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RESUME

Usure des outils lors du sciage du bois :
influence de certaines propriétés physiques
et chimiques pour 285 essences de bois

L'usure des outils de coupe constitue un enjeu
majeur pour l'industrie forestiére et fait l'ob-
jet de nombreuses recherches visant a com-
prendre et limiter leur dégradation. Parmi les
facteurs influengant cette usure, les proprié-
tés des bois, trés variables selon les espéces,
jouent un role déterminant.

Il'y a 60 ans, André Chardin (décédé en 1987) a
mené une étude expérimentale de 15 ans sur
l'usure des outils lors du sciage de bois tro-
picaux. Sur 4 000 essais de coupe, 835 essais
standard ont été réalisés avec une épaisseur de
copeaux uniforme sur 554 arbres représentant
285 espéces, 200 genres et 59 familles, a dif-
férents taux d’humidité (bois vert et bois sec).
L'usure des outils variait considérablement, en
partie a cause de la flexion plastique du tran-
chant sous une contrainte mécanique élevée.
La relation entre le recul de la pointe de l'outil
et la longueur de coupe suivait une loi de puis-
sance avec un exposant médian d’environ 0,7,
qui était plus faible pour les essais montrant
une flexion de la pointe et pour le bois sec par
rapport au bois vert.

En classant les essais selon la teneur en humi-
dité (sec ou vert) et en silice (siliceux ou non
siliceux), Chardin a pu étudier l'influence de
ces paramétres sur le recul d'aréte. La flexion
de la pointe de l'outil a été observée dans 42
% des cas pour les bois secs non siliceux, 10
% pour les bois secs siliceux ou les bois verts
non siliceux, et seulement 3 % pour les bois
verts siliceux. Le brilage de la face de loutil
est également fréquent (42 %) pour les bois
secs non siliceux.

Pour les 78 % d’essais sans flexion de la pointe,
une régression linéaire progressive sur les
valeurs logarithmiques des paramétres d'usure
et du bois a permis d’obtenir un taux de prédic-
tion de 58 %. La teneur en silice est le facteur
principal (42 %), suivie de la teneur en humidité
(8 %), de la densité (7 %) et, dans une moindre
mesure, de la teneur en matiéres extractives
organiques (0,4 %).

Cette influence trés faible des extractibles
contraste avec leur role connu dans la corro-
sion et la friction acier/bois, probablement
en raison d'effets opposés selon la nature
chimique des substances et les espéces
concernées.

Mots-clés : usure des outils de coupe,
opérations de sciage du bois, bois feuillus
tropicaux, teneur en silice du bois, teneur en
humidité du bois.

ABSTRACT

Tool wear during wood sawing: influence of
certain physical and chemical properties for
285 wood species

Tool wear is a major issue in the forest indus-
try, and extensive research has been carried
out to understand its causes and to limit tool
degradation. Among these causes, the proper-
ties of the machined wood — highly variable
between species — play a crucial role.

Sixty years ago, André Chardin (d. 1987) conduc-
ted a 15-year experimental study on tool wear
during the sawing of tropical woods. Out of
4,000 cutting tests, 835 standard tests with
uniform chip thickness were performed on 554
trees representing 285 species, 200 genera and
59 families, at both green and air-dry mois-
ture contents. The tested woods were highly
diverse, reflecting the wide variability typical
of tropical species.

Tool wear varied greatly, partly due to plastic
bending of the cutting edge under high mecha-
nical stress. The relationship between tool tip
recession and cutting length followed a power
law with a median exponent of about 0.7, which
was lower for tests showing tip bending and
for dry wood compared with green wood.
Silica content emerged as the dominant fac-
tor influencing wear, given its large variation
among species, while extractive content was
not significant. Wood density and moisture
content also affected wear, though to a much
lesser extent. Grouping the tests by moisture
(dry versus green) and silica content (siliceous
versus non-siliceous) highlighted the com-
bined effects of density and moisture on edge
recession. Tool tip bending occurred frequently
(42%) for dry non-siliceous woods, less often
(10%) for dry siliceous or green non-siliceous
woods, and rarely (3%) for green siliceous
woods. Tool face burning was also common
(42%) in dry non-siliceous woods.

For the 78% of tests without tool tip bending,
progressive linear regression on logarithmic
wear and wood parameters yielded a 58% pre-
dictive value: silica (42%), moisture (8%), spe-
cific gravity (7%), and extractives (0.4%). The
minimal impact of extractives contrasts with
their known influence on steel corrosion and
friction, likely due to opposing effects of diffe-
rent extractive compounds across species.

Keywords: cutting tool wear, wood sawing
operations, tropical hardwoods, silica content
in wood, wood moisture content.

J. GERARD, R. CURTI, B. THIBAUT

RESUMEN

Desgaste de la herramienta durante

el aserrado de madera: influencia de
determinadas propiedades fisicas y quimicas
en 285 especies de madera

El desgaste de las herramientas es un pro-
blema clave en la industria forestal, y nume-
rosos estudios han tratado de comprender
sus causas y soluciones. La variabilidad de la
madera segiin la especie influye directamente
en este desgaste.

Hace sesenta afios, André Chardin (fallecido
en 1987) investigd durante quince anos el des-
gaste de herramientas al cortar madera tropi-
cal. Realizd 835 pruebas estandar con viruta
uniforme en 554 arboles de 285 especies, 200
géneros y 59 familias, tanto en madera verde
como secada al aire, abarcando la gran diver-
sidad tipica de estas especies.

El desgaste dependio de la tension mecanica.
La relacion entre la punta de la herramienta y
la longitud de corte siguié una ley de potencia
con exponente medio de 0,7, menor en made-
ras secas o cuando la punta se flexionaba.
El contenido de silice tuvo gran influencia,
mientras que los extractivos afectaron mini-
mamente. La densidad y la humedad también
influyeron, aunque en menor medida. La punta
se doblo principalmente (42 %) en maderas
secas no siliceas, en menor medida (10 %) en
secas siliceas o verdes no siliceas, y casi nunca
(3 %) en verdes siliceas. La quemadura en la
cara de la herramienta fue frecuente (42 %) en
maderas secas no siliceas.

