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Abstract: In the framework of a research dealing with quality of machined wood surfaces and analysis of their 
formation, some tests have been carried on Douglas Fir and Oak, in order to study the surface formation 
mechanisms at different grain angles, processing against the grain direction, along the grain direction, up-
milling and down-milling. Surfaces have been analysed by means of macroscopic analysis, observation with 
SEM, and profile analysis. 
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1. INTRODUCTION 
Every species has a different suitability to be processed, depending on its characteristics. In order to understand 
surface formation process some investigations have been carried on Douglas Fir from French plantation and 
French Oak, processed at different grain angles. European Douglas Fir is well known to have a huge difference 
between early- and late-wood, while Oak is a common species for high quality joinery. Many efforts have been 
made in the late years to understand suitability of many different species to be processed. This work has been 
undertaken in order to clarify the process mechanisms that characterise the chip formation and the surface 
formation when machining wood, as a function of the angle between the grain and the working directions. In fact 
the final surface quality is influenced by many “external” factors, such as the tool settings or machine settings, 
and by some factors “internal” to the wood, such as moisture content, and mainly grain angle. The available 
technologies should allow us to adjust the external factors so that the best quality can be obtained, compatibly 
with the internal factors. If internal factors are not the optimum for processing, technologies might improve final 
quality, but not obtain a good quality. To summarise this concept we may say that a piece can be profitably 
processed by changing the external factors, only if the internal factors, and mainly the grain orientation, allow it. 
Therefore our research deals with the surface formation process, including measurement of cutting forces and 
grading of surface quality; however this paper focuses on analysis and interpretation of the surface formation 
process. 
 
2. MATERIALS AND METHODS 
2.1 The machining process 
In order to define the best settings to process the specimens, some preliminary tests have been performed on 
Douglas Fir (Pseudotsuga menziesii Franco var. menziesii) and Oak (Quercus robur L.) at different grain angles, 
with different depths of cut, feeding speeds and revolutions per minute. Parameters have been chosen in order to 
give a fast processing compatibly with a good final quality, using the available set-up. We have performed many 
tests processing “up” and “down-milling” to understand typical defects for both techniques and the more suitable 
in order to obtain a good final quality. After some investigations the set-up reported in Table 1 has been chosen 
as the more suitable for our tests. 
 
Fixed Parameters (imposed by the available materials) Variables 
Milling machine: 3 axes CNC router Cutting length: 80 mm 
Wood species: Oak, Douglas Fir Cutting height: 30 mm 
Moisture content: Oak :12,5 % ~ 
                             Douglas Fir : 11% ~ 

Cutting depth: 0,5 mm 

Average specific gravity: Oak: 0,66 g/cm3 Douglas Fir: 0,45 g/cm3 Feeding speed: 5 m/min 
Rake angle (a): 20° Rotation speed: 13867 Rev./min 
Clearance angle (b): 15° Cutting technique: down milling 

                                up milling 
Knives mounted on the cutting head: 2 Processing: along the grain direction 

                   against the grain direction 
Knives material: tungsten carbide screwed inserts (WC)  
Cutting head diameter: 40 mm  
Table 1 - Experiment set-up 
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The size of the specimens has been chosen in order to optimise cutting forces measurements (not analysed in this 
paper) and to provide a surface large enough for the analysis. The cutting depth has been chosen 0,5 mm because 
with greater depths the surface quality didn’t change significantly, and with this small value the successive 
surfaces were very close to each other. The wood is cut only by the lateral knives, to avoid undesired 
disturbances. The specimen is held by two screws and a metal plate compressing the wood, 
fixed by means of vacuum system. The weight of the whole system was enough to keep it 
stable, and the vacuum system held it stiffly against the machine table. The grain angle (x) 
has been changed from 0 to 90° by progressive increments of 10°. The “-“ before the angle 
value means that the surface has been processed against the grain direction. The presence 
of “0°” and “-0°” and of “90°” and “-90°” means that the same surface has been processed 
after being tilted by 180°. This, i.e. processing in the two opposite directions, was done in 
order to verify (if the same final quality and the same profile were obtained respectively 
for 0°/-0° and 90°/-90°) that the grain direction was really perpendicular (for grain angle -
90° and 90°) or parallel (for -0° and 0°) to the processing plane: moreover this was an indication, although 
limited, of the repeatability of the test. We used specimens with annual rings oriented so that a radial face is 
processed, in order to avoid the alternating of early- and late-wood; consequently the surface quality results from 
processing early- and late-wood separately, with no interaction between the two. See Figures 1 & 2. 

x -20°
x 20°

x -20°

x 20°

x -40° x 40°

  Figure 2 - The four main experimental conditions. 
 
