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ABSTRACT
 
Mozambique has many tree species with a potential for a commercial use in wood 
products. However, the lack of knowledge regarding the wood machining properties of 
these species is a barrier to their utilization. This leads to the export of unprocessed 
products with substantial loss of national income as forestry is a major sector of the 
industrial activity of the country. 
 
Knowledge and awareness of the wood cutting parameters and of the tool material 
would facilitate a greater acceptance of wood from more species in the Mozambique 
market and would improve export income. 
 
This study contributes to an understanding of fundamental aspects of wood machining 
of five selected tropical wood species with a focus in cutting tool force and tool wear. 
 
Paper I shows six different cutting tool materials tested when processing Swartzia 
Madagascariensis (Ironwood). Tool wear was used as criteria to evaluate the 
performance of the cutting tool during cutting of this hardwood. The results showed 
that a harder tool material with a certain amount of toughness was required to achieve 
efficient operations. Results also indicated that wear of tool material differed greatly 
between various cutting tools tested. 
 
Paper II shows the relationship between cutting tool wear and some chemical and 
physical properties for Pseudolachnostylis maprounaefolia (Ntholo), Sterculia
appendiculata (Metil), Acacia nigrescens (Namuno) and Pericopsis angolensis 
(Muanga). Various tool wearing mechanisms and methods of tool wear measurement 
were analyzed. Results showed that wood silica content was the most important factor 
affecting tool wear. Wood density and extractive had little influence on tool wear.  
 
Paper III evaluates the main cutting force for Pseudolachnostylis maprounaefolia 
(Ntholo) and Swartzia Madagascariensis (Ironwood). Predictive models were 
developed regarding the most important wood cutting parameters in the processing of 
these hardwood species. The results showed that highest possible chip thickness with 
respect to surface quality, edge strength and available power are to be used. 
  
Keywords: Cutting force, tool wear, hardwoods, tropical species, cemented carbide 
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1. INTRODUCTION 
 

1.1 Overview of the Mozambique forestry 

Mozambique covers an area of 801,590 square kilometres, and around 70% of the 
country, or 65.3 million hectares covered with forests and other woody formations. The 
forested area covers about 40.6 million hectares (51% of the country), while woods, 
that is shrubs, bushes and forests subject to shifting cultivation cover about 14.7 
million hectares, or 19% of the country (National Directorate of Land and Forest 
(DNTF), 2007). 
 
The productive forest for industrial logging covers approximately 26.9 million 
hectares, or 67% of the total forest area. Thirteen million hectares are not suitable for 
the production of wood, and most of this is located within national parks, reserves and 
other conservation areas (DNTF, 2007). 
 
As a comparison Sweden has a total area of 450,295 square kilometres, about 66% of 
the country being covered with forest and other wooded areas. There is productive 
forest land is approximately 22.5 million hectares, with an annual increment of 110 
million cubic metres (www.skogsstyrelsen.se). 
 
The forestry industry in Mozambique plays an important role in the livelihood of many 
communities and in their economy development. However, efforts so far to realize the 
full potential of this natural resource have been far from satisfactory.  
 
Timber harvesting in Mozambique has been characterized by extremely selective 
logging of a few high-value species. According to the DNTF (2007), the country has a 
total of 118 commercial species. However, only 18 species historically have been used.  
 
The Mozambican wood industry, made up mainly of small-scale sawmills is poorly 
developed, works below capacity. The processing of tropical wood species is carried 
out by trial and error which in many cases leads to inefficient results. This directly 
affects rational utilization of this resource. The wood industry is therefore unable to 
compete in the domestic market with imported products. 
 
Sawmillers in Mozambique continually strive to achieve sustainable processing in 
order to maintain their competitiveness with other materials. There are undesirable 
effects such as rapid wear and tool breakage which result in the deterioration of surface 
and dimensional accuracy of the finished product. These effects also increase 
production times.  
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Many species in Mozambique are difficult to cut, and the cost of timber processing is 
determined primarily by the cost of cutting tool maintenance and by the amount of 
power consumed. 

1.2 Tool wear and cutting force 
 
The major challenge of tropical sawmillers is increase in the service life of the cutting 
tool. Understanding tool wear mechanisms and phenomena of these hard-to-cut woods 
is essential for enhancing tool life. 
 
Tool wear rarely occurs solely as a result of one factor: it is usually the result of a 
combination of various mechanisms. If the predominant mechanisms can be 
determined the materials which are resistant to these wear mechanisms can be selected 
for the cutting tool, or the machining process can be modified to minimize tool wear.  
 
The materials used in the wood industry for cutting are carbon tool steel, stellite, high 
speed steel, cemented carbide, and diamonds. Cemented carbides are the most versatile 
hard materials due to their unique combination of toughness and wear resistance within 
a wide range.  
 
Determination of tool wear requires studies of the interaction between the cutting tool 
and the work material in the machining environment. Wear which lead to tool failure is 
complex and involves chemical, physical and mechanical processes.  
 
Some tropical hardwoods have mineral inclusions which develop during growth of the 
tree. The most common inclusion is silica and the abrasive action of this inclusion 
considerably reduces the life of the cutting tool. Noack and Frühwald (1977) reported 
that even low-density woods are difficult to machine when their silica content is high.  
 
The performance of the cutting tools varies as they are used. This variation in 
performance has been monitored in studies either by observing the change in the edge 
geometry of the cutting tool, or by observing variation in the forces acting during 
cutting (B.E. Klamecki, 1979). 
 
Several studies have been carried out of the relationships between tool wear and cutting 
forces. Kivimaa (1950) and H. Aknouche (2008) highlighted a positive correlation 
between the cutting tool wear and the increase of cutting forces.  
 
Measurement of the cutting force facilitates understanding of the formation of the 
wood surfaces: these data may be helpful in building predictive models. These models 
can be used when designing or optimizing processes, machines, and selecting materials 
for tool. 
 



Machining properties for some Mozambican wood species 

 3

Wood is an anisotropic material exhibiting unique and varying mechanic properties in 
different directions. Consequently, the cutting force will change with cutting direction. 
The cutting force is also influenced by rake angle, clearance angle, sharpness, friction 
between chip and tool face, deviation angle, induced lateral vibration, width of cut, 
chip thickness, feed speed, species of wood, specific gravity, moisture content, 
workpiece temperature and mechanical properties (Koch, 1964). 
 

1.3 Objectives 

The objective of this study is to improve machining properties of some Mozambican 
wood species; this would improve wood utilization and increase the added-value of 
these wood species. 
 
One well-known wood species and four lesser-known wood species were studied. 
Research into lesser-known wood species is carried out to increase the resource base in 
the country and to reduce the pressure on, and the over-exploitation of the well-known 
wood species already being exploited commercially. 



Machining properties for some Mozambican wood species 

2. MATERIALS AND METHODS 
 
The wood samples for the experiments were taken from heartwood selected from butt 
logs. The samples were collected in Cabo Delgado Province, latitude 12o 45' 0'' S, 
longitude 39o 30' 0'' E, with an annual rainfall of 1400-1800 mm. 
  
The evaluation of wood density was done by mean of medical computer tomography 
scanning as described by Lindgren et al., (1992). The moisture content of the tested 
workpieces was determined by a standard oven-dry method. Table 1 shows the 
common name, scientific name and family of wood species studied. 
 
Table 1: Wood species studied. 

 Common name Scientific name Family name Surface Texture 

Iron wooda Swartzia 
Madagascariensis 

Leguminosae-
Papilionoideae 

 

Ntholob 
Pseudolachnostylis 

maprounaefolia 
 

Bopyroidea 

 

Metilb Sterculia 
appendiculata Sterculiaceae 

 

Namunob Acacia nigrescens Leguminosae 

 

Muangab Pericopsis
angolensis 

Fabaceae-
Faboideae 

 
Note: a well-known wood species     b lesser-known wood species 
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Paper I
 
Wood specimens of iron wood were prepared with dimensions 1000 x 200 x 120 mm 
in the fibre, tangential and radial directions, respectively. The average density and 
moisture content of the workpieces were 1100 kg/m3 and 12% respectively. 

