annual
layer pointing in the direction of the wood specimen is represented by F;. As illustrated in
Figure 3, the wood chips are subjected to a force N, which can be described by the following
Equation (8) [18]:

27’ Sy cot(7yg) cos(yo — arctany) (sinw — cos tan a)

cos(¢ — o + arctany) cos 6 ®

N =F.sinw — F;cosw =




Forests 2023, 14, 849

50f18

Figure 3. Top view of wood circumferential milling and force analysis. (a) The actual circumferential
milling process of the machine. (b) A theoretical illustration of the wood circumferential milling
process. (c) A local enlarged view of the wood chip formation area. The wood chip length denoted by
Ly and the cutting depth represented by 4’ have been amplified for labeling ease.

The cutting edge of the circumferential milling cutter features a leading angle ¢ of
5° and a trailing angle of ag of 30°. This cutter angle serves to enhance tool life but results
in average cutting surface quality, as per previous research [17]. In Figure 3c, the wood
damage mainly comprises interfiber tearing. This damage can be predicted by calculating
the average bending strength of, influenced by factors such as the percentage of earlywood
and latewood layers and the gap. Equation (9) presents the prediction model for chip
length L1, which is formed by the cutting edges 1, 3, and 4. Accordingly, the shape of the
chip produced by these cutting edges can be approximated by a rectangular sheet of length
Ly, width a,, and thickness a’;, without accounting for the real-time effect of feed rate V¢
onda..

Ufawa’f afawa’f cos(¢ — yo + arctany) cos 6

= ©)

~ 6(Fesinw — Frcosw) 127,05, cot(7o) cos(yg — arctany) (sin w — cos w tan a)

2.2.2. Modeling of Chip Boundary Surface f(x,y)

During the pre-experiment, it was observed that the front view of the boundary shape
of the wood chip diffusion region consisted of two parabolas beyond the zero point. The
initial angle of the lower parabola was 0°. On the other hand, the top view of the boundary
shape was symmetrical along the y-axis and consisted of two straight lines past the zero
point. These observations were in line with previous studies conducted by Y.Dong [10].
The morphology of the wood chips produced by the milling process is consistent with
the milling results of Wei [19]. The procedure for establishing the equations of the chip
boundary surface is explained in the subsequent section.

Assuming an initial motion velocity of wood chips of V), it must satisfy V¢ = 2mnr,
where r corresponds to the radius of gyration of the knife tip. Taking the air resistance
coefficient as C = 0.5 and the air density as p, = 1.3 g/L, with a maximum windward area of
S =L, X ay and the mass of wood chips as m, we obtain the velocity V; of the wood chips
at time £, as shown in Equation (10):

B 2mVj o 2rtnmr
~ CpaSVot +2m  0.325aya’ct +m

Vi (10)

Taking the surface contained in the y+, x+, and z+ quadrants as an example, Figure 4a
illustrates the expression of the y-axis and z-axis components of the displacement of M;
wood chips above the y-axis in the absence of air resistance during free fall. The M;
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coordinates can be described using variables, as presented in Equation (11). The highest
point reached by the wood chip can be calculated using Equation (12):

1
<0, Vi cos Byozt, Vi sin Byozt — = gtz) (11)
2
Vt2 sin? Byoz (12)
28

'
) yoz

0 (d)

Figure 4. Boundary of the wood chip diffusion surface. (a) The boundary trajectory after the chip
is detached from the milling cutter. (b) The boundary in the yoz plane. M; is the wood chip on the
boundary line of this plane. By, is the initial angle of the wood chip boundary in the yoz plane and
the maximum angle. (c) The boundary in the xoy plane. M is the wood chip on the boundary line of
this plane. Byoy is the initial angle of the wood chip boundary in the xoy plane and the maximum
angle. (d) For any chip M3 located on the boundary surface, the angles f',o; and 'y, represent the
inclination of the initial velocity with respect to the xoy plane and the current plane with respect to
the yoz plane, respectively.