2.2 Observation with SEM 
The machined surfaces have been observed with SEM (a Joel Scanning Electron Microscope), in low-vacuum 
mode, with no previous treatment of samples.  
 
2.3 Profile measurement 
Profiles have been analysed by means of a profile measurement device, in order to give an objective way of 
comparison between processed surfaces. The quantitative results can easily be plotted; moreover, the presently 
available standards (such as the ASTM standard D-1666-87, which is based on a limited number of visually 
detectable defects) do not provide methods for evaluating machining defects on surfaces processed with down-
milling technique. The measurements set-up is described in Table 2. 
 
Device 2D Profilometer (Surface Profiling Instrument) 
Sensor Stylus 
Measurement type 2D 
Stylus tip radius 10 mm 
Transducer’s range +/- 5 mm 
Measuring length 25 mm 
Measuring speed 1 mm/sec 
Shape filter Linear 
Acquired parameters Pa, Pt 
Table 2 - Profile measurement system set-up 
 

Figure 1 - Radial 
face is processed 
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Pa is the integral of the profile divided for the profile length and Pt is the difference between the highest peak 
and the deepest valley in the profile length. 
 
3. RESULTS 
Surface quality evolution with grain angle and with different cutting techniques (up- and down-milling) is the 
main topic of this paper. Surface quality will be examined and compared by means of macroscopic, SEM, and 
profile analysis. By macroscopic analysis we will just present the main defects arising on the surfaces processed 
by down-milling technique; SEM analysis allows a clear view of the machining defects and of how they 
diversely occur in early- and late-wood; profile analysis allows objective evaluation of the final quality of 
processed surfaces, as a function of the examined parameters. 
 
3.1 Macroscopic analysis 
Figures 3 and 4 show some macro photographs of the main defect (which could provisionally be named "tilted 
grain") arising from processing with down-milling technique; this severe defect characterises the surfaces 
processed against the grain, in the range from 30 to 80°, for both the examined species. In facts, during the 
cutting process, the wood tissues are compressed and subsequently tilted during the tool revolution. The tilting 
"axis" is under the surface, and the defect affects the whole surface (only the latewood in Douglas Fir, all wood 
in Oak), producing a very bad final quality.  
 
 
 
 
 
 
 
 
 
 
3.2 Analysis with SEM 
All the SEM images are taken at x50. 
 
3.2.1 Douglas Fir  
Douglas Fir shows frequently defects arising from the great difference (mostly in density) between early- and 
late-wood: the two types of wood have a very different mechanical behaviour. 
 
3.2.1.1UP-milling 
Up-milling technique is the “normal” processing technique for solid wood. Many of the defects considered by 
ASTM D-1666-87 occur on these surfaces. Processing along the grain we obtained a good quality until 20°, 
even if a great difference between early- and late-wood is obvious; whereas the late-wood always shows a fairly 
good surface quality, the following behaviour (see Figure 5) can be observed in the early-wood: as the angle 
increases up to 60° some wood particles are torn away with a conchoidal fracture (i.e. form a cavity having a 
conchoidal shape), while from 70° to 90° wood particles are torn away, without showing a conchoidal fracture. 
Possibly this behaviour could be explained by analysing the compressive component of the knife edge at the 
beginning of the cut, as related to the slipping planes of wood; however, the subject is too wide to be discussed 
here. 
 
 
 
 
 
 
 
 
 
Figure 5 - Douglas Fir processed UP-milling, along the grain 
 
Processing against the grain, the wood particles tend to be torn away. For small angles the occurrence of torn 
grain is limited, and fuzzy grain is formed in the early-wood. Increasing the grain angle wood particles are torn 
away up to -80/-90° where the early-wood is completely torn away, whereas the late-wood still keeps good 
conditions. 

xxxx 0 xxxx 10 xxxx 60 xxxx 90

Figure 3 -Douglas Fir processed with Down-milling 
technique (x= -40) 

Figure 4 - Oak processed with Down-milling technique 
(x= -60) 



 4

 
 
 
 
 
 
 
 
 
 
Figure 6 - Douglas Fir processed UP-milling, against the grain 
 
3.2.1.2 DOWN-milling 
This technique is not used in processing solid wood, in facts as we easily see comparing Figures 6 & 8, the final 
quality is worse than processing Up-milling. In this case, processing against the grain we observe the formation 
of the above mentioned "tilted grain", not included in ASTM D-1666-87, that greatly affects the surface quality 
(see Figures 3 & 4). Processing along the grain, quality is not far from Up-milling, for narrow angles fractures 
in the early wood begin earlier than Up-milling (since 10°) but for high grain angles the compression before the 
cut allows torn parts in early wood of smallest dimensions than in Up-milling. Anyway the quality continue to be 
very poor. (see Figure 7). 
 