The tools used in the present investigation included six different cemented carbide 
tools of different grain sizes and binder contents, Figure 1. Workpieces were machined 
using a standard single sawtooth. Wood machining studies using a single sawtooth help 
to understand the cutting process. It also eliminates extraneous variables such as 
vibration of the cutting tool, and saw machine components that obscure variables 
involved in the cutting process. 
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Figure 1: Six different cemented carbide grades 
 
Cutting tests were conducted using a Shaper equipped with a mechanical feed 
mechanism, Figure 2. The six different carbides tools used for the experiment were 214 
(HV30=1950, K1C=9.5), 701(HV30=1600, K1C=11), 242 (HV30=1150, K1C=17), 
021 (HV30=1400, K1C=14), 160 (HV30=1600, K1C=12.7), 046 (HV30=1480, 
K1C=15.4) provided by the company Sandvik Hard Materials. 
 
The cutting edge profile was examined with the aid of an optical microscope to 
quantify the tool wear. Tool wear development was evaluated by measuring the nose 
width (NW) at four equidistant positions along the cutting edge, Figure 3.  
In this study, wear (W) was defined as the difference between the initial nose width and 
the final nose width.  
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Figure 2: Shaper Figure 3: Methods of measurement of 
worn teeth 

 
The initial nose width of the new tools was measured, and the nose width then was 
measured after 288, 576, 864, 1152, 1440, 1728 and 2016 metres of cutting length. 
Cutting length was defined as the distance the cutting tool was in contact with the 
wood sample.  
 
The cutting tool edges were checked prior to cutting. After the cutting, the tools were 
cleaned to eliminate the influence of dust on the accuracy of the results. Table 2 is a 
summary of the test parameters regarding wear of the tool. 
 
Table 2: Summary of the test parameters for the measurement of tool wear 

Parameter Setting 
Cutterhead  2900 rpm 
Feed speed 3 m/min 
Depth of cut 1 mm 
Diameter of cutter head 154 mm 
Cutting length per cut 12.41 mm 
Rake angle 300 
Clearance angle 150 
Kerf width  3.9 mm 
Direction of cutting 900–00 
Mode of cut Counter-cutting 

 
Paper II 

The specimen woods used in the experiment were Ntholo, Metil, Namuno and Muanga. 
The workpieces were prepared in the dimensions 1000 x 200 x 120 mm in the fibre, 
tangential and radial directions, respectively. The average moisture content of the 
workpieces tested was 8% - 9%. 

The cutting tool material used for this study was carbide grade 701.  

 6
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Tool wear was evaluated by measuring the edge recession (ER) and tool wear radius 
(TW), Figure 3. Tool wear was measured at a cutting length of 4896 m. The carbide 
tools were removed from the tool holder at the end of the test. The cutting tools first 
were examined with an optical microscope to evaluate ER. The cutting tool next was 
examined with a scanning electronic microscope (SEM) to evaluate TW and classify 
the wear mechanisms. 
 
The results reported for wood mineral content are the average values for inner 
heartwood and outer heartwood. For further information on the wood mineral content, 
the collected data set and the experimental methods refer to Lhate et al., (2010). Table 
2 gives a summary of the cutting conditions used for the experiments conducted on a 
shaper.  
 
Statistical analyses of the experimental data were performed by multivariate statistical 
methods, Umetrics AB SIMCA P+ 12.0 software (Anon., 2008).

Paper III 

Samples of Pseudolachnostylis maprounaefolia (Ntholo) and Swartzia 
Madagascariensis (Ironwood) were machined using a standard single sawtooth.  
 
The test workpieces were prepared in the dimensions of 160x70x70 mm for the three 
cutting directions of 00–900, 900–00 and 900–900 (Kivimaa, 1950). 
 
The sawtooth was mounted on a piezoelectric load cell to evaluate the main cutting 
force, Figure 4. Data were captured using an A/D converter integrated with National 
Instruments LabVIEW software. The measured signals were recorded with a sampling 
frequency of 25 kHz. 
 
The edge condition and edge radius of each tool were evaluated with an optical 
microscope, Figure 5. The cutting width was constant at 3.9 mm and the clearance 
angle was constant at 15°. 
 
The experimental set-up was made by MODDE (2008). A D-optimal design was used, 
with 5 controlled variables and 1 uncontrollable variable. The controlled variables and 
the value of each level are shown in Table 3. The explained variance, R2, and predicted 
variance, Q2, were used to evaluate the model at a confidence level of 0.95. 
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Table 3: Attribution of the variables levels. 
Level Chip 

thickness (t) 
mm 

Rake angle  
(�) Degree 

Edge 
radius (r) 

�m 

Moisture 
content 
(MC) % 

Direction of 
cutting 

(CD) radian
1 0.15 10 5 8 (90°-90°) 0 
2 0.50 20 25 24 (90°-0°) 1.57 
3 1.00 30 50 40 (0°-90°) 3.14 

 
Wood density was an uncontrollable variable. Wood density was used as an important 
indicator of wood stiffness, strength and hardness. Its advantage is that it can be 
measured quickly and without great expense. 
 

Figure 4: Cutting machine used to 
measure cutting force 

 
Figure 5: Evaluation of cutting 

tool
 
The values of the main cutting force reported are the average force for 15 cuts for each 
cutting condition.  

 8
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3. RESULTS
 
Paper I 
 
Figure 6 shows the relationship between tool wear and tool mechanical properties. The 
coefficient of determination was R2 = 0.86 for tool wear versus tool toughness and R2 = 
0.73 for tool wear versus tool hardness. 
 

Figure 6a: Relationship between  tool 
wear and tool toughness 

Figure 6b: Relationship between  tool 
wear and tool hardness 

 
The graph in Figure 7 illustrates the tool wear for each carbide grade as a function of 
cutting length. 
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Figure 7: Nose width for different carbide grades 
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The grade 242 had the greatest tool wear among the grades tested and the least wear 
was observed in grade 214. The grades 701 and 160 behaved similarly over the range 
studied. 

Figure 8: Catastrophic edge breakage 

During the test, the carbide grade 214 was too brittle, which led to catastrophic failure 
during the fourth test (at 1152 metres), Figure 8. 

Paper II 

From Table 4, it may be seen that the range of wood densities of lesser known-species 
tested here varies from 550 kg/m3 (Metil) to 1100 kg/m3 (Namuno). 
 
The least dense material, Metil, showed relatively low TW and ER, although it had a 
high content of ash. The highest TW and ER experienced over the studied range was for 
Ntholo (TW = 43 �m and ER = 93 �m) which had the highest silica content and 
relatively low wood density.  

Table 4. Chemical and physical properties of the tested species and tool wear.  
Species Extractive 

(wt% db) 
Ash 

(wt% 
db) 

Silica 
(wt% 
db) 

Wood 
density 
(kg/m3) 

Tool wear 
radius 
(�m) 

Edge 
recession 

(�m) 
Muanga 9.07 1.28 0.13 920 15 50 
Namuno 5.19 0.77 0.12 1100 9 55 

Metil 1.98 3.10 0.13 550 5 46 
Ntholo 3.96 3.10 0.40 726 43 93 

Figure 9a and Figure 9b illustrate pitting of the WC grains and lack of cobalt in the 
cemented carbide skeleton. The wear pattern shows a rough surface with chipping in 
combination with smooth abrasive wear. Corrosion was observed in the cutting edge 
for Metil. Figure 9c and Figure 9d show that the wear pattern is characterized by trace 
marks from chipping of the cemented carbide. Cobalt depilation in the surface was 
observed. No indication of corrosion was observed. 
 
The SEM analysis indicates that the main mechanical wear mechanism is a 
combination of abrasion and tool edge chipping. 

