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Abstract 1 
X-ray computed tomography (CT) was applied to non-destructive observation 2 

of machined surface and subsurface structure of hinoki (Chamaecyparis obtusa) 3 
produced in slow-speed orthogonal cutting. The cutting experiments were conducted 4 
under several cutting conditions and the chip formations were observed with a high 5 
speed camera in order to be classified into four chip types. The difference in the quality 6 
of the machined surfaces produced in four types of chip formation was investigated. 7 
During Type 0 chip formation, the workpiece was cut almost exactly at the path of the 8 
cutting edge, so no deformation was found on and beneath the machined surface. 9 
During Type I chip formation, the direction of the fore-split, which is dependent on the 10 
arrangement of cells, determined the machined surface. During Type II chip formation, 11 
the cutting tool sometimes tore part of the workpiece below the path of the cutting edge 12 
and the tore part was then compressed by the tool, remaining on the machined surface. 13 
During Type III chip formation, part of the workpiece above the path of the cutting edge 14 
was compressed by the tool, instead of being removed as a chip, so the compression 15 
occurred in wide area. The relationship between the formation of the machining defects 16 
such as torn grain or the compressed cells and the way chip is separated, deformed, or 17 
removed was clarified in this study. 18 

19 
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Introduction 1 
 In a wood cutting process, a series of small destructions occur in the wood 2 
ahead of a sharp edge of a cutting tool as the cutting edge passes. The wood above the 3 
path of the edge is removed as a chip, and a new machined surface is produced. 4 

One of the purposes of wood cutting is to obtain satisfactory machined surface. 5 
The machined surface of good quality is considered to be formed when the workpiece is 6 
cut exactly at the path of the cutting edge, meaning that the workpiece above the path of 7 
the edge is completely removed and no machining defects such as torn grain, fuzzy 8 
grain, or any other destructions would be found. In addition, as Scholz et al. [1] 9 
mentioned, no compressed cells should be found on and beneath the surface, since they 10 
may absorb moisture and swell, causing rough surface. Some studies have been done 11 
observing both the machined surface and subsurface structure; although the workpiece 12 
was cut at a plane normal to the machined surface to be observed with microscope, so 13 
the procedure was destructive and might have changed shapes of cells observed [2-4].  14 

On the other hand, many studies of wood cutting have been conducted, aiming 15 
to optimize the formation of the satisfactory machined surface under different cutting 16 
conditions. In those studies, stresses and strains of wood and resultant cutting forces 17 
have been measured and analyzed [5-11]. Most importantly, Franz [12, 13] and 18 
McKenzie [14] have classified chip formation in orthogonal cutting process parallel to 19 
the grain into chip types, based on the way chips being separated, deformed, and 20 
removed, and the relation of the types to the cutting condition such as depth of cut and 21 
cutting angle has been investigated. Their studies are remarkable since those were the 22 
first studies to categorize chip formation during the cutting and their definition for each 23 
type have been used since then.  24 

Some studies have investigated relationship of chip types to the resultant 25 
cutting force [15, 16], although the relation between the types and surface quality is not 26 
deeply discussed in these studies. Franz [12, 13] mentioned that the machined surface 27 
produced in Type II chip formation is so-called of good quality. However, Franz have 28 
not conducted Type 0 chip formation and it is unknown whether Type II is superior or 29 
not to Type 0 in terms of the surface quality. McKenzie et al. [17] conducted both 30 
inclined and orthogonal cutting, and found that changes in the occurrence of chip type 31 
induced by the inclination affect the surface quality. However, only the occurrence of 32 
defects such as raised grain or torn grain on the surface have been checked in their study, 33 
so it is uncertain whether the compressed cells, which Scholz et al. [1] mentioned, 34 
appear or not on and beneath the machined surface of each chip type. 35 