In Figure 4b, the initial velocity component of M; in the z-direction is zero as depicted
in Figure 4c. The variation laws of angles B yoz and B xoy for any wood chip M3 on the
boundary surface are represented in Equation (13) as follows:

{ﬁyoz = By = 0

.B,yoz ,Bxay
0— — =

(13)

As one tends to its maximum value, the other always tends to zero. It is there-
fore assumed that the rates of change in 28, and p'y,y are linearly related. That is to
say, B'yoz = kB'xoy/2 + b. The relationship between the two angles can be solved using
Equation (14) presented below:

_ ,Byoz
,ony

Figure 4c illustrates projection 1 of the wood chip Mys displacement in the xoy
plane, as given in Equation (15). Furthermore, the time ¢ is represented by Equation (16).
Equation (18) accurately describes the relationship satisfied by p'yoy:

I =Vicosp' .t = /22 + 1 (15)
/X2 L2
- VXY (16)

~ VicospB

ﬁ/yoz = ﬁ/yoz + .Byoz (14)

yoz

tan(%) = 5 (17)
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ﬁ'yoz = 2arctan§ (18)

At this point, the coordinates of the M3 point can be described as in Equation (19):

1
<x, y, Vi sin ﬁ’yozt - th2> (19)
Substitute Equation (16) into Equation (19) to eliminate time ¢. The result is shown in

Equation (20):

1 %242
x,y, tan B’ 242 - o I 20
( yrian oz /X4 Y 28 V2 cos? B yoz 20)

Substituting Equation (14) into Equation (20), the result is shown in Equation (21):

Byoz 2,2 1 ¥+ y?
(x, Y, tan(—ﬁxoyﬁ yoz + Byoz m— 58 Byor (21)

Vt2 Cos2 (_ ﬁxuy :B/yOZ + ﬁyoz)

Equation (22) provides the equation, f1(x,y), for the boundary surface of the wood chip
in the x+, y+, and z+ space. The collapse of B,y is achieved by substituting Equation (18)
into Equation (21), resulting in the following equation:

P arctan 302 +4?)
filx,y) = tan(Z arctan— + B X242 — 22
ﬁxoy y yoz \/7 2‘42 COSZ (_z%z;ar(:tan§ + ‘Byoz)

Similarly, the coordinates of the wood chip M3 in the x+, y+, and z+ space can be
expressed using Equation (23). Upon completing the necessary steps, the equation for the
boundary surface of the wood chip in the x+, y+, and z+ space can be obtained as shown in
Equation (21), and is represented by f>(x,y):

(x, v, —;gﬂ) (23)

g(*¥* +v7)
2VtZ cos? (-251—23aretan§ + Byoz

fz(X,y) - - )/fZ(x/]/) < fl(x/y) (24)

The boundary surface of the wood chip in the x-direction is symmetric with f1(x,y) and
f2(x,y) about the yoz plane. This implies that the boundary surface for the x-directional chip
can be obtained by replacing x with -x. It is worth noting that in Equations (22) and (24), V;
refers to the velocity on the diffuse boundary surface at time t. By substituting Equation (16)
into Equation (10), (14) and (18), we obtain the results as shown in Equation (25). The
values of Byo; and Byoy are related to the spindle speed 7, feed rate V¥, and depth of cut a,
which shall be regressed polynomially later.

0.325a,,ac/x2 + Y2 25)

Vi = 2nnr — 5
cos (—2 ﬁiZ arctan% + ﬁyoz) m

2.3. Methods

To capture the machining process, two video recorders with a frame rate of 240 were
strategically placed to record both the forward and overhead directions of the wood
specimen. Subsequently, Digimizer software was utilized to measure the components of
the chip spread angle in each plane.

In order to investigate the state of wood chip diffusion, a 3-factor, 5-level CCD (central
composite design) test method was utilized. This particular method is capable of effectively
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regressing the quadratic curve while estimating the quadratic term coefficients, thereby
verifying the theoretical and experimental fit [20]. Additionally, it examines the impact of
test factor interactions on the test index. This method has gained widespread applications
in experiments involving factors that may exceed their limits [21]. Table 2 displays the
tabulated test factor levels, with the test indicators being the projected chip diffusion angle
pB along the x-axis By, the projected angle along the z-axis By, and the average chip
size L,. During milling operations, if the spindle speed drops below 6000 r/min, the
machine will produce excessive noise and vibrations. The maximum spindle speed for the
machine is 11,500 r/min; therefore, the allowable range for spindle speed 7 is 6000 r/min to
11,000 r/min. Similarly, the upper limit for feed speed is based on the maximum feed speed
allowed by the machine of 1800 mm/min; thus, the range for feed speed Vf is 430 mm/min
to 1770 mm/min. The depth of cut is also subject to the machinable range of the milling
cutter, and the range for cutting depth 4. is designated between 5 mm to 15 mm.