 10
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a-Metil b-Namuno 

c-Muanga d-Ntholo
Figure 9: The surface texture of the wear profile along the cutting edge 

Figure 10 clearly illustrates that high ash and silica content result in both high ER and 
high TW.  Density and extractive content have a small effect on tool wear and these 
parameters are somewhat negatively correlated with tool wear. No single parameter in 
the evaluation of tool wear was representative in describing the amount of total tool 
wear.  
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Figure 10: Correlation coefficient of ER and TW on wood physical and chemical 

characteristics
 

Paper III 

The predictive models established are given by: 
 

CDMCtDrF NtholoP �������������� 44.1640.087.11210.070.033.054.25 �    (1) 
     

CDMCtDrF woodIronP ������������� 04.1739.074.12106.066.071.083.31 �        (2) 
 
Where: 
� = rake angle, degree 
r = edge radius, �m 
D = wood density, kg/m3 
t = chip thickness, mm 
MC = moisture content, % 
CD = cutting direction, radian 
 
Figure 11 illustrates that the models for both species in an acceptable way are able to 
predict the main cutting force for almost all runs that were carried out. The highest 
values of the main force observed during the cutting tests of these dense woods can be 
used when designing machine and tool, and when selecting material for tools. Thus, a 
sustainable processing of these hard-to-cut woods can be achieved.  

 12
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Figure 11: Relation between experimental and predicted values 

The explained variance for the Iron wood model was the same as that for the Ntholo 
model (R2 = 0.89); however, the ability to predict new data for Ntholo (Q2 = 0.83) was 
higher than for Iron wood (Q2 = 0.81). This difference was small statistically and the 
levels of Q2 here indicate fairly strong and valid models. 
  
The highest main cutting forces for these hard-to-cut woods were 251.6 N for Ntholo 
and 227.7 N for Iron wood, despite the maximum density of Ntholo, 1112.27 kg/m3, 
was lower than of Ironwood, 1251.98 kg/m3. 

 13
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4. DISCUSSION 

In woodworking it is important to select the appropriate tool material in order to 
achieve efficient operations. Many of different tool materials are used in woodworking 
processes, such as carbon steel, high speed steel, satellite, cemented carbides and 
diamonds. No single material meets all the requirements. The properties needed by 
cutting tools mean that compromises are needed, for example as the hardness (wear 
resistance) of carbides is increased, grindability is sacrificed. Processing tropical hard-
to-cut woods, for instance Ironwood, require special tool materials with good wearing 
properties and sufficient toughness. Cemented carbide is known for excellent abrasive 
wear resistance; that was why these were tested in the work that is described in Paper 
1.  
 
Experimental results, in Paper 1, show that among six tested carbide tools the softer 
material had higher tool wear, the harder material had lower tool wear. This finding 
was expected as already several authors have reported a similar result.  
 
Carbide tools 021 and 046 can be used in the woodworking industry for processing 
Ironwood, but are not as sustainable as 701 and 160 from the point of view of tool life 
and edge quality. 
 
It can be concluded that the hardest carbide tool 214 was too brittle to be used in 
practice. The carbide tool 701 did not have great wear, nor was it too brittle. These 
results demonstrate that tool hardness alone is not a sufficient property you also need a 
certain amount of tool toughness. 
 
Carbide tool 701 showed a good compromise between tool hardness and tool toughness 
in the initial studies in Paper 1. The carbide tool 701 therefore was selected for 
machining four lesser-known wood species in Paper 2. This study suggests that there 
are some lesser-known species that can be used to relieve the pressure on the well-
known species, and also suggests that there is an opportunity to increase the income per 
hectare during logging. 
 
Results show that of the machined lesser-known species Ntholo had the greatest edge 
recession and tool wear radius due to its high content of silica. The presence of 
abrasive agents in tropical wood species, for instance, silica, is pointed out by 
Loehnertz (1994) as responsible for the bluntness of the cutting tool. Abrasive wear 
and edge chipping were found to be the predominant wear mechanisms during 
machining of the tested wood species. These might be associated with undesirable 
objects in workpieces, such as stones and sand.  
 
Metil had the lowest edge recession and tool wear radius; however, this wood species 
had lower extractive content and thereby also rather low durability (Lhate et al., 2010). 
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These unfavourable effects make Ntholo and Metil less competitive than Muanga and 
Namuno. These latter species are rather easy to machine and are rather durable. It is 
therefore important to   identify suitable end-user and intensify promotion and 
marketing of Namuno and Muanga. This would improve sustainability of the tropical 
timber resources. 
 
The experimental results show that contrary to common perception, processing of 
dense material can result in low tool wear. This was in contrast with expectations 
before the tests, but the results reported here are in line with results reported previously 
by Porankiewicz et al. (2005) and by Darmawan et al. (2006).  
 
Yamaguchi and Aoyama (1962) studied the relationship between tool sharpness and 
power consumption. They found that the power consumption varies linearly with tool 
sharpness. Tool sharpness is one of the critical issues in wood industry, especially, 
when processing tropical species regarded as difficult to process due to the presence of 
silica. A lack of tool sharpness causes great increase in cutting force. This, in turn will 
also increase power consumption, give poor surface finish on workpieces and poor 
dimensional accuracy.  
 
The importance of tool sharpness was confirmed by the tests that are described in 
Paper 3. Furthermore, among tested rake angles 20° was deemed to be optimal 
compared with 10° and 30°, which is a good compromise between power consumption 
and the strength of the cutting edge. 
 
The highest main cutting forces measured in this study are comparable with cutting 
green frozen Scots Pine (Pinus Sylvestrtris) which, according to Axelsson et al., (1993) 
was found a greatest value of 283.5 N for the same experimental set-up. 
 
The values of the main force for the lesser-known species, Ntholo, were slightly higher 
than for the well-known species, Iron wood, despite the average density of Ntholo were 
lower than of Ironwood maybe due to different chip formation processes. Paper 2 
shows clearly that Ntholo causes wear on the cutting tool to be rapid due to the high 
content of silica although it has low density. 
 
A significant difference existed between the force levels generated at three different 
chip thicknesses. Small changes in chip thickness greatly affect the main cutting force, 
see Equation 1 and 2. From this perspective, small chip thickness, 0.15 mm, should be 
used but this leads to low feeding speed and consequently low levels of productivity. 
 
The conclusion of this reasoning is that the highest possible chip thickness with respect 
to surface quality, edge strength and available power shall be used, as high chip 
thickness means low specific energy consumption and low wear per produced volume. 
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5. CONCLUSIONS 

� Cemented-carbide grades 021 and 046 can be used in the woodworking 
industry for processing this hard-to-cut wood, but are not as sustainable as 701 
and 160 from the point of view of tool life and edge quality. 

� The predominant wear mechanisms are abrasion and edge chipping.  
� Wood silica content is the most important factor with regard to wearing of the 

cutting tool. 
� The lesser-known species Namuno and Muanga would appear to be more 

profitable than Metil and Ntholo based on tool life. 
� The chip thickness had great impact on the main cutting force. 
� When processing these hard-to-cut woods highest possible chip thickness with 

respect to surface quality, edge strength and available power shall be used. 
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6. FUTURE WORK 
 
All experimental tests in this study were carried-out in the laboratory and a future aim 
of this study is to test on a industrial level, subsequently practical recommendations to 
the sawmillers and society regarding tool material, cutting parameters and wood 
species may be made.  
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ABSTRACT 
 

Mozambique possesses tropical tree species that have renowned commercial value, but 
little is known about primary and secondary processing characteristics of these 
materials. For that reason, a better understanding of wood cutting-tool materials is 
necessary to optimize the production process, reduce exports of raw timber and 
stimulate industrial transformation. 
 
The aim of this work was to study tool wear behaviour when cutting Ironwood 
(Swartzia Madagascariensis). The experiments were carried out on a shaper. Six 
different cemented-carbide grades for woodworking were tested, and the cutting 
parameters were fixed. 
 