En el 78 % de las pruebas sin flexion de la
punta, la regresion lineal sobre el desgaste
logaritmico y los parametros de la madera pre-
dijo un 58 % del desgaste: silice (42 %), hume-
dad (8 %), gravedad especifica (7 %) y extractos
(0,4 %). Aunque su impacto es minimo, los
extractos influyen en la corrosion y friccion
del acero debido a efectos opuestos segln la
especie.

Palabras clave: desgaste de la herramienta de
corte, operaciones de aserrado de madera,
maderas duras tropicales, contenido de silice
en la madera, contenido de humedad de la
madera.



Introduction

Wear results from tool/wood interactions during the
cutting process. It occurs on the rake and clearance faces,
taking three primary forms (Klamecki 1979): impact wear
(early tool tip degradation under impact forces), corrosive
wear (crack occurrence at the tool tip promoted by stress
corrosion mechanisms), and abrasive wear (changes in
tool tip geometry induced by progressive grinding). The
many parameters involved in the wear or degradation of a
wood-cutting tool can be grouped into two main categories:
those related to the nature of the tool or machine settings,
and those directly related to the nature of the wood being
machined (Klamecki 1979).

The literature on tool parameters (nature of the mate-
rial, surface treatment or coating, cutting angles, sharpe-
ning techniques, etc.) is abundant, both before and since
Klamecki's review (Mohan & Klamecki 1981; Porankiewicz et
al. 2005; Porankiewicz et al. 2006; Okai et al. 2006; Nouveau
et al. 2009; Darmawan et al. 2011; Fahrussiam et al. 2016;
Porankiewicz et al. 2016; Muhammed et al. 2023). The nature
of the wood is often taken into account in these studies,
which typically use a few temperate or tropical wood species
(always fewer than 10), or even palm wood, fibreboard, or par-
ticleboard. The density, the presence of organic compounds
(glues and extractives), or mineral contamination (ash and/
or silica) are often analysed under the test conditions.

For solid wood, the primary source of variation in
properties and mechanical behaviour is the genetic diver-
sity of the trees from which the wood samples are taken.
Each species has a physical signature — the anatomy of
its cellular material — and a chemical signature: a cocktail
of organic extractives and elements that are the source of
“mineral contamination” present in ash (Gérard et al. 2019).
Variations in physical and chemical parameters, linked to
the adaptation of wood growth to the tree’s living condi-
tions, also need to be considered (Alméras et al. 2025).
Lastly, wood is a hygroscopic material, and its humidity can
vary over a vast range (Glass & Zelinka 2010).

If the influence of the type of wood being machined
is to be properly analysed, it is necessary to set all the tool
and process parameters for a large number of tests on
different woods. André Chardin did this in the 1960s. The
data from that experimental work was used to test the fol-
lowing hypothesis: “Wear increases when density increases,
when humidity decreases and when the level of organic and
mineral extracts (particularly silica) increases.”

History and scope

The French Tropical Forestry Centre (CTFT) was set up
in 1949 (Catinot 1994) with five wood research divisions:
anatomy, chemistry, cellulose, wood protection and impro-
vement, and technology. The technology division had two
major programmes: i) determination of the physical and
mechanical properties of tropical woods and ii) studies
on the machining of those woods. In 1970, the eight tropi-
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cal agronomic research organisations in France (including
CTFT) were merged into an economic interest grouping
(GIE) called GERDAT. In 1984, GERDAT was unified and trans-
formed into the public research organisation CIRAD. CTFT
ceased as an independent structure and became CIRAD’s
forestry department.

Over the course of more than 30 years, up to 1984,
based on long-term protocols, wood science laboratories
produced extensive paper databases encompassing seve-
ral thousand tests on nearly a thousand species across
various disciplines. Most of these paper documents were
preserved. A small proportion of the results (generally ave-
rages for one tree) were digitised in the 1980s and revised
in the mid-1990s (Gérard & Narboni 1996), but were not
made available to the scientific community at that time.
Jean Gérard (Wood Properties Laboratory from 1988 to date)
and Bernard Thibaut (Wood Mechanics and Wood Machining
Laboratory from 1975 to 1978) jointly decided to make a
significant share of these digitised results available to the
international scientific community, through publications in
the journal Bois et foréts des tropiques, CTFT's (now CIRAD)
historical journal from its inception (Langbour et al. 2019;
Gérard et al. 2019; Candelier et al. 2023). Today, computer
tools that were not available during the CTFT period make
it possible to perform specific data analyses while also des-
cribing the data and the experimental protocol.

Research on cutting tool wear

André Chardin (1920-1987) had his first job in a saw-
mill in Vietnam just after World War Il. He was struck by
the diversity of machining results for local tropical species,
particularly in terms of bandsaw tooth wear. He was the
founder of the Wood Mechanics and Machining Laboratory
and its director throughout the CTFT's life (1949-1984). In the
early 1950s (Chardin 1954), he initiated a study of cutting
forces on a saw tooth using an instrumented Charpy pendu-
lum (Chardin 1958). In 1963, he was one of the founders of
the International Wood Machining Seminar (IWMS), whose
26" session was held in Florence in 2025. He was the refe-
rence for wood machining in France (Thibaut et al. 2016).

In 1958 he decided to devote “most of the resources of
CTFT’s machining laboratory to the study of sawtooth wear”
(Chardin 1966), employing seven technical staff to design
and build the experimental devices, prepare and sharpen
the tools, photograph the cutting edges and their resin
casts, draw the cutting profiles in enlargement, and carry
out several thousand tests amounting to several thousand
km of cutting over around ten years.