Table 2. Factors and levels of the CCD test.

Spindle Speed n Feeding Speed Vs Cutting Depth a,
Alpha . .
(r/min) (mm/min) (mm)

+1.68 11,000 1770 15
+1 10,000 1500 13
0 8500 1100 10
-1 7000 700 7
—1.68 6000 430 5

3. Results and Discussion

The test was conducted at the Forestry and Woodworking Machinery Engineering
Technology Center of Northeastern Forestry University, at a temperature of 25 °C. The
test consisted of 26 groups, with six of these being repeated tests to ensure that the test
error remained within the allowable range. The results of the test are presented in Table 3,
with the corresponding parameters shown in Figure 5. B, pertains to the forward-looking
spreading angle, representing the projection of the chip spreading angle § along the x-axis,
whereas fy,, denotes the top-looking spreading angle, representing the projection of the
chip spreading angle B along the z-axis. The parameters L,; to L,4 are the average chip sizes
that are evenly spaced, with L, representing the overall average chip size. The numbers 1 to
20 in the table correspond to the CCD test numbers, whereas 21 to 26 are the supplementary
experiment numbers that were utilized to study the chip size distribution.

The test results indicated that after being separated from the wood specimen, the
motion area of the chips can be broadly categorized into three types: the main diffusion
area, the random diffusion area, and the vortex area, as clearly illustrated in Figure 5a.
The main diffusion area denotes the primary region of motion diffusion that is observed
under the influence of cutting force following chip formation. The boundary of this region
remains constant over time. On the other hand, the random diffusion area pertains to the
diffusion area that is formed when small parts of chips deviate from the main diffusion
zone. The boundary of this region is characterized by a certain level of randomness and
tends to change over time. The vortex area, on the other hand, represents the circular
motion zone of chip spiral rising and settling that arises due to the turbulent surge of the
circumferential milling cutter wind and the influence of gravity specifically for very fine
chips (L; < 0.2 mm). In this paper, we primarily focus on the main diffusion zone.
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Table 3. CCD test results and supplementary test results.

Factors Indicators

No. n Vf ac ﬁyoz ,ony Ly Ly Lgs Loy L,
(r/min) (mm/min) (mm) °) °) (mm) (mm) (mm) (mm) (mm)
1 7000 700 7 25 134 0.382 0.692 1.031 1.812 0.9792
2 10,000 700 13 31 107 0.484 0.541 0.771 1.396 0.7980
3 10,000 1500 13 73 135 0.322 0.559 1.82 1.9975 1.1746
4% 8500 1100 10 44 120 0.258 0.462 1.048 1.51 0.8195
5 8500 430 10 26 115 0.237 0.457 0.855 1.251 0.7000
6 11,000 1100 10 32 114 0.356 0.549 0.788 1.455 0.7870
7% 8500 1100 10 40 113 0.354 0.513 0.823 1.404 0.7735
8 7000 1500 13 73 140 0.514 1.139 1.793 2.538 1.4960
9 7000 700 13 28 114 0.381 0.563 1.168 2.47 1.1455
10 * 8500 1100 10 43 115 0.295 0.488 0.941 1.455 0.7948
11 10,000 700 7 36 141 0.296 0.593 0.855 1.105 0.7123
12 8500 1770 10 78 152 0.542 0.771 1.357 2.354 1.2560
13 7000 1500 7 74 94 0.319 0.469 0.775 1.63 0.7983
14 8500 1100 15. 45 137 0.395 0.668 0.888 3.11 1.2653
15 8500 1100 5 41 93 0.341 0.635 0.918 1.903 0.9493
16 * 8500 1100 10 44 119 0.324 0.474 0.914 1.427 0.7848
17 * 8500 1100 10 45 110 0.289 0.497 0.911 1.455 0.7880
18 10,000 1500 7 44 117 0.362 0.714 0.727 1.378 0.7953
19 * 8500 1100 10 50 113 0.233 0.485 0.944 1.457 0.7798
20 6000 1100 10 86 105 0.291 0.567 1.4853 1.919 1.0656
21 10,000 1100 10 33 115 0.291 0.375 0.779 1.345 0.6975
22 7000 1100 10 44 110 0.597 0.648 1.008 1.964 1.0543
23 8500 1500 10 65 143 0.496 0.755 1.241 2.14 1.1580
24 8500 700 10 36 131 0.325 0.434 0.715 1.314 0.6970
25 8500 1100 13 48 142 0.585 0.618 1.127 2.285 1.1538
26 8500 1100 7 63 105 0.409 0.594 0.809 1.391 0.8008