Results obtained showed good correlation between tool wear and tool physical 
properties. Results also indicate that tool wear differed greatly among the tested 
cemented-carbide grades. 
 
Keywords: cutting tools, tool wear, Ironwood, hardwood 
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INTRODUCTION
 
The wear of woodcutting tools is generally the process that makes a tool unfit for 
continued use. The replacement of the worn cutter by either reconditioning or 
substitution of a new one represents a necessary cost that can be minimized by 
controlling tool wear (Klamecki 1979). 
 
The tool materials used in wood industry are carbon steels, high speed steels, stellite, 
cemented carbide, and diamonds. Carbon steels were used at early phase and were 
replaced by high speed steels and stellite. Further development of wood industry the 
need of harder and high resistance to cut woods led to wide use of cemented carbides. 
Cemented carbides are the most versatile hard materials due to their unique 
combination of high hardness and toughness within a wide.  
 
The evaluation of tool wear has been monitored in studies either by observing the 
change in the edge geometry of the cutting tool, or by observing variation in the forces 
acting during cutting. Chardin and Froidure (1969) used photographic tools before and 
after cutting-tool use, measuring edge recession, made casts of the tool edges, and 
observed readily apparent tool characteristics, e.g., colour change.  
 
Edge recession is, in general, non-uniform along the tool edge, and usually some 
average value is measured. A way of accounting for the non-uniformity of edge 
recession is to specify the projected area of tool blunting representing the recession of 
the edge. Although cutting-edge recession is an easily measured characteristic of tool 
wear, the question of what the worn edge profile (viewed along the cutting edge) is 
remains unanswered by such measurements (Klamecki 1979). 
 
Most of the exported Mozambican tropical timber is in log form or with very low 
levels of primary processing. This minimizes the favorable employment effect that 
would occur with additional domestic processing. Understanding of wood cutting-tool 
materials is essential to devise new methodologies for enhancing tool life. 
   
The aim of this work was to study tool-wear behaviour when cutting Swartzia
Madagascariensis (Ironwood). Processing this hardwood is difficult. The design of 
new specific and strong tools will allow more acceptance of wood from these species 
in the Mozambique market and improve export income. 
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EXPERIMENTAL  
 
Measurements and analysis 
Tool wear was determined by measuring the nose width (NW) of the tool at specific 
positions along the cutting edge (Fig. 1). The cutter head that was used was equipped 
with two cutting tools so as to avoid out of balance effects caused by having only one 
insert, but one was deliberately blunted (so as not to cut) and the second was sharp 
(Fig. 2). All cutting-machine parameters were fixed (Table 1).  

Table 1 Summary of the test parameters for measurement of tool wear 
Parameter Setting 
Cutterhead  2900 rpm 
Feed speed 3 m/min 
Depth of cut 1 mm 
Tool carbide grade Sandvik 214, 701, 242, 021, 160, 046 
Diameter of cutter head 154 mm 
Cutting length per cut 12.41 mm 
Number of tests per grade 7 
Rake angle 300 
Clearance angle 150 
Mean density  1100 kg/m3 
Kerf width  3.9 mm 
Direction of cutting 900–00 
Mode of cut Counter-cutting 

 
The test started with measurements of the initial nose width of the new tools, and after 
that, the nose width was tracked after 288, 576, 864, 1152, 1440, 1728 and 2016 metres 
of cutting length. Cutting length was defined as the distance the cutting tool was in 
contact with the wood sample. NW was measured at four positions along the cutting 
edge, the first being at the corner, then at 1.3, 2.6 and 3.9 mm from the corner. 
 

 
Fig.  1  Determination of tool wear by 
measuring the nose width (NW)  

Fig. 2  Carbide tooth inserted in a 
cutter head 
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Material
Ironwood (Swartzia Madagascariensis) samples were prepared with dimensions of 
1000 x 200 x 70 mm in the fibre, tangential and radial directions, respectively. 
The specimens were chosen from butt logs that had been felled and sawn the previous 
year in Northern Mozambique, namely in the province of Cabo Delgado. Special care 
was taken to select samples as free as possible of knots or other defects. The evaluation 
of average wood density was made by computer tomography scanning (Fig. 3).  
 

 Density (kg/m3) 

 

800

1000

1200

1400

 

Fig. 3 Greyscale digital image of the density 
 
 
The specimens were stored several months in laboratory climate, and during this time, 
an average moisture content of about 12 percent was reached. Immediately after the 
cutting, the moisture content of some the test pieces in each test was checked. 
 
Tools
The six different carbides tools used for the experiment were 214 (HV30=1950, 
K1C=9.5), 701(HV30=1600, K1C=11), 242 (HV30=1150, K1C=17), 021 
(HV30=1400, K1C=14), 160 (HV30=1600, K1C=12.7), 046 (HV30=1480, K1C=15.4) 
provided by the company Sandvik Hard Materials. These grades contained tungsten 
carbide and Cobalt as the main elements. 
 
The cutting edges were checked prior to cutting, and those with a nose width of more 
than 20 microns were rejected. Table 2 illustrates the specifications of the cutting tools. 
 
Shaper
An SCM shaper machine was used for this test (Fig. 4). Table 1 shows more details of 
the test setup. 

Microscope 
An optical microscope Leica Qwin V3 with digital picture capturing and measurement 
capabilities was used for measurement of the nose width (Fig. 5). Wear (W) is defined 
as the difference between the initial nose width and the final nose width. 
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Fig. 4  Shaper used for 
experiments

 
Fig. 5   The system for 

observation of wear 
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RESULTS AND DISCUSSION 

Very often, grade selection involves finding the best compromise between hardness 
(abrasion resistance) and toughness (impact resistance), though in some cases, strength 
and corrosion resistance can be important factors in grade selection.  
 
The results reported for each cutting length are the average values of the nose width 
from the four positions (Table 2).  
 
Table 2 Average ER for all six cemented–carbide tools tested at 0, 288, 576, 864. 
1152, 1440, 1728 and 2016 metres.  

NW (�m) after 

Grade 0 m 
288 
m 

576 
m 

864 
m 

1152 
m 

1440 
m 

1728 
m 

2016 
m 

Wear 
(�m)   

214 18.9 20.9 21.8 23.5 25.8 28.3 29.5 30.7 11.8 
021 3.5 6.8 12.8 14.0 16.3 18.9 20.8 28.3 24.8 
160 1.8 3.5 7.0 9.0 11.5 11.8 12.8 13.8 12.0 
701 3.5 5.3 7.0 9.0 11.5 12.3 14.0 15.2 11.7 
046 3.5 4.5 9.0 19.0 23.5 25.8 28.3 30.7 27.2 
242 7.3 21.0 23.8 25.5 28.3 30.5 40.2 42.5 35.2 

 
Fig. 6 illustrates the basic relationships between tool wear versus hardness of the tools 
and tool wear versus toughness of the tools. There was a positive correlation between 
tool wear and toughness, and the hardness of the material was negatively correlated to 
the tool wear. This finding was expected as already several authors have reported a 
similar result. The coefficient of determination was R2 = 0.86 for tool wear versus 
toughness and R2 = 0.73 for tool wear versus hardness. 
 

Fig. 6a: Relationship between  tool 
wear and tool toughness 

Fig. 6b: Relationship between  tool 
wear and tool hardness 
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The graph in Fig. 7 shows the NW for six different carbide grade as a function of 
cutting length. 
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Fig. 7 Nose width for different carbide grades  

 
According to Astakhov (2006), three distinctive regions can normally be observed on 
tool wear curves. The first region is the region of primary or initial wear. Here we have 
a relatively high wear rate, and it is explained by accelerated wear of the tool layers 
damaged during its manufacturing or re-sharpening. The second region is the region of 
steady-state wear. This is the normal operating region for the cutting tool. The third is 
known as the tertiary or accelerated wear region. The characteristics of these regions 
can be seen in the plot above, except for the third region, because the tools were still 
quite sharp at the end of the tests (NWmaximum = 42.5 �m).  
 