In this study, orthogonal (90-0) cutting was conducted under several cutting 36 
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conditions, and both the machined surface and subsurface structure were observed 1 
non-destructively with micro focus X-ray Computed Tomography (CT) system. The 2 
relation of the quality of machined surface and subsurface structure to cutting angle and 3 
depth of cut, especially difference in the appearance of the compressed cells among the 4 
chip type, was investigated. 5 
 6 
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Materials and methods 1 
Forty pieces of air-dried hinoki (Chamaecyparis obtusa), of 5 mm wide in 2 

radial (R) direction, 50 mm long in longitudinal (L) direction, and 50 mm high in 3 
tangential (T) direction, were used as workpieces. The average air-dry density was 4 
0.38g/cm3 and the average moisture content was 10.6%. Four cutting tools with wedge 5 
angles of 25°, 45°, 65°, and 85° were employed. The tools were made of high speed 6 
steel (SKH51), and their rake faces were coated with chromium nitride. The coating was 7 
about 5µm thick. 8 

Orthogonal cutting experiment was conducted on a milling machine equipped 9 
with a motorized linear feed stage on the machine’s table (Fig. 1). The workpiece was 10 
mounted on the feed stage, and was fed at a constant speed of 5 mm/s toward the cutting 11 
tool which was fixed to the overarm of the milling machine. The machined surface was 12 
RL surface normal to tangential direction, that is, quarter-sawn surface. The cutting tool 13 
was fed in the longitudinal direction (90-0 cutting) without bias angle. 14 

Depth of cut and cutting angle were varied so as to generate chips of Types 0 to 15 
III. The depths of cut employed were 0.1 mm and 0.3 mm. The clearance angle was kept 16 
constant at 5°, so the cutting angles employed were 30°, 50°, 70°, and 90°. The total 17 
combination of the depth of cut and the cutting angle were eight. The cutting was 18 
conducted five times for each cutting condition, so the cutting experiments were 19 
conducted forty times in total, and the workpiece was exchanged randomly for each 20 
cutting. 21 

The process of chip formation during the cutting was taken as a video clip with 22 
a high speed camera (VW-6000, KEYENCE). The video clips were recorded at a shutter 23 
speed of 1/1000s and a frame rate of 250 fps. The lens unit of the camera was fixed on 24 
the feed stage perpendicularly to the feeding direction and moved together with the 25 
workpiece, so that the camera would always take pictures of a certain area of the side 26 
surface of the workpiece. The field of view of the camera was approximately 3.8 mm in 27 
width and 2.6 mm in height. The video clip was analyzed in order to determine the chip 28 
type occurred during the cutting.  29 

After the cutting experiments, the machined surface and subsurface structure of 30 
all workpieces were scanned by a micro focus X-ray CT system (SMX-160CTS-SV3, 31 
SHIMADZU). Two scanning conditions (a) and (b) were applied for the scanning. For 32 
scanning condition (a), the size of the field of view was 6.2 mm in both R and T 33 
directions, and 5.8 mm in L direction, and the voxel size of the tomogram was 12 µm. 34 
The width of the field of view in R direction was wider than the thickness of the 35 
workpiece, although the detailed appearance of cells could not be observed. On the 36 
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other hand, for scanning condition (b), field of view was 1.4 mm in all three directions, 1 
and the voxel size was 2.7 µm. The lumens of the cells could be observed in this 2 
condition, although the field of view was limited. For both scanning conditions, the 3 
length of the field of view in L direction was not long enough to scan the entire 4 
machined surface, so that a part of the whole machined surface was scanned and 5 
investigated.  6 
 7 
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Results and discussion 1 
All chip formations found in this study were categorized into four chip types 2 

defined by Franz [12, 13] and McKenzie [14]. Figure 2 shows pictures of chip 3 
formation of each chip type taken by the high speed camera. (a), (b), (c), and (d) in 4 
Fig.2 represent Type 0, I, II, and III, respectively. The cutting angles for (a) to (d) were 5 
30°, 50°, 70°, 90°, respectively. The depth of cut was 0.1mm for (a), while 0.3mm for 6 
(b), (c), and (d). Table 1 shows the occurrence of the chip type for various combinations 7 
of cutting angle and depth of cut. The relationship between the chip type and the cutting 8 
condition was similar to those of previous studies [13, 16]. It was confirmed that only 9 
one chip type occurred for each cutting condition in the most of the cases. When the 10 
cutting angle was 50° and the depth of cut was 0.1 mm, however, chip type varied itself 11 
among the Types 0, I, and II in the five repetitions. This cutting condition was at a 12 
boundary among the chip type occurrence. 13 

