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Abstract: Sash gang saws with narrow-kerf saw blades are used in the production of glued laminate
flooring elements in plants where dry technology is applied. This means that boards or friezes are
sawn into top layer lamellae in dry conditions (moisture content of about 10-12%) from expensive
wood species, often exotic. The object of this research was stellite-tipped teeth of narrow kerf saw
blades sharpened under industrial conditions. A NIKON ECLIPSE Ti-S microscope equipped with
a NIKON DS-Fi2 recording camera was used to take pictures of teeth, which were analysed in a
graphical software to measure the radii of the main cutting edges. The high-quality images obtained
were used to determine the values of the rounding radii of the cutting edges. It was noted that the
quality of edges regenerated in industrial conditions, some of which had chipping, was lower than
that of brand new saw blades.

Keywords: narrow-kerf saw blade; stellite-tipped teeth; quality of sharpening; cutting edge radius;
optical measurements

1. Introduction

The accuracy of cutting, especially with narrow-kerf saw blades of low initial stiffness,
depends mainly on the state of the cutting edges. It was found that the values of feed
forces, occurring during wood cutting on sash gang saws, depend not only on cutting
parameters but mainly on the stereometric features of the teeth and the accuracy of their
manufacture [1]. High feed forces cause a reduction of initial stiffness values to operating
stiffness values [2,3]. This phenomenon causes inaccuracies in sawing [4] because saw
blades are sensitive not only to thrust forces but also to feed forces [1-3].

Piotrowski [5] described the effect of sharpening in workshop conditions on the
accuracy of hobs, and proposed amendments to the rake face shaping technology allowing
for improvement in the accuracy of the hobs. The application of numerical simulation to
determine the ability of air used in the minimum quantity lubrication (MQL) method to
clean grinding wheel active surfaces during the sharpening of hob cutters was proposed
by Stachurski et al. [6]. The hob after the sharpening process can be identified with the
use of the methods presented in [7]. The effect of sharpening on broaching efficiency was
investigated by Jaworski et al. [8]. In [8], it was found that as the number of sharpenings
increases, the mean value of the pull broach tooth wear on the clearance face, the magnitude
of the standard deviation, and the coefficient of variance increase, which indicates a
decrease in the reliability of the broach operation.

For many years, research on woodworking tools has focused on the issue of cutting
edge wear [3,9,10]. The wear of a cutting edge depends not only on the cutting conditions
but also on the structural and mechanical properties of the processed wood (e.g., anisotropy,
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density, annual rings, hardness), the defects it contains (knots), timber temperature, and
moisture content. The wear process leads to bluntness of the cutting edge, which is
often described by the cutting edge radius or the radial displacement the cutting edge [3].
Beer [10] proved that modifying a knife by creating a microphase on the cutting edge
(14 pm) while beech wood veneer was peeled allowed for the tool life to be increased by
almost 5 times. The cutting surfaces of sharpened hobs should be lapped to eliminate
edge chipping, which, as a result, has a direct effect on the smoothness of the gear wheel’s
involute [5].

The same goes when cutting metals, where it is recommended that new band saw
blades are run-in in a controlled manner. This allows the blade life to be increased. To
achieve this, the user should reduce the feed rate during the first cuts to 50% of the
recommended feed rate. After cutting a section with a total surface of about 400 cm?, the
feed rate can be gradually increased up to the optimum value [11].

Monitoring the degree of milling tool wear during machine tool processing can im-
prove product quality and reduce production losses. The tool wear degree can be assessed
according to the tool force data, vibration data, acoustic emission signal [12], temperature
data [13], and other multi-sensor data, which were analysed with the Elman_Adaboost
strong predictor [14]. Cutting forces and the acceleration of mechanical vibrations were
also used to monitor the tool wear process during turning of hardened 100Cr6 bearing steel,
with a hardness of 61 + 1 HRC, with oxide ceramics (Al,O3 + TiN) as the tool material
inserts. The presented neural network model revealed that the best correlation coefficient
between tool wear, VB¢, was obtained for the radial cutting forces Fp, [15].

During the milling of a nickel-titanium (NiTi) shape memory alloy (SMA) with
uncoated cutting tools with different nose radii under dry cutting conditions, the authors
of [16] revealed that the wear parameter VB on the flank face depends mainly on the feed
per tooth f,. The wear parameter VB on the flank face of the cutting tool (PVD coated
inserts) while turning AISI 5140 steel under dry cutting conditions was dominated by
cutting speed [17].