The cemented-carbide grade 242 has superior toughness, which makes this carbide 
extremely resistant to impact, but it had the greatest wear (W = 35.2 �m) (Table 2). The 
initial tool wear for this grade was higher (W = 13.8 �m) than the total wear for grades 
214, 160 and 160. 
 
Grades 701 and 160 behaved similarly over the range studied, as was expected, 
because both have the same wear resistance (hardness) and almost the same toughness 
(Table 2). The 701 grade had the least wear of all grades (W = 11.7 �m). 
 
Grades 021 and 046, which are more versatile, showed good wear resistance combined 
with high toughness. 
  
The 214 grade had low wear (W = 11.8 �m). However, it proved to be too brittle during 
the experiment (Appendix). The grade started with a large nose width, because it 
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proved to be brittle already during the grinding. In general, as the hardness (wear 
resistance) of carbide is increased, grindability is sacrificed. 
 
CONCLUSIONS 
 
The main conclusions arrived at are: 

� The carbide-cemented grade 214 was too brittle, which led to catastrophic 
failure (see Appendix) during the fourth test (at 1152 metres) and from the 
point of view of maintainability, it is very difficult to grind this grade. 

� Grades 701 and 160 are most suitable for processing Ironwood. 
� Cemented-carbide grades 021 and 046 can be used in the woodworking 

industry for processing this hard-to-cut wood, but are not as sustainable as 701 
and 160 from the point of view of tool life and edge quality. 

 
In the next step of research, relations between wood chemical properties and tool wear 
will be considered. In addition, other species will be considered. 
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APPENDIX 

The appendix shows the edge profiles for the different cemented-carbide grades, i.e., 
the initial and final shapes. 
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Carbide 701-0 m 
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Carbide 701-2016 m 
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ABSTRACT 

 
The relationship between tool wear and some chemical and physical properties for four 
different Mozambican lesser-known tropical species was studied, namely, 
Pseudolachnostylis maprounaefolia (Ntholo), Sterculia appendiculata (Metil), Acacia
nigrescens (Namuno) and Pericopsis angolensis (Muanga).  
Tool wear is an important aspect for sawmilling and for the woodworking industry. For 
Mozambique, the utilization of available lesser-known wood species will help to 
increase domestic industry and the economic usage viability of sustainable forest 
management.  
A set of experiments were performed on a shaper with a mechanical feed mechanism. 
Tools of a cemented carbide grade for woodworking were used, and the cutting 
parameters were fixed. Edge recession and tool wear radius were measured for 
monitoring tool wear. The wear mechanism was investigated using a scanning electron 
microscope. 
The experimental results showed that the chemical properties of the wood species have 
great effect on tool wear. Wood silica content was the most important factor affecting 
tool wear. Wood density and extractive had a low influence on tool wear. The highest 
tool wear was observed in Ntholo which also had the highest ash and silica contents. A 
single parameter for evaluation of tool wear was not representative to describe the 
amount of total tool wear.  

 
Keywords: cemented carbide, tool wear, tropical species, wear mechanisms 
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INTRODUCTION
 
Much research on wood-cutting tools has been done. However, processing of tropical 
species containing large amount of silica content is still a challenge for the 
woodworking industry. To improve this situation, the knowledge of fundamental wear 
mechanisms is an important factor in determining the type of tool materials that should 
be used. Mechanical, thermal and chemical interactions between cutting tool and 
workpiece are important factors in tool wear.  
 
Wear from abrasion has been considered to be the dominant degrading mechanism. 
Cemented tungsten carbide has provided improvement in tool life because of superior 
abrasion resistance compared to carbon steels, high speed steels and cast cobalt alloys.  
 
Several parameters for determination tool wear and bluntness of the cutting edge have 
been used by researchers. There is, however, some disagreement as to which wear 
parameter is the most representative of the state of bluntness of the cutting tool 
(Sheikh-Ahmad & McKenzie, 1997).  
 
It has been reported that the chemical nature of wood may play a large part in cutting 
tool wear rates (Klamecki, 1979). McKenzie & Karpovich (1968) highlighted that 
extractives in wood act as lubricants and effectively decrease the coefficient of friction 
in the sliding of wood over steel.  
 
Porankiewicz & Grönlund (1991) pointed out that rapid mechanical wearing of tools 
has often been attributed to the presence of silica content and other abrasive agents in 
wood. Machinability of wood is decisively influenced if the silica content is above 
0.5% (Rowell, 1984) or 1–3% (Gottwald, 1973). Even low-density woods are difficult 
to machine when their silica content is high (Noack & Frühwald, 1977).  
 
The work of Kirbach & Chow (1976) emphasizes the complexity of the tool-wear 
problem inherent in the multicomponent nature of the wood and tool materials. In their 
proposed mechanism of carbide tool wear there are chemical attacks on the tool 
material binder and mechanical failure of the exposed carbide grains. Thus, the nature 
of both the wood and tool determines wear rates.  
 
In Mozambique forests there are lesser-known species (LKS), sometimes with similar 
properties to well-known commercial species, and these LKS are less exploited and 
used because of their poorly known properties (Ali et al., 2008). Utilization of 
available LKS will help to increase domestic sawmilling and woodworking industry 
and also the economic usage viability of sustainable forest management.  
 
Data on physical, chemical, mechanical and cutting properties are important for 
promotion of these species. The available volumes of LKS are several times higher 
than the well-known commercial species (DNTF, 2010). 
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The aim of this work is to gain insight into the effects of wood chemical and physical 
properties on the mechanism of woodcutting tool wear and evaluating methods of 
measurement of the cutting edge tool wear. Edge recession and tool wear radius are 
measured for monitoring tool wear, as tool wear pattern and phenomena differs 
between species. 
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MATERIALS AND METHODS 
 
Wood specimens were prepared to dimensions 1000 x 200 x 120 mm in the fibre, 
tangential and radial directions, respectively. The wood samples for the experiments 
were taken from heartwood selected from butt logs. The chemical and physical 
analyses were performed on samples from the same log. The samples were collected in 
Cabo Delgado Province, latitude of 12o 45' 0'' S, longitude 39o 30' 0'' E, with an annual 
rainfall 1400-1800 mm.  
 
The specimens were stored for several months in laboratory climate before the tests, 
and during this time, an average moisture content of 8%–9% was reached. Immediately 
after the cutting, the moisture content of some test pieces in each test was determined 
by a standard oven-dry method and found to be the same. The evaluation of wood 
density was done by medicinal computer tomography scanning (Figure 1) as described 
by Lindgren et al., (1992). Methods and standards that were used for the evaluation of 
wood mineral and chemical content are shown in Table I. 
 

Metil Ntholo Muanga Namuno Density 
(kg/m3) 

    

1200

4 

600

800

1000

 
Figure 1: Greyscale digital image of the wood density 

 
Table I: Methods and standards used for the evaluation of wood mineral content. 

Parameter Method Standard 

Ash content Gravimetric SS187171:1 
Extractives Gravimetric /Soxhlet extraction (acetone) SCAN-CM 49 :03 
Si Atomic absorption spectrometry (AAS 

(Flame)) 
ALC208:201 

 
The results reported for wood mineral content are the average values for inner 
heartwood and outer heartwood. For further information on the wood mineral content, 
the collected data set and the experimental methods refer to Lhate et al., (2010). 
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Figure 2: Shaper 

 
The tool-wear experiments were carried out on a shaper with a mechanical feed 
mechanism (Figure 2) under the following conditions: tool carbide grade Sandvik 701, 
cutterhead rotation rate 2900 rpm, diameter of cutterhead 154 mm, feed speed 3 m/min, 
depth of cut 1 mm, cutting length per cut 12.41 mm, cutting width 3.9 mm, rake angle 
300, clearance angle 150, direction of cutting 900–00 (milling parallel to grain) and a 
counter-cutting mode.  
 