* The number of the repeated test.

—

Random ared’

L

Figure 5. Milling test results and observed chip sizes. (a) Front view of test No. 6. (b) Top view of

test No. 9. (c) Test No. 6 top view of the scattered state of chip distribution after machining. Four

equally spaced areas of d were taken and then photographed using a portable microscope. (d) The

four white square areas in Figure (c) were photographed by a 1000 x portable microscope. L,; to L4

are the average chip sizes in these four areas, respectively.
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3.1. Effect of Milling Parameters on the Orthogonal Diffusion Angle Byo.

The chip motion is primarily influenced by gravity and the direction of the initial ve-
locity, resulting in the orthogonal boundary of the main diffusion zone becoming parabolic
in shape. In this regard, the orthogonal diffusion angle f,,; mentioned in this paper refers
to the angle clamped by the tangent lines of the upper and lower boundaries at the ini-
tial point, as shown in Figure 5a. The analysis of the experimental data indicated that
the overall model regression was highly significant (p < 0.0001). However, the depth of
cut a. had almost no effect on the orthogonal diffusion angle because the p-value of 4, is
greater than 0.1. The analysis of variance for the regression model is presented in Table 4.
The polynomial obtained from the regression has been illustrated in Equation (26). The
visualization of the chip ortho-visual diffusion angle . is shown in Figure 6 for better
understanding.

Byoz = —439.68 + 0.0361 + 1187V — 0.000138nVy + 2.008 x 10~°n* — 0.000485V7 4 5.856 x 10—8an (26)

Table 4. The ANOVA results for the orthogonal diffusion angle fy.. are as follows: R? = 0.9105;
adjusted R? = 0.8692; predicted R? = 0.7014; adeq precision = 15.6975. Notably, the overall model
regression is highly significant, with a probability of noise affecting the model being only 0.01 as
indicated by the F-value of 22.04. Although almost all items in the table are highly significant
(v < 0.05), item B2 is not significant (p > 0.1).

Source Sum of Squares df Mean Square F-Value p-Value
Model 5990.94 6 998.49 22.04 <0.0001
A-n 1458 1 1458 32.19 <0.0001
B-Vy 3922.62 1 3922.62 86.6 <0.0001
AB 242 1 242 5.34 0.0378
A? 297.09 1 297.09 6.56 0.0237
B? 60.76 1 60.76 1.34 0.2676
AB? 654.53 1 654.53 14.45 0.0022
Residual 588.86 13 45.3 - -
Lack of Fit 535.53 8 66.94 6.28 0.0592
Pure Error 53.33 5 10.67 - -
Cor Total 6579.8 19 - - -

Front View Angle f,,. (°) 23 - 75

23 75 1500
S0 -
< L _
2 : £ 1300
2 E
E g
2 W~
2 ~"1100
= =
2 2
= &
1500 . 010,000 %" 900
. L
eeO’,,, e \ \‘i\‘\\ -
)(?ed 77 6“
2 700 7000 (e
’77/)2/ ” ée 700 |
L S 7000 7750 8500 9250 10,000

Spindle Speed # (r/min)

(a) (b)

Figure 6. Feed rate Vy and spindle speed n versus orthogonal diffusion angle B,.; at depth of cut
ac =10 mm. (a) Plot of the response surface of the orthogonal diffusion angle 0, with respect to
spindle speed 7 and feed rate V. (b) Contour plot of the response surface.