Furthermore, it is promising to determine the tool wear of the cutting tool during
turning using a neural network based on infrared thermography [18]. The proposed model
by Brili et al. [18] uses infrared thermography, computer vision, and deep learning and
allows a 96% accuracy of assessment.

Investigations of the effect of manufacturing processes on the cutting edge quality and
wear behaviour of end mills were presented in the work by Denkena et al. [19]. Moreover,
current technology and production processes are not able to manufacture a cutting tool
with the required accuracy and quality before inserting PVD coatings. For this reason,
cutting edge preparation is inevitable and necessary [20].

The initial cutting edge radius after grinding for woodworking tools is commonly in
the range of 10-15 um [3,21]. Wasielewski and Orlowski [22] presented the automatic vision
teeth controller system WKOPTar, developed at the Gdarisk University of Technology. This
device only allows for the assessment of the cutting edges of the circular saw blades by
macro measurements. Sandak et al. [23] and Palubicki et al. [24] created a low-cost device
(ToolScan scanner) for virtually reproducing the cutting edge form and for supplying
information about its 3D micro geometry. The latter scanner seems to be more universal;
nevertheless, it does not work in the automatic manner.

At this point, it can be argued that the difference between the concept of sharpness
and dullness (bluntness) becomes debatable. St. Thomas Aquinas [25] raised an interesting
metaphysical question: “How many angels can dance on the head of a pin?”. There is
no answer to that. Thus, the importance of the sharpness concept is rather relative to a
particular cutting operation.

Knowing the value of the radius of the rounded cutting edge is important when
determining the energy effects of the wood cutting process, since its value affects the
specific cutting resistance [3,21,26].
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The cutting forces during sawing can be used as a basis for determining raw material
properties such as shear yield stresses in the cutting zone and fracture toughness [27,28].
Nevertheless, a prerequisite is the sharpness of the cutting blades, otherwise the fracture
toughness results may be overestimated [29,30]. Childs [31] has shown that the value of
the intercept from which fracture toughness could be determined depends on the value of
the cutting edge radius.

In the case of metalworking tools, both the tool geometry and the tool wear can be
described unambiguously [32], which unfortunately cannot be said for many woodworking
tools. In Figure 1 there are some examples of the cutting edge wear descriptions in which the
state of the cutting edge is presented in the simplest way by the radius of the cutting edge
p (Figure 1a) [3,33], a radial displacement of the tool corner KE together with recessions
on the flank VB and the rake face Ry (Figure 1b) [34], the radius of the cutting edge p and
recession of the rake face Ry (Figure 1c) [35], and the radial displacement of the tool corner
KE and recession in tangential direction Rt [36].

© | (d)

Figure 1. The blunt cutting edge parameters: (a) radius of the cutting edge p; (b) radial displacement of the tool corner

KE, recessions on the flank VB and rake face Ry; (c) radius of the cutting edge p and recession of the rake face Ry; and

(d) radial displacement of the tool corner KE and recession in tangential direction Rt; Other symbols: y¢—tool side rake

angle; os—tool side clearance angle; 3¢—tool side wedge angle; v.—cutting speed; vi—feed speed.
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In the case of saw blades for woodworking, worn teeth made of stellite or cemented
carbide are generally regenerated a few times by grinding. There is also a known Japanese
solution in the form of replaceable special inserts made of stellite or high-speed steel
for individual teeth of the bandsaw blade [37]. Nevertheless, this solution has not been
widely used in European industry. Okai et al. [37] proved that silica accumulation species
could have a significant effect on the tool wear of high-speed steels. Stellite inserts have
the lowest cutting tool edge recession when machining wood samples of Oil palm (Elais
guineensis). On the other hand, they were characterized by the largest recession when
machining Afina (Strombosia glaucescens). In their experiments, the authors observed types
of wear as presented in Figure 1b,c.

The purpose of this study was to determine the quality of the regeneration of mini
sash gang saws by measuring the radii of the cutting edges. The regenerated saw blade
was compared to the quality of a brand new narrow kerf saw blade.