An extensive collection of tools, photographs, cap-
tioned drawings, and handwritten test files, gathered at
the end of the tests, was transferred to Montpellier in 1994.
Anne Thibaut (1945-2012) and Jean Gérard digitised the tool
recession measurements from more than four thousand
test files in a reference Excel file.
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In an initial series of three articles published in the
journal Bois et foréts des tropiques (Chardin 1966; Chardin
1967a; Chardin 1967b), André Chardin went into great detail
on “The need for a study of wear and the choice of working
method”, based on the state of the art in science and prac-
tice.

A second series of three articles, which are available
online in French, also appeared in Bois et foréts des tro-
piques (Chardin & Froidure 1967; Chardin & Froidure 1968a;
Chardin & Froidure 1968b), in which the authors described
at length (50 pages), with many illustrations (40 figures and
29 tool tip pictures), how the adopted method was imple-
mented and how the results were published.

A book in two volumes, totalling 660 pages, published
by CTFT (Chardin & Froidure, 1969; Chardin & Froidure, 1970),
is the only publication presenting the results of that study,
which includes both tool recession graphs and drawings
of tool tip profiles at different cutting lengths. They cover
a total of 800 tests on 88 species, all using the same
tooth steel. Volume 1 is dedicated to the influence of chip
thickness (015 mm or 0.5 mm), while Volume 2 is dedicated
to the influence of cutting speed (22 m/s and 45 m/s).

900 pm
Pl AL

4 reference diamond-printed
points on clearance face of a
new tool

Figure 1.

Reference points on tool clearance face (from Chardin & Froidure 1968a).

Microscope

Micrometer

Figure 2.

Photo of the microscope used to mark the tool with a diamond and then
measure tool tip recession.
Photo A. Chardin.

Scope of the article

The aim of this article is to:
i) make these results available to the scientific community,
to enable possible meta-analyses of how tree species affect
tool wear.
ii) better understand how physical factors influence tool
wear rates.

There has never been such a wide-ranging collection
of data, representative of the diversity of wood species, in
the study of cutting tool wear in a standard test.

Material and Method

Experimental protocol

A detailed overall protocol for all the operations was
described in three successive articles (Chardin & Froidure
1967; Chardin & Froidure 1968a; Chardin & Froidure 1968b)
and should be considered as a detailed “Method” section
for all the experimental work. A summary in English is provi-
ded below for the reader’s convenience. All figures are taken
from the three articles, with the legends also translated.

Removable, mass-produced steel saw teeth were used
in all tests on a circular saw (61 cm diameter) equipped with
only one tooth for each test. Most of the teeth were manu-
factured from low-alloy steel (of good Swedish type quality,
labelled A), sometimes reinforced by stellite (Tungsweld)
tipping, with some also being manufactured from high-
speed steel (Simmonds USA), which is harder. All the teeth
were prepared in the same reproducible way, including very
accurate sharpening at defined tool angles.

The wood samples came from botanically identified
trees (with a CTFT identifier). The moisture content of each
sample (for each test) was measured, and the mean wood
properties associated with the exact tree origin (specific
gravity, silica content, and alcohol-benzene extract) were
documented by the other CTFT laboratories. The height of

the wood sample (i.e., cutting length for each saw rota-
tion) was also measured for each test.

Each test was defined by its cutting conditions: rake
angle, tool angle, clearance angle, cutting speed and chip
thickness. Successive cutting stops at growing saw feed
provided tool-wear measurements. The cutting length (L,
in m) at each measuring step could be calculated using the
number of elementary cutting paths. Tool wear was docu-
mented by two methods: tool tip recession and the tool
wear profile at the different successive cutting lengths.

In order to measure the tool tip recession, four
aligned reference points were engraved on the clearance
face with the point of a diamond at a distance of 900 pm
from the virgin tool tip (figure 1). After each cutting stop,
the distances between those reference points and the
corresponding positions of the blunted edge were mea-
sured (figure 2). The mean difference between 900 um
and the mean value of these 4 “blunted” distances is
called tool tip recession (R, in pm).



The tool wear profile is a fuller quasi-3D description
of the tool tip at each cutting stop using two techniques: i)
macrophotography of the tool tip on the rake face and clea-
rance face showing the whole edge in length and ii) precise
moulding of the cutting part of the tool in order to obtain a
transverse image of the tool tip, called the tool wear profile.

Photographs of the tooth rake and clearance faces,
taken before and after cutting, were captured on 9 x 12 cm
film at a magnification of approximately x13 and then printed
on paper to a scale of exactly x50. It was easy to see from
these prints whether the wear was regular (figure 3) or not
(figure 4). The photographs also provided a wealth of addi-
tional information on both edge and tooth lateral tip wear.
This qualitative information is not used in this publication.
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Profiles were photographed using a metallographic
microscope (Reichert) on 9 x 12 c¢cm film at approxima-
tely x200 magnification. The photograph of an objective
micrometre, taken under the same conditions, was used to
adjust the enlarger to obtain a final magnification on paper
of x500. The resulting wear profile was reproduced identi-
cally on A3 tracing paper, using Indian ink. Information on
18 parameters relating to the test was written on the same
tracing, which could then be reproduced for publication
(figure 5).

Observations of all the tool wear profiles were used
to provide a reference Excel file with the following infor-
mation: tool material, occurrence of tool tip bending
(figure 6), and occurrence of burning on tool faces.

Wood species

Each test was referenced by both
the test number (1 to 4175) and the CTFT
tree identifier (61 to 21339). Using this
CTFT tree identifier, it is possible to obtain
different information on the wood tested
via an anatomy and chemistry database
(Langbour et al. 2019; Gérard et al. 2019).
This includes the country where the tree
was harvested; its botanical family, genus,

Figure 3.
A perfectly regular blunt edge.

and species; the alcohol-benzene extrac-
tive content (%) of the tree or the species
mean; the specific gravity of the tree or

the species mean; and the silica content
(ppm) of the tree or the species mean. The
moisture content of the cut specimen is a
parameter in the reference Excel file.