The workpieces were machined using a single standard saw tooth AA. The cutterhead 
was equipped with two cutting tools so as to avoid effects of unbalance caused by 
having only one insert, but one was deliberately blunted (so as not to cut), and the other 
was sharp (Figure 3).  

Cutting tool Counterweight 

 
Figure 3: Cutterhead with tool and counterweight 

 
The carbide cemented grade 701 was provided by the company Sandvik Hard 
Materials. This grade incorporates 10% cobalt and 89.5% tungsten carbide (WC) and 
0.5% other compounds. Hardness HV30 was 1600 and HRA was 92.1. 
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Tool wear was evaluated by means of two parameters to obtain a meaningful 
representation of tool wear. Tool wear radius (TW) measurements were performed in 
an evaluation area in the middle position of the cutting edge with aid Micro-CAD 
(Figure 4a). 

 

 
Figure 4a: Tool wear radius 

evaluation area 

 
Figure 4b: Edge recession and tool wear 

radius 

 
The length of the evaluation area was 2 mm along the cutting edge, and the length 
around the cutting edge was 1.5 mm. The results reported are the average values from 
400 measurements of edge profile taken in the evaluation area for each tool.  
 
An optical microscope with digital picture capturing and measurement capabilities was 
used for measurement of the edge recession (ER) on the rake surface (Figure 4b) at 
four equidistant positions in the same evaluation area as for TW. ER and TW were 
measured at cutting length 4896 metres.  
 
Cutting length was defined as the distance the cutting tool was in contact with the 
wood sample. The cutting edge was also studied by scanning electronic microscope 
(SEM) to classify the wear mechanisms. 

 
Since the initial geometry of the cutting tool seems to have a significant effect on tool 
wear, the cutting edges were checked prior to cutting, and after the cutting, the tools 
were cleaned to eliminate the influence of dust on the accuracy of the results. 
 
Statistical analyses of the experimental data were performed by multivariate statistical 
methods, Umetrics AB SIMCA P+ 12.0 software (Anon., 2008). 
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RESULTS

From Table II, it can be seen that Metil and Ntholo had the highest ash content. The 
content of extractives among the wood species examined differed significantly. Ntholo 
had the highest silica content among the wood species studied. The range of wood 
densities of LKS tested here varies from 550 kg/m3 (Metil) to 1100 kg/m3 (Namuno). 
 
Table II: Chemical; physical properties and tool wear of the tested wood species.  

Species Extractive 
(wt% db)  

Ash 
(wt% db) 

Silica 
(wt% 
db) 

Wood 
density 
(kg/m3) 

Tool wear 
radius (�m) 

Edge 
recession 

(�m) 
Muanga 9.07 1.28 0.13 920 15 50 
Namuno 5.19 0.77 0.12 1100 9 55 
Metil 1.98 3.10 0.13 550 5 46 
Ntholo 3.96 3.10 0.40 726 43 93 

 
The least dense material, Metil, showed relatively low TW and ER, although it had a 
high content of ash.  
 

a-Metil b-Namuno 

c-Muanga d-Ntholo
Figure 5: The surface texture of the wear profile along the cutting edge  
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The highest TW and ER experienced over the studied range was for Ntholo (TW = 43 
�m and ER = 93 �m) which had the highest silica content and relatively low wood 
density. 
 
Figure 5a and Figure 5b illustrate pitting of the WC grains and lack of cobalt in the 
cemented carbide skeleton. The wear pattern shows a rough surface with chipping in 
combination with smooth abrasive wear. Corrosion was observed in the cutting edge 
for Metil.  
 
Figure 5c and Figure 5d show that the wear pattern is characterized by traces from 
chipping of the cemented carbide. Cobalt depilation in the surface was observed. No 
indication of corrosion was observed. 
 
Figure 6 shows the corner of the tool edge for different species. The cutting edge in the 
corner showed deep distortions of the chipping and abrasive wear pattern. Metil shows 
a different type of wear with very little ER and TW except for chipping in the corner 
(Figure 6a). 
 

 
a - Metil 

 
b - Namuno 

 
c - Muanga 

 
d - Ntholo 

Figure 6: SEM images of worn cutting tool  
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Wear mechanisms on cutting tools result from the interaction of many effects. During 
the cutting process, several wear mechanisms can occur at same time. The SEM 
analysis indicates that the main mechanical wear mechanism is a combination of 
abrasion and tool edge chipping.  
 
In order to visualize the connection between wood chemical, physical characteristics, 
ER and TW, the experimental data were analyzed by multivariate statistical methods 
using Umetrics AB SIMCA P+ 12.0 software. Coefficient plots of the dependence of 
wood chemical, physical characteristics, ER and TW are shown in Figure 7.  
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Figure 7: Correlation coefficient of ER and TW on wood physical and chemical 

characteristics 
 
Figure 7 show that high ash and silica content result in both high ER and high TW.  
Density and extractive content have a small effect on tool wear and these parameters 
are somewhat negatively correlated with tool wear. 
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DISCUSSION 

Metil has many disadvantages from the point of view of machinability, natural 
durability (due to low extractive content) and aesthetics, and judged from these aspects, 
it is less competitive when compared to the other species.  
 
Namuno has higher ER than Muanga; however, Muanga has higher TW than Namuno 
(Table II). This finding suggests that TW and ER are not always related. It has been 
mentioned by Klamecki (1979) that there are cases where edge recession 
measurements of wear may not give a true indication of the value of the cutting tool, an 
obvious example is the situation in which edge wear proceeds in such way as to retain 
a sharp cutting edge, i.e., self-sharpening. It was also pointed out by McKenzie and 
Cowling (1971) that the tool wear radius tends to stabilize at a particular value and 
does not increase with further increases in cutting distance. 
 
The traces from chipping might be associated with undesirable objects present in 
workpieces, such as stones and sand. 

 
Figure 7 illustrates that the higher the wood silica content, the higher was the ER and 
TW. Similar findings were reported by Porankiewicz & Grönlund (1991) and 
Darmawan et al. (2006). Wood silica content is the most important factors affecting ER
and TW. High ash content resulted also in high ER and TW.  This is in line with a study 
done by Torelli & �ufar (1995) who pointed out that wood silica and ash is of 
relevance for sawing and machining.  
 
High wood density means low ER and TW. This was in contrast with expectations 
before the tests, but the results agree with studies made by Porankiewicz et al. (2005), 
Okai et al. (2005), Porankiewicz et al. (2006) and by Darmawan et al. (2006). They 
found that wood density alone cannot provide a satisfactory explanation of tool wear.  
 
It can also be observed from Figure 7 that the higher the amount of wood extractives, 
the lower was the ER, but the effect was insignificant on TW. This difference makes the 
process of evaluating the tool wear with a single parameter a bit questionable. The 
results reported here are in line with results reported previously by Siklienka & Mišura 
(2008) who pointed out that one parameter does not always express the total rate of the 
cutting wedge tool wear and it is necessary to measure more parameters.
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CONCLUSIONS 

The main findings of this work can be summarized as follows: 
� A single parameter for evaluation of tool wear is not always representative to 

describe the amount of total tool wear.  
� Metil species has a low edge recession and tool wear radius, but this species 

has other disadvantages. 
� Ntholo shows the highest edge recession and tool wear radius due to its high 

content of silica. 
� Abrasive wear and tool edge chipping were the most dominant mechanical 

wear mechanisms.  
� A statistical analysis indicated that the effect of wood density and extractive 

on edge recession and on tool wear radius was low.  
� Wood silica content is the most important factor for wearing of the cutting 

tool. 
 