2. Materials and Methods

The object of this research is stellite-tipped teeth of narrow-kerf saw blades: one
by Wintersteiger (f. Wintersteiger AG, Ried, Austria) [38], sharpened under industrial
conditions, and the second a brand new saw blade by Penny (f. Penny-Dobroszyce sp. z
0.0., Dobroszyce, Poland) [39]. These type of saw blades are dedicated and used in the
re-sawing processes of birch (Betula L.), beech (Fagus sp.), hornbeam (Carpinus betulus L.),
great maple (Acer pseudoplatanus L.), oak (Quercus L.), and ash (Fraxinus L.), as well as
some exotic woods. These species are most frequently used in Poland for the production
of the surface layers in composite flooring panels. Technical data of the saw blade were
as follows: blade width B = 40 mm, saw blade thickness s = 0.9 mm, overall set (kerf)
St = 1.4 mm, tooth pitch P = 15 mm, rake angle y¢ = 8°, wedge angle 3¢ = 71°, and clearance
angle o = 11°. The macro dimensions of both saw blades were the same.

The regeneration of the narrow-kerf saw blade was conducted on the machine for
automatic profile sharpening of gang saw blades controlled with 2 CNC axes in wet
grinding GNP100 (f. Iseli + CO, AG, Maschinenfabrik, Schotz, Swiss) [40] by an external
company providing tool sharpening services to sawmills and other woodworking plants.
The sharpening process of the saw blades was carried out using grinding wheels EN12413 1
250 x 8 x 32 99BA 60 L 9 V30 40 m-s~ ! (f. Tyrolit, Schwaz, Austria). The meanings of
the symbols in this designation according to European standard EN12413 are as follows:
1 is the type of the grinding wheel, the outside diameter is 250 mm, the thickness of the
wheel is 8 mm, the bore diameter is 32 mm, 99BA is abrasive material (in this case friable
aluminum oxide), 60 is medium grit size, L is medium hardness of the grinding wheel, 9 is
an open type of structure, V30 is vitrified bond, and 40 m-s~! is the maximum rim speed.

A NIKON ECLIPSE Ti-S microscope equipped with a NIKON DS-Fi2 recording camera
was used to take pictures of each tooth. The camera is equipped with NIKON lenses with
magnifications of 5%, 10x, 20, and 50x. The obtained teeth images were additionally
equipped with a scale. The images were imported to AutoCAD software (Autodesk Inc.,
San Rafael, CA, USA), where they were scaled according to the included scale and analysed
to determine the values of the cutting edge radii (Figure 2).

The results of the obtained values of the cutting edges’ radii were subjected to sta-
tistical analyses. The first was Grubbs coarse errors analysis [41]. The second analysis
performed on the results obtained was an analysis of variance (ANOVA), which was used
to determine the significance of differences between the values of the cutting edges’ radii
of the new saw blade and the sharpened saw blade [41].
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Figure 2. Methodology for measuring the cutting edge radius p based on a microscope image.

3. Results and Discussion

The obtained images from each tooth of both saw blades analysed were examined.
The results of the analyses carried out to determine the cutting edge radii are presented
in Figure 3. In Figure 3b, which shows the results for the sharpened saw blade, there
are noticeable outliers from the overall point cloud. These much larger values of the
cutting edge radii could be caused by excessive tooth wear during the preceding cutting
process, tooth damage during saw blades installation and removal in gangs, or teeth
damage during the sharpening process of saw blades. This damage, despite regenerative
sharpening, causes a significant reduction in the sharpness of the cutting edge. An example
of a tooth with a damaged cutting edge is shown in Figure 4b.

New saw blade Sharpened saw blade
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Figure 3. The radii of cutting edges determined from tooth images from both analysed saw blades: new saw blade (a) and

sharpened saw blade (b).
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(b)

Figure 4. The teeth with larger values of the cutting edge radii, which are caused by burrs after grinding the cutting edge in
a new saw blade (a) and by damage to the cutting edges in sharpened saw blades (b).

The larger cutting edge radii for the new blade (Figure 3a) were caused by the occur-
rence of burrs after the cutting edge grinding process (Figure 4a), which was the original
sharpening process included in the blade manufacturing process. These burrs would
probably have been removed during the initial stage of the sawing process, during the
initial running-in period (the first part of the curve of natural wear) [42].