Statistical analyses

Basic statistical analyses were per-
formed using XLSTAT software. The nor-
mality of the distribution was verified by
a Shapiro-Wilk test. A Pearson correlation

Figure 4.
A blunt edge with 5 notches (Chardin & Froidure, 1968b).

The moulding of the tool, coated with a thin film
(0.3-0.4 pm thick) of beeswax, was made using bi-compo-
nent white Araldite (CIBA Araldite M). Once the tooth had
been removed (demoulded), the volume it occupied in the
mould was filled with a black resin that highlighted the
surface separating the two resins. This was the external
surface of the blunted tool. The cast coated in this way was
sectioned and polished at a constant position from the
edge of the tooth. This gave a perfect, contrasting image
of a cross-section of the worn tooth. Significant signs of
tooth heating (blue-black or brown discolouration) were
observed on the front and back surfaces of the tool at the
end of the test.

analysis was used when the data followed
a normal distribution, while a Spearman
correlation analysis was employed when
the data did not follow a normal distribu-
tion, which was the case in the majority
of instances. The settings for the linear
regression were as follows: stepwise linear
regression, with the following parameters: confidence inter-
val (%): 95, tolerance: 0.0001, probability of entry: 0.05 / pro-
bability of withdrawal: 0.1.

Standard tests

A selection of 835 standard trials, all using the same
low-alloy steel and the same cutting settings (rake, tool and
clearance angles, cutting speed and chip thickness), involving
554 trees from 285 species in 200 genera and 59 families, was
used in an attempt to analyse how the rate of tool wear is
influenced by physical (wood density and moisture content)
and chemical (alcohol-benzene extractives and silica content)
parameters, describing different wood species.
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Figure 5.

Example of a successive tool wear profile description with legends, page Ill (Chardin & Froidure 1969).
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Figure 6.
Examples of upward tool tip bending (1068) and downward tip bending (2515) (Chardin & Froidure 1969).




Results

Description of the tool recession file

In total, 835 standard tests, which contain all
the information on wood and tool wear, are repre-
sented in the Excel file (see Dataverse file).

Fifty-eight columns provide information and data for
each cutting test as follows: the country where the tree was
harvested; botanical family, genus, and species; CTFT iden-
tifier; test identifier; tool type; typology code related to both
silica (Si) and moisture content (MC) of the cut sample; tool
tip bending occurrence (Ret); tool face burning occurrence
(Bur); alcohol-benzene extractive content (AB, %); silica
content (Si, ppm); specific gravity (SG); moisture content
(MC, %); rake angle (Ra, °); clearance angle (Ca, °); cutting
speed (Cs, m/s); chip thickness (CT, 10 m); ratio between
edge tool tip recession R (um) and length of cut L (m) at
first observation (R1/L1, um/m); ratio between edge tool tip
recession R (um) and length of cut L (m) at last observation
(Rm/Lm, pm/m); ratio between R1/L1and Rm/Lm (1/m); tool
tip recession and cutting length (Rm, m); maximum value
of cutting length in the test (Lmax, m); maximum value of
tool tip recession in the test (RMax, pm); and the values of
cutting length (Li, m) and tool tip recession (Ri, pm) at the ith
observation, from 1to n.

Six of the above parameters were kept constant
throughout the 835 standard tests: the tool was always
made of low-alloy carbon steel. It always had a cutting angle
of 42°, a rake angle of 40° and a clearance angle of 8° (as
well as a lateral clearance of 5 to 6°). The cutting speed was
always 22 m/s and the chip thickness 015 mm. Moreover, as
with all the tests, the cutting direction was always perpen-
dicular to the grain.

Two possible options for a candidate descriptor of tool
wear for a given step are to divide tool tip recession by cut-
ting length at the first stop, W1 = R1/L1, or at the last stop
(maximum cutting length), Wm = Rm/Lm.

From the succession of binomial information (Li, R), it
was possible to draw a growing curve describing the evolu-
tion of tool wear and adjust a trend line using Excel statisti-
cal software. A power law: R = a.L® with only two parameters,
constant term a and exponent b, proved to be the best
simple law for nearly all tests, with a regression coefficient
R2 consistently above 0.6 (median value 0.96). A third and
fourth candidate descriptor can be the value of the tool tip
recession calculated by the power formula at a low cutting
length (100 m): Rcal, and a high cutting length (1000 m):
R1km. As R1km cannot be calculated for tests with a low
maximum cutting length (several hundred meters) and a
small number of cutting stops (1, 2, and sometimes 3), 13%
of all tests were excluded, namely those under the highest
wearing conditions. Rcal was used for most of the following
result descriptions.

The number of cutting stops for the test, parameters
a and b together with the regression coefficient R? of the
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power law and the wear descriptor Rcal, were added as
columns in the Excel file of calculated data.

One test had a total of 17 cutting stops, and 55 had only
one cutting stop; 5 cutting stops were the most frequent
case (figure 7a). As a rule, a cutting test ended when the
total cutting length was approximately 3,300 m or the tool
recession reached up to 230 um (figures 7b and 7c).

Statistical analysis of all 835 tests

The specific gravity range for all tests was extensive,
with the same coefficient of variation (CV = 26%) as for the
whole specimens in the CIRAD wood collection (Langbour
et al. 2019). AB extractive content and moisture content had
an extensive range and CV. Silica content and tool wear
parameters exhibited significant variability (table I).

180
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100 . °
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60
40 .
20 ® o0 o
0 ® e o0

0 2 4 6 8 10 12 1% 16 18

a) Nb cutting stops

Nb tests

4500
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3500 o ® o..o
3000 . ® e

2500 .
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500 !
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b) Nb cutting stops

400
350
300
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200 o s | @
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Figure 7.