Based on Figure 6, it can be observed that a decrease in spindle speed 7 or an increase in
feed rate Vyresults in an increase in the chip orthogonal diffusion angle By,.. Consequently,



Forests 2023, 14, 849

110f18

the cutting force and its amplitude also increase [17], making the cutting condition more
severe. As a result, the standard deviation of the generated chip size becomes larger and
the range of the initial direction of chip movement becomes more random, leading to an
increase in the area of the main diffusion zone. On the contrary, increasing spindle speed n
and reducing feed speed V¢ leads to a softer cutting process, with smaller chip sizes and a
reduced range of initial velocity direction. This, in turn, results in a decrease in the positive
diffusion angle 0. Notably, By, is found to be independent of the depth of cut a.. This
suggests that the direction of the initial chip shot on the plumb plane is largely independent
of the chip shape and size.

3.2. Effect of Milling Parameters on the Top View Diffusion Angle B,y

The data analysis indicates that the regression model is significant overall (p = 0.0011).
However, spindle speed 1 was found to have little impact on the top view diffusion angle
Bxoy in the experiment. Table 5 displays the analysis of variance for the regression model. To
improve the regression effect, a more complex regression polynomial of By,, was required
compared to that of .., as shown in Equation (27). Figure 7 depicts the visualization of
the chip top view diffusion angle B,y

Bxoy = 1360.8 — 0.275n — 0.212V — 125.882a, + 0.029na. + 0.012V¢a, + 1.7 x 10721 + 4.5 x 10*5vf2 —1.753 x 10~ %n2a, (27)

Table 5. The ANOVA results for the topographic diffusion angle By, are as follows: R? = 0.8563;
adjusted R? = 0.7518; predicted R? = 0.5842; adeq precision = 9.5991. Notably, the overall regression
of the model is significant at p = 0.0011. The F-value of 8.19 indicates that the model is primarily
influenced by signal rather than noise, with only a probability of 0.11 of being affected by noise.
Furthermore, all items in the table are significant except for A and A2, with p < 0.05 indicating high
significance, 0.1 < p < 0.05 indicating significance, and p > 0.1 signifying insignificance.

Source Sum of Squares df Mean Square F-Value p-Value
Model 4021.77 8 502.72 8.19 0.0011
A-n 80.4 1 80.4 131 0.2767
B-V 199.72 1 199.72 3.25 0.0986
C—a, 968 1 968 15.77 0.0022
AC 220.5 1 2205 3.59 0.0846
BC 1740.5 1 1740.5 28.36 0.0002
A? 26.33 1 26.33 0.4291 0.5259
B2 742.04 1 742.04 12.09 0.0052
A2C 463.85 1 463.85 7.56 0.0189
Residual 675.03 11 61.37 - -
Lack of Fit 601.03 6 100.17 6.77 0.0566
Pure Error 74 5 14.8 - -
Cor Total 4696.8 19 - - -

Based on the findings in Figure 7, it can be observed that the chip pitch diffusion angle
Bxoy generally increases with increasing depth of cut ac, and feed rate V. The theoretical
analysis described in the previous section suggests that the chip diffusion angle in the xoy
direction is determined by the direction of the chip at the moment it leaves the cutting edge.
The time for this release is influenced by the centripetal force provided by the cutting force
and the friction coefficient between the cutting edge and the chip. As the depth of cut and
feed rate increase, the average chip size also becomes larger. This is due to the fact that
large chips have a larger contact area, which causes them to break away from the cutting
edge more slowly. Additionally, increasing chip size results in higher air resistance and a
corresponding increase in positive pressure, ultimately slowing down the release time of
the chip from the cutting edge, leading to an increase in the top view diffusion angle Bxoy.
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Figure 7. Depth of cut ac and feed rate Vy at spindle speed n = 8500 r/min versus the pitch diffusion
angle Byoy. (a) Plot of the response surface of the overhead diffusion angle 1o, with respect to the
depth of cut ac and feed rate V. (b) Contour plot of the response surface.