Type 0 chip was obtained when cutting angle was 30° and depth of cut was 0.1 mm, 14 
and also when the boundary condition was employed. In the video clip, the chip split at 15 
the distance of 0.01 mm or closer from the cutting edge, and no deformation could be 16 
observed on the workpiece beneath the path of the cutting edge (Fig. 2a).  17 

Figure 3 shows the CT images of one of the machined workpiece produced in Type 18 
0 chip formation. The cutting angle employed was 30° and the depth of cut employed 19 
was 0.1 mm for this workpiece. The intensity of a pixel in a CT image represents the 20 
density level of the pixel; the brighter the pixel is the higher the density of the pixel is. 21 
Figure 3a shows a 3D rectangular prism image of a part of the workpiece. RL plane 22 
indicates the machined surface, while LT plane indicates the side surface of the 23 
workpiece. RT plane indicates a cross-sectional view, which is vertical to the cutting 24 
direction, of the workpiece. Figures 3b and 3c show the cross-sectional views of the 25 
rectangular prism. Figure 3b was scanned by scanning condition (a), while Fig. 3c was 26 
scanned by scanning condition (b). The surfaces parallel to R direction in Figs. 3b and 27 
3c are the machined surface. The two bright stripe-like zones running vertically from 28 
the machined surface in Fig. 3b are the latewood of the annual rings. The cells on the 29 
machined surface were cut almost exactly at the path of the cutting edge, as shown in 30 
Fig. 3b. Most of the cells on and beneath the machined surface seemed to be neither 31 
compressed nor deformed, as shown in Fig. 3c. In addition, it was confirmed that the cut 32 
was mostly done along the intercellular layer. The characteristics of the surface and 33 
subsurface structure of Type 0 observed with X-ray CT correspond to the fact that no 34 
deformation of the workpiece was observed in the video clip of Type 0. 35 

Type I chip was obtained when the cutting angle was 30° or 50° and the depth of 36 
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cut was 0.3 mm, and also when the boundary condition was employed. The chip split 1 
along the grain by cleavage and failed as if a cantilever beam bents and breaks down at 2 
its base, as shown in Fig. 2b. Splitting of workpiece near the cutting edge was in a larger 3 
scale than that of Type 0, occurred at the distance of 0.1 mm or further from the cutting 4 
edge. This splitting is designated as “fore-split”. The generated chip slid up the rake 5 
face of the tool until the cutting edge reached the next contact point of the workpiece. 6 
This phenomenon repeated in the cutting process. In some cases, the split proceeded 7 
above the path of the cutting edge, and the uncut part above the path of the edge was 8 
removed as a secondary chip, as pointed by the white arrow in Fig. 2b. The secondary 9 
chip was thin and similar to the Type II chip, as Franz mentioned [12]. 10 

Figures 4 and 5 show the CT images of the machined workpieces produced in Type 11 
I chip formation. The cutting angle was 50° and the depth of cut was 0.3 mm for the 12 
workpiece in Fig.4, while the cutting angle was 30° and the depth of cut was 0.3 mm for 13 
the workpiece in Fig.5. A couple of bright spots of higher density were found on the 14 
surface, as pointed by the white arrows in Figs. 4b and 4c. These bright spots must be 15 
the masses of the compressed cells. The cells were seriously deformed, and no cell 16 
lumens could be observed (Fig. 4c). These compressed areas were considered to be 17 
produced by the secondary chip formation of Type II, since similar areas were also 18 
found on the machined surfaces of Type II. For the workpieces whose contact angle of 19 
annual ring was smaller than the right angle, the fore-split tended to lead below the path 20 
of the cutting edge. Therefore, the machined surface seemed not to match the path of the 21 
cutting edge, as pointed by a white triangle in Fig. 4c. On the other hand, when the 22 
contact angle of annual ring was close to 90°, the machined surfaces were similar to 23 
those of Type 0, seemed to match the path of the cutting edge (Figs. 5b and 5c). In both 24 
cases, the chip tended to split along the intercellular layer. It was confirmed that the 25 
direction of the fore-split, which was dependent on the arrangement of cells, determined 26 
the machined surface. 27 