Number of tests, mean Lmax and Rmax per number of
cutting stops.

Lmax: maximum cutting length (m); Rmax: maximum tool tip
recession (um).
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Given the vast range of wood parameters (AB, SG, Si
and MC), their common logarithm values were used for the
histograms. Specific gravity and wear had a unimodal dis-
tribution, while there were clearly two populations for both
moisture content (dry and green woods) (figure 8) and silica
content (non-siliceous and siliceous woods) (figure 9).

Looking at the correlation table for common logarithm

Table I.
Statistical description of the main data for the
standard tests.

Min Max Med Mean v values (table Il) for the wood indicators (AB, SG, Si, MC),
AB 0.10 28.55 4.00 5.5 80%
SG 0.26 1.31 0.72 0.72 26%
Si 10 25600 130 1039 273%
mcC 5.0 184 20.8 31.5 81% Table L.
R1/11 0.00 32.8 0.24 074 288% Correlation table for all standard tests in common logarithm values.
Rm/Lm 0.003 32.8 0.087 0.55 376%
1/m 0.06 26.0 233 3.45 95% n=835 AB SG Si MC R1/1 Rm/tLm  1/m Lmax Rmax Recal
Lmax 16 6984 2830 2534 53% AB 1.00 0.09 -018 -0.05 -0.11 -0.08 0.06 0.07 -0.06 -0.09
Rmax 9 1000 243 235 54% SG * 1.00 0.01 -0.03 0.1 0.32 0.05 -023 028 040
n 1 17 6 58 48% Si bl * 1.00 0.03 0.1 040 -020 -0.36 035 0.41
Cste 0.00 109 14 56 202% McC ns ns ns 1.00 -030 -013 -016 0.21 -0.04 -0.37
Exp 0.05 2.60 0.65 0.65 45% R1/11 *x ok hid bl 1.00 0.73 0.01 -0.68 059 0.95
R2 0.58 1.00 0.98 0.96 6% Rm/Lm * ek bl *x ek 100 -0.60 -0.86 0.85 0.66
Rcal 0.21 3277 29 73 265% 1/m ns ns bl bl ns il 1.00 049 -0.52 ns
Min: minimum value; Max: maximum value; Med: median value; Max L * b e b b b b 1.00 -0.57 -0.64
Mean: mean value; CV: coefficient of variation of the values; e R s Tk ek s Tk ek ke ke 1.00 0.51
AB: alcohol-benzene extracts (%); SG: specific gravity; Si: silica . -
content (ppm); MC: moisture content (%); R1/L1, Rm/Lm: wear Rcal Hke Tk ok ek ke *kk ns ek ek 1.00
ratios between tool tip recession and cutting length at the
beginning and at the end of test; 1/m: ratio between first and last AB: alcohol-benzene extracts (%); SG: specific gravity; Si: silica content (ppm);
wear ratio; Lmax: maximum cutting length; Rmax: maximum tool MC: moisture content (%); R1/L1, Rm/Lm: wear ratios between tool tip recession and cutting length
tip recession; n: number of cutting stops; Cste: constant parameter at the beginning and at the end of test; 1/m: ratio between first and last wear ratios;
in the ey law; Exp: exponent in the power law; R?: T Lmax: maximum cutting length; Rmax: maximum tool tip recession; Recal: calculated values
coefficient of the power law; Real: calculated values of toot tip of toot-tip recession by the power formula at a given low cutting length, 100 m.
recession by the power formula at a given low cutting length, 100 m. Significance codes: 0 < *** < 0.001 < ** < 0.01 < * < 0.05.
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Figure 8. Figure 9.
Histograms of values for moisture content. Histograms of values for silica.

MC: moisture content; log10: common logarithm. Si: silica content; log10: common logarithm.



only extractive and silicate contents were significantly cor-
related. A very high level of correlation was found within
wear parameters. Rcal and 1/m will be further regarded as
independent parameters. Extractive content only showed
a relatively low, but significant, negative correlation with
tool wear, while SG, Si, and MC all exhibited high correlation
levels, with positive correlations for SG and Si and negative
correlations for MC.

Correlation table Il shows that Rcal was strongly
correlated with initial wear (R1/L1), while R1km was closer
to final wear (Rm/Lm). However, the level of correlation
between this parameter and silica content was much lower
than for all tests.

Segmentation of the tests
by tool tip bending occurrence, silica
and moisture content.

Firstly, the global dataset was segmented by tool tip
bending occurrence, burning of tool face occurrence, mois-
ture content below or over 25%, and silica content below or
over 400 ppm (table IV).

Tool tip bending occurred in 22% of all standard tests,
primarily in non-siliceous, dry species (42%). Bending cases
were more common for high-density values within this
segment (Dry nSi), where tool wear was
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Table IlL.
Correlation table for cutting lengths > 500m in common
logarithm values.
n=724 SG Si MC R/ Rm/tm Rcal  Rikm
SG 1 -0.014 -0.074 049  0.38 0.47 0.46
Si ns 1 0.065 018 015 019 019
MC & ns 1 -032 -010 -042 -0.21
R1/L1 hiz Lis Fkx 1 0.61 0.93 0.77
Rm/Lm €50 i ns fuiid 1 0.51 0.93
Rcal ok sk sk s - 1 072
R1km kk ok - ok ok ok 1

SG: specific gravity; Si: silica content (ppm); MC: moisture content (%);

R1/L1, Rm/Lm: ratios between tool tip recession and cutting length
at the beginning and at the end of test; Rcal, R1km: calculated values
of toot-tip recession by the power formula at two given low cutting lengths,

100 m and 1 km, respectively.