However, it was observed that pitch diffusion angle f,, demonstrates inconsistencies
with the theory in the range of 4. = 7-9 mm and V= 900-1500 mm/min. This may be due
to the fact that the depth of cut is too small for all five cutting edges of the circumferential
milling cutter to be fully involved in cutting. Furthermore, at higher feed rates, chips
experience greater air resistance and less collision, resulting in a deviation from the expected

pattern. However, as spindle speed 7 increases, the chip has a greater initial velocity, which
tends to eliminate the observed deviation.

3.3. Effect of Milling Parameters on the Average Chip Size L,

Upon analysis of the experimental data, it can be observed that the regression of the
model is extremely significant with a p-value of less than 0.0001. The regression process of
three individual factors, spindle speed 1, feed rate Vf, and depth of cut a., revealed that
all three contributed significantly to the average chip size La (p-values less than 0.0004 for
each factor). The analysis of variance for the regression model is presented in Table 6, and
the regression polynomial for La can be found in Equation (28). A visualization of the mean
chip size L, is displayed in Figure 8.

Ly =2298+3.7 x 10771 = 1.39 x 1072V — 0.189ac — 1.1 x 10 °nac — 8.6 x 10~°Vyac +3.71 x 1077V +0.0117aZ (28)

Upon examining Figure 8, it becomes evident that the average chip size L, increases
as the depth of cut a. increases, the spindle speed n decreases, or the feed rate V increases.
These results align closely with previous research in the field of wood processing [17] and
are consistent with the theoretical analysis presented earlier. Notably, the depth of cut has
the strongest impact on the average chip size when compared to the other variables.
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Table 6. The model’s R? value, adjusted R? value, and predicted R? value were determined to be
0.9201, 0.8735, and 0.6484, respectively, with an adeq precision value of 16.9314. The overall regression
of the model is considered to be highly significant, with a p-value less than 0.0001. The F-value of
19.74 indicates that the probability of the model being influenced solely by noise is only 0.01. All

variables included in the table are significant, with p < 0.05 indicating high significance, 0.1 < p < 0.05
indicating significance, and p > 0.1 signifying insignificance.

Source Sum of Squares df Mean Square F-Value p-Value
Model 0.903 7 0.129 19.74 <0.0001
A-n 0.1679 1 0.1679 25.69 0.0003
B-Vy 0.1792 1 0.1792 27.42 0.0002
C-a, 0.2535 1 0.2535 38.79 <0.0001
AC 0.0199 1 0.0199 3.04 0.0994
BC 0.0851 1 0.0851 13.02 0.0036
B? 0.0514 1 0.0514 7.87 0.0159
C? 0.1608 1 0.1608 24.61 0.0003
Residual 0.0784 12 0.0065 - -
Lack of Fit 0.0771 7 0.011 42.32 0.06
Pure Error 0.0013 5 0.0003 - -
Cor Total 0.9814 19 -

Average Chip Size L, (mm)(.65 - 1.2
13

Average Chip Size L, (mm)

Cutting Depth a, (mm)

7000 7600 8200 8800 9400 10,000
Spindle Speed 7 (1/min)

(b)

Average Chip Size I, (mm) 0.75 [ 1 3
13

Average Chip Size L, (mm)

Cutting Depth @, (mm)

1
700 900 1100 1300 1500
Feeding Speed 7, (mm/min)

(©) (d)

Figure 8. Relationship between the average chip size L, and feed rate V, spindle speed 1, and depth
of cut a.. (a) Response surface plot of average chip size L, as a function of depth of cut a. and spindle
speed 1. (b) Contour plot of the response surface (a). (c) Response surface plot of average chip size L,
as a function of depth of cut a. and feed rate Vr. (d) Contour plot of the response surface (c).
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3.4. Distribution State of Chip Size

The wood specimen was milled to create a macroscopic shape of wood chips spread
in a fan shape around the milling cutter. This macroscopic shape changed as the cutting
parameters were varied. Four equally spaced points within the fan area were sampled,
as shown in Figure 5c, and their corresponding microscopic images were captured, as
demonstrated in Figure 5d. The analysis and regression of the data led to Figure 9. Despite
varying the cutting parameters, the sampled relative position D consistently demonstrated
a clear and significant exponential relationship with the sampled chip size L;. The R? value
even reached 1 when performing the second-order exponential autoregression on the data.
To avoid overfitting, an exponential model without constant terms was utilized in the data
analysis. The regression results remained effective.