Type II chip was obtained when the cutting angle was 70°, and also when the 28 
boundary condition was employed. During the chip formation, the workpiece above the 29 
path of cutting edge failed along a line extending upward from the edge, while the 30 
workpiece below seemed to be not deformed. This phenomenon probably induced by a 31 
shearing stress along the inclined line. In the video clip, no fore-split could be observed 32 
(Fig. 2c), and the cutting edge seemed to control the chip formation. 33 

Figure 6 shows the CT images of one of the machined workpiece produced in Type 34 
II chip formation. The cutting angle was 70° and the depth of cut was 0.1 mm. Most of 35 
the areas of the machined surface appeared to match the path of the cutting edge (Fig. 36 
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6c), as also be seen from the video clip. No torn grain or fuzzy grain was found (Fig. 6a). 1 
As pointed by the white arrow in Fig. 6b, however, the bright spots were found. 2 

Figure 7 shows the CT images of another workpiece of Type II. The cutting angle 3 
was 70° and the depth of cut was 0.3 mm. Figure 7b is a cross-sectional view (LT plane) 4 
of the workpiece, which was scanned by scanning condition (b). The cutting edge first 5 
passed across the dotted line (c), then across the dotted line (d), where the workpiece 6 
seemed to be torn, and finally the dotted line (e), where the compressed area was 7 
observed. This indicates that after the workpiece below the path of the cutting edge was 8 
torn, it was compressed and remained on the surface, instead of being removed as a chip. 9 
This compressed area accompanied with the tore area seems to be a characteristic of 10 
Type II chip formation, although it should be investigated more in detail. 11 

Type III chip was obtained when the cutting angle was 90°. The workpiece ahead of 12 
the tool was compressed by the tool and the compressed zone usually extended below 13 
the machined surface. The chip generated was also compressed and seriously damaged, 14 
and frequently stuck to the rake surface (Fig. 2d). Since the chip tended to stick ahead of 15 
the tool, the cutting was not only done by the cutting edge but also by the stuck chip, 16 
which made the cutting unstable. When the chip made the cutting angle larger than 90°, 17 
the workpiece above the path of the cutting edge seemed to be compressed and passed 18 
beneath the clearance face instead of removed along the rake surface. Those parts of the 19 
workpiece would be compressed and would be left on the machined surface. 20 

Figure 8 shows the CT image of one of the machined workpiece produced in Type 21 
III chip formation. The cutting angle was 90° and the depth of cut was 0.3 mm. 22 
Occurrence of fuzzy grains was found in the most of workpieces, as pointed by the 23 
white arrows in Fig. 8a. The surface seemed not to match the path of the cutting edge. 24 
Wide area of the surface was covered with the compressed cells in the most of 25 
workpieces, as shown in Figs. 8b and 8c. The appearance of the compressed surface was 26 
typical to Type III chip formation, as McKenzie [14] mentioned.  27 

It was revealed in this study, Type 0 chip formation was better than any other types 28 
in terms of surface quality. The chip formation was done at the point very close to the 29 
cutting edge without any deformation in the workpiece below the cutting edge, and the 30 
workpiece above the path of the cutting edge was completely removed. However, the 31 
cutting tool for Type 0 chip formation is improper for the practical wood machineries. 32 
The cutting angle for Type 0 must be very small, so the tool may not withstand the 33 
intermittent and high impact caused in a high-speed cutting and will soon become blunt. 34 
It may be better for the practical use to employ cutting condition for Type II, since the 35 
cutting angle is relatively high and the machined surface seem to match the path of the 36 
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cutting edge. Although finding out the way to prevent the occurrence of the compressed 1 
areas is necessary for employing Type II chip formation.  2 
 3 