Significance codes: 0 < *** < 0.001 < ** < 0.01 < * < 0.05.

higher at a 100 m cutting length, while
the power law exponent was lower, and
the 1/m ratio was higher. The very early
occurrence of tip bending had a strong
influence on the entire process of tool
wear, suggesting that these tests should
be eliminated from subsequent analyses. Segment

Burning of tool faces occurred in
26% of all standard tests (one-third of
each type of test had both bending and
burning occurrences), mainly for dry spe- Dry Si Re0
cies (42%). Burning occurrence (without
bending) was noted but not used to eli-
minate the burning cases.

Green specimens (characterised by
high moisture content) occurred in 46%
of all standard tests for species with
similar density, AB, or silica content. They
had lower tool wear, a higher power law Dry
exponent and consequently a higher 1/m

Dry nSi Re0

Dry nSi Re1

Dry Si Rel

Green Si Re0

Green Si Rel

ratio. The occurrence of both bending and oreen
burning was far lower for green wood. Sl <400
Siliceous specimens (high silica Sl >399
content) occurred in 24% of all standard Re0
tests for species with a similar density,
AB, or silica content. They had signifi- Ret
cantly higher tool wear, a slightly higher Bur0
power law exponent, and consequently a Burl
slightly higher 1/m ratio. The occurrence
of bending was significantly lower for Total
siliceous wood, while the occurrence of Lmax > 500 m

burning was similar for both high and low
silica content.

Green nSi Re0

Green nSi Rel

Table IV.
Mean values of wood parameters and wear results for each type.

Nb
201
144

99

261
29
87

455
380
635
200
648
187
622
213
835

724

%
58%
42%
90%
10%
90%
10%
97%

3%
54%
46%
76%
24%
8%
22%
74%
26%

100%
87%

Bur
42
4t
4

18

14

42

26
26
22
37

100
26
25

Re AB SG
0 5.9 0.68
100 5.8 0.80
0 4b 0.70
100 6.9 0.79
0 59 0.70
100 4.5 0.81
0 4.1 0.74
100 101 0.78
34 5.6 0.73
8 5.4 0.72
27 5.8 0.72
7 4.5 0.72
0 5.4 0.70
100 5.7 0.80
19 57/ 0.72
32 4.8 0.73
22 515 0.72

25 5.7 0.72

MC
14.2
12.8
139
145
55
41
52
297
137
52.7

31.8

Si
104
18

4000
996
m
158
4395
2150
978
1112
13
3979
1278
208
1102
854
1039
403

Real
291
48.2
299
165
17.8
249
140
57
971
46.6
28.6
219
80.6

66
97
741

128

1/m

3.64

213
6.32
3.02
3.59

1.80

4.00
2.79

3.83

3.45

3.80

Exp

0.63
0.44
0.63
0.44
0.73
0.66
0.76
0.44
0.56
0.73
0.63
0.67
0.69
0.47
0.65
0.59
0.64

0.64

Nb: number; Re: tool tip bending occurrence; AB: alcohol-benzene extracts (%); SG: specific gravity; MC: moisture
content (%); Si: silica content (ppm); Rcal: calculated values of toot-tip recession by the power formula at a given
low cutting length, 100 m; 1/m: ratio between first and last wear ratios; Exp: exponent in the power law; nSi: non-
siliceous wood (Si < 400); Re0: no tool tip bending; Re1: tool tip bending occurrence; Bur0: no tool burning; Bur1: tool
burning occurrence; L max: maximum cutting length.
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For 87% of all tests the long-term criteria R1km were
calculated (table 111). When compared to all tests (Total),
all mean values of parameters (AB, SG, MC) and wear pro-
file descriptors (1/m and exponent of the power law) were
the same, except for mean silica content (Si), which was 2.5
times lower for the 724 long tests. This means that many
samples with a high silica content were not considered in
the R1km wear value, which explains the lower coefficient of
correlation with Si.

Typical regression curves for the different test cate-
gories are shown in figure 10, showing the Rcal value for a

100 m cutting length. Rcal is a downward extrapolation for
all types but often an upward extrapolation for dry siliceous
woods. With early tool tip bending, the first value of reces-
sion was relatively high. However, tool tip recession grew
very slowly thereafter, explaining both the high value of I/m
(above five on average) and the low power law exponent
(below 0.5 on average).

Siliceous samples (24% of the whole dataset) belonged
to 42% of botanical families, 28% of botanical genera and
25% of botanical species. Only four families contained at
least five siliceous genera in the tests (half of the total tests):

Caesalpiniaceae, Sapotaceae,
. . . . . Burseraceae and Lauraceae.
c A 649 (Ret=1) @92 (Dry nSi) @380 (DrySi) @275 (GrnSi) @240 (Gr Si) Very often, when a genus was
450 2 considered as siliceous, all
o y=11.5x0.735 th . f th n "
400 L @ R = 1.00 he species of the genus were
siliceous.
350 | g ¢
y = 1.70x0.76 Prediction of wear by wood
300 | R2=100 @ e y = 1.42x0.69 properties
(] y =13.5x0.39 N R%=1.00
- 2 = oo . . .
250 o R 098 ........... ° This analysis involved
200 ) e .- A P tests without tool tip bending,
i o . . y = 1.25X0.65 using the common logarithm of
150 o AT R2 = 0.99 properties gnd wear. N
’2.;2.-" . The influence of silica
100 “ b content (figure 11) was very
t L () different between non-siliceous
50 .‘ ® (little positive influence) and
8 L (m) siliceous samples (strong posi-
0 ! ! ! ! ' ' ! tive influence). Wear was 6 times
0 500 1000 1500 2000 2500 3000 3500 greater for a silica content of 1%
as compared to a silica content
Figure 10. of 0.1%.

Examples of typical curves R(L) for different test segments.

Ret = 1: tool tip bending occurrence; Dry nSi: non-siliceous dry wood; Dry Si: siliceous dry wood;
Gr nSi: non-siliceous green wood; Gr Si: siliceous green wood; R (um): tool tip recession;

L (m): cutting length; R2: regression coefficient of the power law.