In future research, the relation between tool wear and cutting forces will be considered. 
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ABSTRACT 
  
The aim of the study was to evaluate the main cutting force for two species of tropical 
Mozambican wood and to develop predictive models. 
Cutting these hardwoods is difficult. Determination of the parameters of cutting is 
required to optimize cutting processes, machines and tools in the cutting operations. 
This determination would enable the forestry and wood sector to achieve higher 
financial result. 
Samples of a lesser-known wood species Pseudolachnostylis maprounaefolia (Ntholo) 
and a well-known wood species Swartzia Madagascariensis (Ironwood) were 
machined in a test apparatus. A standard single saw tooth, mounted on a piezoelectric 
load cell was used to evaluate the main cutting force. Data were captured using an A/D 
converter integrated with National Instruments LabVIEW software.  The measured 
signals were recorded at a sampling frequency of 25 kHz. The experimental set-up used 
response surface methodology for developing predictive models. 
The relationship between wood cutting forces and wood density, edge radius, rake 
angle, chip thickness, moisture content and cutting direction was studied. 
The experimental clearly determined the relationship between the main cutting force 
and other parameters. Among the studied variables, chip thickness and cutting direction 
had the highest effect on the main cutting force level while wood density, moisture 
content and rake angle had the lowest effect. 
 
Keywords: cutting force, Pseudolachnostylis maprounaefolia, Swartzia 
Madagascariensis 
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INTRODUCTION

Wood cutting forces have been investigated since the 1950s. Various approaches have 
been suggested for cutting force evaluation. Kivimaa [1] determined the cutting forces 
and their relation to many parameters. Although a considerable amount of research has 
been carried out in this field, few studies have been made with respect to tropical wood 
species. 
 
Koch [2] reported that the force exerted on the cutting tool in orthogonal cutting is the 
result of the influence of a large number of parameters. Koch [2] enumerated the 
following parameters as being important: rake angle, clearance angle, sharpness, 
friction between chip and tool face, deviation angle, induced lateral vibration, width of 
cut, chip thickness, feed speed, grain orientation relative to cut, species, specific 
gravity, moisture content, workpiece temperature, and mechanical properties. Many of 
these factors have been discussed by other authors such as Kivimaa [1], McKenzie [3], 
Franz [4], Axelsson et al. [5], Porankiewicz et al. [6] and, recently, by Scholz et al. [7]. 
 
Concerning cutting direction, Kivimaa [1] differentiated three main directions in wood 
machining, namely,  90°-90°, 90°-0° and 0°-90°, Fig. 1. Further studies by Franz [4] 
and McKenzie [3] reported various types of chip formation obtained with various 
cutting directions and tool geometry. In his work, Franz [4] found that the grain 
orientation of wood largely determines the quality of the surface obtainable in wood 
operation.  

 
Fig. 1 Cutting directions according to Kivimaa 

It has been reported by Koch [2], that most investigators of cutting forces choose to use 
mode I in Fig. 1 for cutting directions 90°-90° and 0°-90° and mode II in Fig. 1 for 
cutting direction 90°-0° because these directions minimize the confounding effect of 
growth rings of varying density.  
 
In the past, forest harvesting in Mozambique has been extremely selective and mostly 
confined to a few highly valued species. The government is aware of these selective 
harvesting practices and recently has been backing the promotion and utilization of 
lesser-known species to promote sustainable use of forest resources [8, 9].   
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Difficulties experienced by tropical sawmill operators are related to tool design, tool 
material, machine operation, and maintenance of the cutting tools. A determination of 
wood cutting parameters may facilitate optimization of processes, machines and tools 
when cutting these hard-to-cut woods. The government believe that this optimization 
will in turn contribute to increasing financial results in the forestry and wood sectors. 
 
The aim of this study was to evaluate the woodcutting forces of two tropical species 
and their relation to some important parameters such as, edge radius (r), wood density 
(D), rake angle (�), chip thickness (t), moisture content (MC) and cutting direction 
(CD). 
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MATERIAL AND METHODS 

Cutting force measurement 
The cutting force measurements were performed on special equipment, developed at 
Luleå University of Technology, fitted with a fixed single carbide symmetric standard 
tooth, Fig. 2a. The cutting forces were measured in the main (FP), normal (FN), and 
lateral (FL) directions (Fig. 2b). A rotating arm moved a wood block past a cutting tool 
in a 1m diameter circle. A detailed description of the basic structure of the apparatus 
was reported earlier by Grönlund [10] and Axelsson et al. [5]. 
 

Fig. 2 a Cutting machine used to 
measure cutting force  

 
Fig. 2 b Cutting forces direction  FP, FL,

FN 
 
The edge condition and edge radius of each tool were evaluated under an optical 
microscope, Fig. 3. 
Data were computed using National Instruments LabVIEW [11]. During the 
experiments measuring signals were recorded with a sampling frequency of 25 kHz. 
 

 
Fig. 3 Evaluation of a 

single tooth with the aid 
of a microscope 

Fig. 4 Example of signal measurement of a single 
cut 
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The cutting force during wood machining does not exhibit a steady behaviour. Fig. 4 
shows a sample plot of cutting-force data. In this study the values of the cutting forces 
are calculated as an average value of the force level that is roughly the horizontal part 
of the main force curve. In this study only the main cutting force will be analysed 
because of its importance in determining the power consumption, tool geometry and 
tool material when cutting these hard-to-cut woods. 

Wood Samples 
Two wood species, Ironwood (Swartzia Madagascariensis) and Ntholo 
(Pseudolachnostylis maprounaefolia) were studied. The test workpieces materials were 
prepared in the dimensions of 160x70x70 mm for the three cutting directions of 0°–
90°, 90°–0° and 90°–90°. Each test workpiece was denoted with a code consisting of a 
number and a letter describing the direction of cutting and the moisture content, 
respectively.  
All specimens were taken from butt logs from trees harvested in the Northern part of 
Mozambique. No significant defects, such as compression wood and knots were visible 
in the samples.  
 
Measurement of density and moisture content 
The evaluation of average wood density was made by computer tomography scanning 
(Fig. 5) [12]. The density given is the average density of the kerf material. After the 
wood density evaluation moisture content was determined by a standard oven-dry 
method at a temperature of 103°C. 
 

  (kg/m3) 

  
a - Ntholo 

  
b - Ironwood 

800

1000

1200

1400

 

Fig. 5 Example of measured density of two samples  
 
Experimental design
The experimental set-up was made by MODDE [11]. A D-optimal design was used, 
with 3 levels and 6 parameters (1 uncontrollable). The parameters to be studied and the 
value of each level are shown in Table 1. The chosen design comprised 32 runs per 
species. All sets of experiments were conducted to determine the relation between the 
main cutting force and various wood machining parameters. The main cutting force 
reported is the average force for 15 cuts for each cutting condition. 
The cutting width was constant at 3.9 mm and the clearance angle was constant at 15°. 
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Table 1 Attribution of the parameters levels  
Level Chip 

thickness (t) 
mm 

Rake angle  
(�) Degree 

Edge 
radius (r) 

�m 

Moisture 
content 
(MC) % 

Direction of 
cutting 

(CD) radian
1 0.15 10 5 8 (90°-90°) 0 
2 0.50 20 25 24 (90°-0°) 1.57 
3 1.00 30 50 40 (0°-90°) 3.14 

Note: wood density was an uncontrollable variable 
 
The CD was chosen to minimize the confounding effect of growth rings of varying 
density, i.e., mode I in Fig. 1 for cutting directions 90°-90° and 0°-90°and mode II in 
Fig. 1 for CD 90°-0°. 
 
To describe the relationship FP = f(�, r, t, D, MC, CD) a linear and a non-linear model 
with and without interaction were analysed. A PLS (Partial least squares) method was 
applied to build and evaluate the predictive models. The explained variance, R2, and 
predicted variance, Q2, were used to evaluate the model at a confidence level of 0.95. 
 
The cutting speed has no effect on cutting force values [1, 3, 4]. Thus, a constant 
cutting speed of 15 m/s was adopted. 
 
The order of the experimental runs was not randomized for practical reasons: they 
would take much time; setting the unit would be incur great cost as would resetting of 
the machinery. 
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RESULTS AND DISCUSSIONS 

The results allow establishment of relationships between the main cutting force 
generated during the cutting of the selected hard-to-cut wood species and the various 
wood cutting parameters.  
 