mm (V= 1100; a, = 10) (n = 8500; a, = 10) (n = 8500; V= 1100)
= 1n=7000 « 1 V,= 1500 “ra,=7
5 *11=8500 | : V= 1000 La,=10
=:n=10,000 = V=700 =:a,=13

Length of chips Z; (mm)

(a)
25 50 75 100%25 50 75 100% 25 50 75 100 %

(b)

(©)

Measurement distance divided by total diffusion distance D = 5 x100% (%)

— 0.253e20D R2=0.952  — 0.274¢205%D R2=0.998 ~ — 0.241e!7P R>=0.985
L(D){ — 0.186e210:> R2=0995  — 0.186e210> R2=0.995  — 0.186e210:> R2=0.995
— 0.138e2280 R2=0.992  — 0.155¢2120 R2=0989  — 0.211e228> R2=0.968

Figure 9. The relationship between sampling relative position D and the sampled chip size L; at
different cutting parameters is depicted as L;(D), where d represents the sample spacing, j denotes
the current sampling sequence, and k represents the total number of samples. The sampling relative
position is expressed by (j/k)d x 100% within the range of 0% to 100%. (a) The change in L;(D) after
changing the spindle speed n when the feed speed V= 1100 and the depth of cut ac = 10. (b) The
change in L;(D) after changing the feed rate V; when the spindle speed n = 8500 and the depth of cut
ac = 10. (c) The change in L;(D) after changing the depth of cut a. at spindle speed n = 8500 and feed
rate V¢ =1100.

When the remaining cutting parameters remained unchanged, an increase in spindle
speed 1 led to a more uniform distribution of the sampled chip size L; in the sampling
direction, as shown in Figure 9a. This indicates that the cutting stability increases with an
increase in spindle speed . This finding is generally consistent with the analytical results
demonstrated in Figure 6 and the trend observed in the Ogun PS study [22] in terms of
spindle speed and chip size. Moreover, the mean value of the sampled chip size L; data
increased as the spindle speed n increased, which is consistent with the analytical findings
in Figure 8.

When the remaining cutting parameters remained unchanged, an increase in feed rate
Vrled to a more uneven distribution of the sampled chip size L; in the sampling direction,
as demonstrated in Figure 9b. This indicates that the cutting stability decreases as the feed
rate Vy increases, which is consistent with the analytical findings presented in Figure 6 and
also in alignment with results from Ispas.M on cutting stability aspects [23]. Additionally,
the mean value of the sampled chip size L; data increased as the feed rate V was increased,
which is in agreement with the analytical results demonstrated in Figure 8.
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When the remaining cutting parameters were unchanged, an increase in the depth
of cut ac led to a more uneven distribution of the sampled chip size L; in the sampling
direction. The distribution increased dramatically between a. = 10 mm and a, = 13 mm,
as illustrated in Figure 9c. This indicates a decrease in cutting stability with an increase
in cutting depth a., which is consistent with the analysis results presented in Figure 7 and
the findings of Ogun PS [22]. Furthermore, the mean value of the sampled chip size L;
data increased as the depth of cut a, was increased, which is consistent with the analytical
findings demonstrated in Figure 8.

3.5. Solution of Chip Boundary Surface Model f(x,y)

To verify the chip boundary surface model, CCD tests No. 1, No. 11, and No. 25
were utilized. Table 7 shows the parameters used for model substitution, and the solution
results obtained by substituting these parameters into Equations (1), (22), (24) and (28) are
presented in Figure 10. The model considers shape errors and dimensional errors, with size
errors being more appropriate to determine prediction accuracy. The actual and predicted
regions are divided into 1 mm grids, and the dimensional error is described by calculating
the ratio between the intersection and concatenation of the regions. It was found that the
average error of the model was 32.17% after calculations.

Table 7. Parameters necessary for solving the model are listed in the table below. Specifically, d.
represents the chip thickness and is also equivalent to the single depth of cut a’;, which is calculated
using Equation (1). Additionally, py,.04 denotes the density of pine wood [24].