400 -
350 &"3 y = 0.79x - 0.69 .
= R? = 0.354
300 | B Lt ey
250 | y = 0.0355x + 1.1438 ..:...:,so-'s. g,
2 = ° o %@ .
200 | 000 e Rk A
¢ ° o® { I
1.50 } ; .:.n‘
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Figure 11.

Relationship between silica content and wear.

Rcal: calculated values of toot-tip recession by the power formula
at a given low cutting length, 100 m; Si: silica content; R?: regression
coefficient of the linear law.

The influence of moisture
content on wear (ﬁgure 12) was
very similar (negative) for both
siliceous and non-siliceous
samples. In this case, wear was
2.6 times greater for a moisture
content of 10% as compared to
a moisture content of 100%.

The influence of specific gravity on wear (figure 13)
was very similar (positive) for both siliceous and non-si-
liceous samples. In this case, wear was 4.4 times lower
for a specific gravity of 0.3 as compared to a specific gra-
vity of 0.9.

A linear stepwise regression of wear by sample
parameters (AB, SG, MC and Si) using a common loga-
rithm was used to predict wear:
log(Rcal) = 1.43 + 0.435 = log(Si) - 0.502 x log(MC) + 1.28 x
log(SG) - 0.107  log(AB)

with a final regression coefficient R? equal to 58%,
primarily due to silica content influence (42%), with
moisture content (8%) and specific gravity (7%) having a
very significant contribution. In comparison, the contri-
bution of the extractive content was very low (0.4%) but
statistically significant (table V).
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400 ¢
o [ § 1782 o
oo |5 : . Discussion
- o
250 s Cutting forces
° ‘."
200 f .o
o ° Tool wear profiles showed that both
1.50 ' """ the rake face and clearance face were
1.00 Y= 041X+ 181 subjected to wear fqr green siliceous
050 L R? = 0113 (figure 14a) or non-siliceous (figure 14b)
: woods, meaning that forces were exerted
0.00 . on the two faces from the very beginning:
~050°-P0 0.50 1.00 1.50 2.00 250 rake force (rF) and clearance force (cF).
. . . These forces depend on wood properties,
-1.00 L = nsil . sil mainly on wood specific gravity (Kivimaa
1950; Eyma et al. 2005; Marchal et al. 2009).
Figure 12. The tangential components of these

Relationship between moisture content and wear.

Rcal: calculated values of toot-tip recession by the power formula at a given
low cutting length, 100 m; MC: moisture content; R2: regression coefficient of

the linear law.

forces, rFt and cFt (figure 14c), were the
friction forces exerted on each face. They
were proportional to the friction coefficient

y = 1.12x + 2.19 .
R2 = 0.046

y = 1.35X + 1.45
R2 = 0.192

#3.50

4.00

between the tool steel and wood, as well
as to the specific gravity. The friction coef-
ficient between steel and wood depends
on moisture content (Atack & Tabor
1958), on the cutting speed for wet wood
(Thibaut et al. 2016), and on the wood spe-
cies (Bowden & Tabor 1956; Guan et al. 1983;
Beauchéne 1996). The friction coefficient is
significantly lower for green wood than for
dry wood at high speeds, and it can be even
lower with “self-lubricated” species such
log(SG) as Lignum vitae or Grignon Franc, Sextonia

' rubra. The values of the friction coefficient

-0.80 -0.60

» NnSil « Sil

0.20 can vary from single to double in each
case; there are no databases on the fric-
tion between steel and the large number of

Figure 13.
Relationship between specific gravity and wear.

species in this study.

Degradation of the tool tip

Rcal: calculated values of toot-tip recession by the power formula at a given

low cutting length, 100 m; SG: specific gravity; R% regression coefficient of

the linear law.

Table V.
Linear regression for 649 tests
without tool tip bending.

Parameter  Coefficient Significance ~ R?
Constant 1.43 il

log(Si) 0.435 ok 0.424
log(MC) -0.502 i 0.504
log(SG) 128 5k 0.573
log(AB) -0.107 wx 0.577

Logarithm of values were used; Si: silica
content (ppm); MC: moisture content (%);
SG: specific gravity; AB: alcohol-benzene
extracts (%). R regression coefficient;
Significance codes:

0 < *** < 0.001 < ** < 0.01<*<0.05.

Initially, with a sharp tool, the risk of
buckling for the tool tip under the action of
forces was relatively high, which explains
the bending that occurs on either side of
the tip (figure 14d). Thus, it should be more frequent for dry
wood and a higher specific gravity (table IV). For a high silica
content associated with a high wear level, the occurrence
of bending was very low. The hypothesis behind this could
be related to the very fast blunting of the tool tip, which
quickly becomes less prone to local buckling. Tool wear at
the start of cutting should be observed to discuss this hypo-
thesis.

The shearing force action on both tool faces produces
heating energy proportional to the respective values. This
heating is evacuated through wood and steel. Dry wood is
a poor conductor of heat, and its local temperature at the
point of contact with the tool faces can increase rapidly,
causing traces of steel face burning. This is not the case for
wet wood, where open water dissipates much of the heat
generated by the cutting process.

1
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Abrasive wear

Abrasive wear is induced by the progressive grinding
of the tool edge, removing material from the tool through a
shearing action of friction forces (Chardin & Froidure 1962;
Chardin & Froidure 1968b; Challen & Oxley 1979). The fric-
tion angle at high cutting speed (22 m/s) is lower for wet
woods due to the lubricating effect of open water in the cell
lumens of wet wood (Atack & Tabor 1958).

Abrasive wear is linked to the value of these shea-
ring forces, and abrasive tool wear appears to be higher
for denser woods. The shearing forces, given cutting force
values (Fa and Fd), are lower for lower friction angles (in
wet woods), and abrasive tool wear appears to be lower for
wet woods.