The predictive models established above are given by: 

CDMCtDrF NtholoP �������������� 44.1640.087.11210.070.033.054.25 �      
CDMCtDrF woodIronP ������������� 04.1739.074.12106.066.071.083.31 �  

 
Where: 
� = rake angle, degree 
r = edge radius, �m 
D = wood density, kg/m3 
t = chip thickness, mm 
MC = moisture content, % 
CD = cutting direction, radian 
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Fig.6a  Ntholo 
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Fig.6b Ironwood 

 
Fig. 6 illustrates that the models for both species in an acceptable way are able to 
predict the main cutting force for almost all runs that were carried-out. The highest 
values of the main force observed during the cutting tests of these dense woods can be 
used when designing machine and tool, and when selecting material for tools. Thus, a 
sustainable processing of these hard-to-cut woods can be achieved.  
 
The explained variance for the Ironwood model was the same as that for the Ntholo 
model (R2 = 0.89); however, the ability to predict new data for Ntholo (Q2 = 0.83) was 
higher than for Ironwood (Q2 = 0.81). This difference was small statistically and the 
levels of Q2 here indicate fairly strong and valid models. 
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The highest main cutting forces for these hard-to-cut woods were 251.6 N for Ntholo 
and 227.7 N for Ironwood. These main cutting forces are compared when cutting green 
frozen Scots Pine (Pinus Sylvestrtris) which was found to have a greatest value of 
283.5 N [5]. 
 
The formulas with scaled and centered coefficients, denoted with star index, are: 

******* 35.009.066.024.021.004.094.1 CDMCtDrF NtholoP ������������� �      
******* 39.009.077.007.021.010.023.2 CDMCtDrF woodIronP ������������� �  

 
It is thereby possible to compare and see the impact of each factor within the selected 
interval for each factor. 
 

a - Ntholo b - Ironwood 
Fig. 7 Relationship between main force on edge radius and rake angle  

The geometry of the cutting tool plays an important role when cutting wood. Fig. 7, 
shows that the main cutting force increases when the edge radius increases. A similar 
result is shown in Kivimaa [1], Franz [4], and Axelsson et al. [5]. Fig. 7 also illustrates 
that the main cutting force decreases with increased rake angle. However, this effect is 
smaller than that of edge radius. The effect of the rake angle on main cutting force is 
also shown by Kivimaa [1], Franz [4], and Axelsson et al. [5]. They report that at low 
or negative rake angles cutting force is high, and at high rake angles the cutting force is 
decreased. The rake angle had higher impact on main cutting force when testing 
Ironwood than when testing Ntholo. 
 
When using different cutting conditions the tool geometry which generates the least 
force is expected to be the most effective in cutting when the aim is to use least power. 
From Fig. 7, it may be seen that the largest rake angle, � = 30°, combined with the 
sharpest tool, r = 5 �m, gave the least main cutting force. However, it is reported by 
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Walker [14] that larger rake angles reduce the strength and fracture toughness of the 
tool as well as tool life. 
 

a - Ntholo b - Ironwood 
Fig. 8 Relationship between main force on chip thickness and density 

 
In this study, wood density is used as an important indicator of wood stiffness, strength 
and hardness. Its advantage is that it can be measured quickly and without great 
expense. 
The experimental results show that Ntholo workpieces had the lowest wood density, 
and the highest density variability of the workpieces studied (Dmin = 700.2 kg/m3, 
Dmax = 1112.27 kg/m3). The workpiece with the greatest density was of the Ironwood 
species (Dmax = 1251.98 kg/m3), Fig. 8. 
 
For the same experimental set-up, the values of the main force for the lesser-known 
species (Ntholo) were slightly higher than for the well-known species (Ironwood). 
Ntholo causes the cutting tool to wear quickly due to the high content of silica although 
it has low density [15]. In addition, the available commercial volume for Ntholo is less 
than for Ironwood [9].  
 
Fig. 8 clearly indicates that the main cutting force increases with increased wood 
density. This is also in agreement with Kivimaa [1], Koch [2], and McKenzie [3]. It is 
also pointed out by Eyma [16] that a greater specific gravity means fewer cell cavities 
and more cell walls in the wood; consequently, the force required to move the tool 
must be greater. The wood density had higher impact on the main cutting force for 
Ntholo than for Ironwood. 
Fig. 8 shows that cutting wood with lower chip thickness reduces the main cutting 
force. However, it has been pointed out by Grönlund [17] that low values of chip 
thickness greatly increase the specific cutting work. 
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a - Ntholo 
 

b - Ironwood 
Fig. 9 Relationship between main force on moisture and cutting direction  

 
Fig. 9 illustrates the influence of cutting direction and moisture content on the values of 
main cutting force. The experimental results show that the three directions generate 
different levels of main cutting force. This suggests that the joint predictive model for 
all three cutting directions (0°–90°, 90°–0° and 90°–90°) is less accurate than the 
predictive model for single directions. The importance of each factor differs for each 
direction: however, drawing some conclusions can still be feasible with joint model.  
 
The highest main cutting force occurs with a  CD of 90°-90° (0 rad). The smallest main 
cutting force occurs with a CD of 0°-90° (3.14 rad). These results agree with studies 
made by Kivimaa [1], Koch [2] and, McKenzie [3]. Also, in Fig. 9, it seemed 
reasonable to expect that the main force would decrease with increased MC, but for 
Ntholo a different pattern of results was observed. This might be associated with the 
small differences between the levels of MC used in this test. However, Chardin [18] 
suggested that the force decreases when cutting wood with high moisture content, but 
this did not apply for high density woods. Furthermore, it has also been reported by 
Loehnertz [19] that the effect of moisture content on main force might vary with the 
species studied. 
 
No attempt was made to predict the main force of both species with one joint model 
due to the different effect of the moisture content.    
 
Industrial applications:  
The relationship between the main cutting force and wood cutting parameters has 
important implications for tropical sawmillers. Knowledge and awareness of this 
relationship facilitates improved cutting performance. However, machining properties 
are usually a compromise between the power consumption, the quality of finished 
surface and the rate of wear of the cutting tool. 
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This study suggests that cutting these tropical wood species may be improved by such 
measures as adjusting chip thickness, rake angle and edge radius. These adjustments 
must be carried out simultaneously if maximum benefit is to be achieved. 
A significant difference existed between the force levels generated at three different 
chip thicknesses. Small changes in chip thickness greatly affect the main cutting force, 
Fig. 8. This implies that a small chip thickness of 0.15 mm should be chosen but this 
leads to low feed speed and consequently low levels of productivity and high wear per 
produced volume. 
For the efficient processing of the wood species tested, edge radius of 5-25�m should 
be chosen, which leads to a low main cutting force. Of the rake angles tested 20° was 
deemed to be optimal compared with rake angles of 10° and 30°, which is a good 
compromise between power consumption and the strength of the cutting edge. 
 
Conclusions

In this study, predictive models have been developed for improving the knowledge of 
the most important wood cutting parameters for processing hard-to-cut wood species. 
The following conclusion may be drawn from the results: 

� The lesser-known species, Ntholo, would appear to be less profitable than the 
well known species, Ironwood, with regard to workability. 

� The influence of wood density for both species on the main force is similar to 
that of wood species with lower density  

� Wood density, moisture content and rake angle showed the lowest effect on 
the main cutting force in all three cutting directions for both species 

� The chip thickness had the  greatest impact on the main cutting force for both 
species 

� The effect of moisture content on the main cutting force did not show the same 
pattern for both species. 

� A lower rake angle generated a higher main cutting-force  for both species  
� Higher edge radius values generated  a higher main force for both species 
� The greatest main cutting force was found at  a cutting direction 900-900 for 

both species 
� The lowest main cutting force was found at  a cutting direction 00-900 
� When processing these hard-to-cut woods it is necessary to use small chip 

thickness and use sharp edge radius in order to achieve low cutting force.  
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