N ,Byaz ﬁxoy 8 n Vf r L, aw dc Pwood
o.
©) ©) (N/s?) (r/min) (mm/s) (mm) (mm) (mm) (mm) (kg/m®)

1 25 134 9.8 7000 11.67 15 0.979 0.489 834 x 1074 450
11 36 141 9.8 10,000 11.67 15 0.712 0.356 350 x 10~° 450
25 48 142 9.8 8500 18.33 15 1.154 2.308 647 x 107° 450
£ £ £

= <10 2

= P =100

8 £ g o

é é- ﬂg-«-l()()

Error =39.59%

(b) (c)

Figure 10. The results of solving the f(x,y) model with different milling parameters. (a) The surface
model f(x,y) was implemented and the actual chip scattering area was calculated using data from test
No. 1. The error of area is 39.59%. (b) The surface model f(x,y) was implemented and the actual chip
scattering area was calculated using data from test No. 11. The error of area is 27.71%. (c) The surface
model f(x,y) was implemented and the actual chip scattering area was calculated using data from test
No. 25. The error of area is 35.08%.
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Based on the previous theoretical analysis, it is established that the diffusion area of
chips corresponds to the area enclosed by the two surfaces f1(x,y) and f>(x,y). Moreover,
in situations where the distance between the milling plane and the table is 100 mm, the
theoretical chip dispersal area on the table corresponds to the area enclosed by the two
surfaces of f1(x,y) and f»(x,y), as well as the plane of z = —100 mm. As illustrated in
Figure 10, the simulated chip boundary surfaces closely resemble the actual spread of chips
generated during cutting. The area between the two surfaces effectively corresponds to the
genuine chip dispersal area.

In Figure 10, some of the chips scatter outside the theoretical region. These chips can
be attributed to two different factors. Firstly, a portion of them arises from the vortex zone
noted in Figure 5a. Specifically, the chips located in this region are very fine and not a
predominant component of the chips. Secondly, the remaining chips come from the random
diffusion zone. The scattering of chips in this region is somewhat random but can produce
a bias in the predicted outcomes. This issue is particularly apparent in Figure 10a, which
is caused by the proximity of the chip fall. As suggested previously, the vortex zone is
created by the wind force of the milling cutter. Consequently, when the chip falls closer to
the milling cutter, it is more significantly influenced by the vortex zone. As such, the actual
value in Figure 10a is larger than the real value. However, this error diminishes as the chip
drop distance increases, as shown in Figure 10b,c.

On the one hand, it should be noted that either ' yoz OF B xoy tends towards its max-
imum value on one axis when the other axis approaches zero. In this study, a linear
relationship was assumed between the two, as presented in Equation (14). Although this
method does not affect the limited position of each axis of the wood chip diffusion bound-
ary, the surfaces are not smoothly connected. Therefore, future research can explore the
nonlinear relationship between 'y, and B'yo,. On the other hand, as the movement process
of very fine chips is difficult to observe, the vortex region caused by the wind force of the
milling cutter was not analyzed in this paper. As such, future observations and studies can
be carried out to investigate the movement of extremely small chips near the milling cutter.
Furthermore, if we further investigate the impact of tool angle on chip diffusion boundary
based on the findings of this study, it would facilitate extending the methodology proposed
in this paper to a wider scope.

4. Conclusions

This study explored the diffusion state of wood chips generated during pine wood
milling with different processing parameters. We established the wood chip average size
model L, and chip diffusion boundary surface model f(x,y) and used CCD testing to analyze
the key parameters By, and Broy of f(x,y), influenced by the feed rate V;, spindle speed n,
and cutting depth a.. The accuracy of the chip boundary surface f(x,y) was confirmed. The
chip diffusion area was divided into the main diffusion area, random diffusion area, and
vortex area based on the chip motion state. The spindle speed n and feed rate V; had the
greatest impact on the orthogonal diffusion angle of the main diffusion zone, whereas the
cutting depth a. had the greatest effect on the top view diffusion angle of the main diffusion
zone. Furthermore, the authors noticed that the chip size increased exponentially with
the percentage of the sampling spacing, and the fitting results were highly accurate. The
chip boundary surface model f(x,y) was relatively effective in predicting the morphology
and diffusion state of chips generated during circumferential milling of pine wood, which
is significant for chip control in the wood milling process. Lastly, this study provides
guidance for future research.
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