Abrasive wear is significantly increased by the pre-
sence of very hard particles, such as silica bodies (Okai et al.
2006), embedded in the wood substance, which then act as
a form of sandpaper. It appears to be significantly grea-
ter for siliceous woods (Richter 1980; Santana et al. 2013),
where the silica content is approximately 40 times higher
than in non-siliceous woods (table IV).

The silica bodies in the samples were not characte-
rised in detail, and their geometry (size and morphology)
could have had an impact on their influence on tool wear.
Most of the time, silica body diameters observed in paren-
chyma cells are lower than 10 pym (Carlquist 2003), but
elongated prisms as large as 50 pm can also be present in
Lauraceae (Richter 1980).

The mineral content in woods is also important for
many species rich in calcium oxalate crystallites, such as
Ceiba pentandra, Afzelia bella, or Milicia excelsa (Wheeler
2011), which have a high ash content but low silica content
(Gérard et al. 2019). The tool wear values measured in this
study were not high for such woods, which are known to
have high calcium mineral contamination. Calcium oxa-
late crystals are probably less hard than steel and easy to
disintegrate under the action of the tool tip.

Corrosive wear

Acidity and extractive content act as corrosive agents
against metals, and crack occurrence at the tool tip can be
promoted by stress corrosion mechanisms (Darmawan et al.

2011; Gauvent 2006; Klamecki 1979; Mohan

& Klamecki 1981; Porankiewicz 2008). Since

a

NKONENGUE N\ 58 1989
15797 A

tool wear in this dataset was negatively
b correlated with moisture content and only
poorly correlated with extractive contents,
it did not appear to be significant in the
context of these tests. However, the che-
mical nature of some organic molecules in
the extractives was not known and recent
literature on electrochemical corrosion
of metals has shown that some of these
molecules produce corrosion resistance in
mild steel (Chevalier et al. 2014) or inhibit
corrosion for C38 steel (Lebrini et al. 2010;
Lebrini et al. 2011).

Clearance
face

EVEUSS
14 986

Rake face

d Developments to prevent tool wear

1068 The most common tool material
“ remains forged tempered steel. However,
there is a huge variety of blade steels with
varying hardness (more resistant to wear),
toughness (more resistant to shock) and
chemical composition (more resistant to
heat or corrosion). Very hard and heat-re-
sistant materials, such as carbides, cera-
mics or diamond, are increasingly being
used for secondary processing operations,
but only with wedge angles above 40°
and primarily for homogeneous wood-
based materials. Aside from handmade

steel tools, which utilise all available
skills in steel alloy composition, steel

Figure 14.

Analysis of wear phenomena at tool tip level.

a: green state and siliceous wood; b: green state and non-siliceous wood (Chardin & Froidure,
1969); c: forces exerted by wood sample on the tool tip; d: example of upper tool tip bending
wood (Chardin & Froidure, 1969). cF, rF: tool force on clearance and rake face; CF,, rF:

forging, and tool tempering, various coa-
ting techniques have been employed to
enhance the cutting lifetime of industrial
high-speed steel commonly used in metal

tangential component of tool force on clearance and rake face; tF, sum of the two tangential
components. ¢ friction angle between wood sample and tool steel.



cutting, or low-alloy-resistant steel (Nouveau et al. 2009).
Stellite tipping is one of the oldest methods and is very
efficient for sawing high-density siliceous tropical woods
(Chardin & Froidure 1962). Nitriding steel gives promi-
sing results (Nouveau et al. 2009; Fahrussiam et al. 2016).
A thin coating of a rigid material (CrxNy type) produced by
physical vapour deposition also yields promising results
(Nouveau et al. 2001).

Grinding and honing are frequent and delicate opera-
tions throughout tool life, and final manual honing remains
the best preparation before cutting. In fact, even after
excellent classical grinding, the tool edge is rather rough
(Meyer 2003) at its tip, with very tiny cracks that lead to
damage in the first cutting lengths.

The issue of improving the performance of cut-
ting tools dedicated to woodworking remains vast today
(Muhammed et al. 2023), since this problem, which was
already clearly identified in the 1960s, linked to the extreme
wear generated by the machining of certain types of wood,
is so pressing for the industry.

This obviously requires a detailed understanding of
the phenomenon, to which the rich CTFT databases can
contribute.

Conclusion

In wood cutting operations, where only wood spe-
cies and moisture content vary as parameters, a significant
variability in tool wear was observed, partly due to early
tool tip deterioration and partly due to abrasion. Friction
forces exerted by the wood material on the top and faces of
the tool tip are one of the driving phenomena, the second is
the grinding action of hard mineral “contamination” present
in wood cells, and the third is metal degradation by stress
corrosion.

Using a linear progressive regression procedure on a
parameter logarithm, nearly 60% of tool wear variability
was explained by changes in silica content (for 42%), wood
moisture content (for 8%), wood specific gravity (for 7%)
and organic extractives (for 0.4%). 40% remained random
in nature. Some of these residual errors are due to varia-
bility within the successive wood blocks of a single test.
Significant anatomical variations in siliceous corpuscles
within species can influence tool wear, and our knowledge
of the more macroscopic distribution of silica content in
wood and throughout the tree is limited. Another part is
inherent to the method. Tool tip recession is measured at a
single position along the tool edge, and this position can be
a localised zone of tool degradation. A significant portion of
random uncertainty is inevitable in this type of study.

More surprisingly, the global occurrence of organic
extractives had nearly no residual impact, whereas many
extractives are known to influence steel corrosion and fric-
tion coefficients strongly. Due to the large panel of species
and genera tested, extractives with a positive or negative
impact on corrosion or friction ought to have been pre-
sent in the tests, cancelling out any visible influence of AB
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content. There is a need for more in-depth chemical analy-
sis of extractives and minerals in wood species. One way to
proceed may be to examine the species poorly described by
the linear regression. Duplicate specimens from the CIRAD
wood collection (Langbour et al. 2019) of the same tree
could be used to undertake a detailed chemical analysis.
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