4 
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Conclusion 1 
The slow-speed orthogonal cuttings under several cutting conditions were 2 

observed with a high speed camera, and both the machined surface and subsurface 3 
structure were observed non-destructively with a micro focus X-ray CT system. The 4 
relation of the quality of the machined surface and of the subsurface structure to the 5 
chip types was investigated. 6 

The machined surface appeared to match the path of the cutting edge when the 7 
cutting condition for Type 0 or II chip formation was employed. On the other hand, the 8 
surface of Type I seemed not to match the path of the cutting edge, depending on the 9 
contact angle of annual ring to the workpiece surface. The compressed cells were found 10 
on and beneath the machined surfaces of Type I and II. Those compressed cells seemed 11 
to be generated, as a part of the workpiece that was torn, compressed by the cutting edge, 12 
and finally remained on the surface. These compressed areas were not found on and 13 
beneath the machined surface of Type 0. These results led us to conclude that Type 0 is 14 
the most satisfactory in terms of surface quality. However, the cutting condition for 15 
Type 0, employing thin cutting edges, is not always practical for the ordinal high-speed 16 
wood machining.  17 

By using the X-ray CT system, it was possible to observe the quality of 18 
machined surface and the subsurface failures non-destructively. The method used in this 19 
study may become a new method for evaluating the wood machinability.  20 
 21 
Acknowledgements Authors would like to express sincere thanks to Kanefusa 22 
Corporation for providing the cutting tools. 23 
 24 
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Figure Legends 1 
Fig. 1 Schematic illustration on experimental apparatus 2 
 3 
Fig. 2 Chip formations of each chip types. a Type 0. b Type I. c Type II. d Type III. The 4 
white arrow indicates the secondary chip. Cutting angle for (a) to (d) were 30°, 50°, 70°, 5 
90°, respectively. Depth of cut was 0.1mm for (a), while 0.3mm for (b), (c), and (d) 6 
 7 
Fig. 3 CT images of the machined workpiece obtained by Type 0 chip formation. 8 
Cutting angle was 30° and depth of cut was 0.1mm. a 3D view of the workpiece. b, c 9 
cross-sectional view (RT plane) of the workpiece 10 
 11 
Fig. 4 CT images of the machined workpiece obtained by Type I chip formation. 12 
Cutting angle was 50° and depth of cut was 0.3mm. The circled area in a and the bright 13 
areas pointed by white arrows in b and c indicate the compressed areas. White triangle 14 
in c indicates a poor surface 15 
 16 
Fig. 5 CT images of the machined workpiece obtained by Type I chip formation. 17 
Cutting angle was 30° and depth of cut was 0.3mm 18 
 19 
Fig. 6 CT images of the machined workpiece obtained by Type II chip formation. 20 
Cutting angle was 70° and depth of cut was 0.1mm. The circled area in a and the bright 21 
area pointed by white arrow in b indicate the identical compressed area 22 

23 
Fig. 7 CT images of the machined workpiece obtained by Type II chip formation. 24 
Cutting angle was 70° and depth of cut was 0.3mm. b a cross-sectional view (LT plane) 25 
of the workpiece. c, d, and e are cross-sectional views (RT plane) sliced at the dotted 26 
lines (c), (d), and (e) in b, respectively. White triangle in b and white arrow in e indicate 27 
the identical compressed area. White arrow in d indicates the accompanied tore area 28 
 29 
Fig. 8 CT images of the machined workpiece obtained by Type III chip formation. 30 
Cutting angle was 90° and depth of cut was 0.3mm. White arrows indicate fuzzy grains  31 
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Table 1: Occurrence of chip types under various combinations of cutting angle and depth of cut 

Depth of cut(mm) Cutting angle (°) 

30 50 70 90 

0.1 0 0, I, II II III 

0.3 I I II III 
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