Both cutting edge failures for a sharpened blade and cutting edge burrs for a new blade
can be regarded as coarse errors in the measurement of the cutting edge radii. Therefore,
these values were eliminated from the analysis using the Grubbs test [41]. The elimination
of coarse errors noticeably affects the mean values of radii and standard deviations. The
mean values of the cutting edge radii along with the standard deviations for both analysed
blades, both before and after coarse error elimination, are shown in Figure 5.
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New saw blade after Grubbs analysis, NG
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Sharpened saw blade after Grubbs analysis, SG

¥ Sharpened saw blade, S

Figure 5. Mean values of the cutting edge radii with standard deviations.
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The difference between the mean values of the cutting edge radii obtained for a new
saw blade and a sharpened saw blade is noticeable in Figure 5. The values of standard
deviations of the cutting edge radii are significantly smaller in the case of the new saw
blade, which indicates a greater repeatability of the grinding process of teeth during
manufacturing than sharpening process applied after cutting processes. Furthermore,
according to Csanady and Magoss [3], the mean values of the cutting edge radii of both
analysed saw blades are in the range, up to 20 pm, where the cutting edge is considered
as sharp. However, only the mean radii of the cutting edges for a new saw blade are in
the range (with standard deviations) where the wear stage of the cutting edge does not
increase the value of cutting forces (up to 10 um). Therefore, in the case of sharpened saw
blades, it is necessary to choose cutting parameters for the sawing process that will take
into account the possibility of generating higher values of cutting forces during the sawing
process with these saw blades. These more important cutting parameters will be the feed
speed, the number of saw blades in the gang, and the height of the material being cut.

Additionally, the statistical significance analysis of the differences between the values
of the cutting edges’ radii of the new saw blade and the sharpened saw blade showed
that these differences are statistically significant (Table 1). The statistical significance of the
differences for the values of the cutting edges’ radii was demonstrated both for the values
obtained before and after the Grubbs coarse errors analysis (Table 1). The statistical analysis
carried out further confirms the fact that the cutting edges after the regenerative sharpening
process are no longer as sharp as the cutting edges after sharpening in the manufacturing
process. The observed phenomenon may lead to faster wear of the regenerated cutting
blades as shown by Jaworski [8]. In this work [8], it was observed that as the number of
sharpenings increases, the mean value of the pull broach tooth wear on the clearance face
also increases, which has an impact on the quality of the machining process.

Table 1. Significance of differences of the cutting edge radii between a brand new and regenerated cutting saw blades
(ANOVA) (& = 0.05).

The Radii of Cutting Edges without Grubbs Analysis

Sample Code Source DF Adj SS Adj MS F-Value p-Value F-Critical
N Between groups 1 194.485 194.485 6.864 0.0109 3.986
S Within groups 66 1870.029 28.334
Total 67 2064.515
The Radii of Cutting Edges after Grubbs Analysis
NG Between groups 1 75.777 75.777 4.936 0.0308 4.030
SG Within groups 51 782.978 15.353
Total 52 858.755

Csanady and Magoss [3] also proposed a relationship for determining the cutting
edge radius based on the value of the edge angle and the measured value of the radial
displacement of the tool corner KE. This relationship is right for the symmetrical shape of
the worn edge.

After transformation, this relationship can take the form of Equation (1) and, based
on the measured values of the cutting edge radii, can be used to determine the radial
displacement of the tool corner, KE.

1- sin(%f)
sin ( %f )
The determined values of the radial displacement of the tool corner KE based on

Equation (1) are shown in Figure 6. Comparing Figures 5 and 6, it can be seen that
the trends of changes in values are very similar, as well as the proportions of standard

KE = p- (1)
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deviations. This may indicate that these two parameters describing the level of cutting
edge wear may be interchangeable. This means that it is enough to measure only one of
them to have information about the other one. Also, there is no justification for measuring
both these parameters simultaneously.
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New saw blade after Grubbs analysis, NG
B New saw blade, N
Sharpened saw blade after Grubbs analysis, SG

B Sharpened saw blade, S
Figure 6. Mean values of the tool corner radial displacement KE with standard deviations.

4. Conclusions

The analysis carried out to determine the cutting edge radii has allowed the following
conclusions:

e  The mean values of the cutting edge radii of new saw blades (pn = 7.79 um) are smaller
than the cutting edge radii of sharpened saw blades (ps = 10.64 um).

e  The standard deviations for the mean value of the cutting edge radii of a new saw
blade (SDy = £1.75 um) are smaller than for the value obtained for sharpened saw
blades (SDs = +4.47 pm), which indicates the greater repeatability of the primary
grinding process of cutting edges over secondary sharpening.

e A statistically significant difference between the mean values of the cutting edge radii
of a new saw blades and the cutting edge radii of sharpened saw blades was observed.

e Sharpened saw blades can generate higher values of cutting forces than new saw
blades, which should be taken into account in the selection of sawing process parame-
ters, especially the feed speed, the number of saw blades in the gang, and the height
of the material being cut.

The direction of further research will be focused on an appropriate level of cutting
blade wear that would ensure that the cutting blade can be regenerated to its original edge
sharpness level.
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