 
 
 
 
 
 
 
 
Figure 7 - Douglas Fir processed DOWN-milling, along the grain 
 
Processing against the grain the "tilted grain" occurs, depending on the fact that the wood is compressed before 
cutting, so the cut is more difficult. Large wood particles are broken deep under the surface and tilted, causing a 
vary bad final quality (Figure 8). This defect occurs from –30° until –80°. For –10° and –20° fuzzy grain 
persists, even if its formation and aspect are different from the Up-milling process. 
 
 
 
 
 
 
 
 
 
Figure 8 - Douglas Fir processed DOWN-milling, against the grain 
 
3.2.2 Oak  
Oak has a narrow density variation within the rings, for this reason we obtain a more homogeneous behaviour of 
the wood. The different density plays anyway an important role inside the ring, and the presence of large vessels 
sometimes seems to be a problem. Also for Oak we processed a radial face, in order to avoid interactions 
between early- and late-wood. As for Douglas Fir, great differences arise processing in different ways, hereafter 
the main defects are reported and briefly discussed. 
 
3.2.2.1 UP-milling 
As can be seen from Figure 9 the aspect is very different from Douglas Fir but the role of the density is well 
visible. Processing along the grain often carries a good quality. For narrow angles (10°/20°), while processing, 
the vessel wall is pushed inside the vessel itself, and comes back above the surface level after the tool has 
passed. This defect is really unpleasant from a tactile point of view. Increasing the grain angle the parts 
characterised by a lower density show torn fiber and irregularities, while the more dense parts have always a 
good aspect. 
 

xxxx -10 xxxx -30 xxxx -60 xxxx -90

xxxx 0 xxxx 10 xxxx 60 xxxx 90

xxxx -20 xxxx -30 xxxx -70 xxxx -90
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Figure 9 - Oak processed Up-milling, along the grain  
 
Processing against the grain at narrow angles (10°/20°) the vessel walls tend to be torn, whereas along the grain 
they were compressed, so the vessels are sharply cut, carrying an excellent final quality. Increasing the angle, 
torn parts become more important, but never too serious, especially for the denser parts. 
 
 
 
 
 
 
 
 
 
Figure 10 - Oak processed Up-milling against the grain   
 
3.2.2.2 DOWN-milling 
When Down-milling along the grain the final quality is very close (as for Douglas Fir) to the quality obtained 
by Up-milling. For narrow angles we have the same behaviour as for Up-milling; for greater angles torn parts 
become more important, especially in early wood, even if, as for Douglas Fir, for large angles the pre 
compression carries a decrease of torn parts (see Figure 11). 
 
 
 
 
 
 
 
 
 
Figure 11 - Oak processed Down-milling, along the grain  
 
Processing against the grain, "tilted grain" become the main defect and is the one who characterise the surface. 
Oak has a more homogeneous density, so the defect occurs on both early- and late-wood affecting heavily the 
final quality of the surface. For narrows angles (10°/20°) the quality is good and the vessels are sharply cut, at 
30° the defect occurs, affecting the surface until 80° and occasionally also at 90° (see Figure 12). 
 
 
 
 
 
 
 
 
Figure 12 - Oak processed Down-milling, against the grain  
 
3.3 Profile analysis 
Here follows a comparison of profile parameters for the two species and for the different cutting techniques and 
grain angles. The evolution of Pa and Pt for different species, cutting techniques and grain angles is very clear. 
For the analysis we chose to use the primary profile (i.e. the measured profile, after nominal shape has been 
subtracted), because a) roughness and waviness analysis are not necessary when the profile characteristics are so 
obvious, and b) it would be difficult to correctly set the filtering without negatively affecting some of the 

xxxx 0 xxxx 10 xxxx 60 xxxx 90

xxxx -10 xxxx -30 xxxx -60 xxxx -90

xxxx 0 xxxx 10 xxxx 60 xxxx 90

xxxx -10 xxxx -30 xxxx -60 xxxx -90
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measurements; from the measured profile, the parameters Pa and Pt have been computed; Pa is plotted, whereas 
Pt is reported in tables just to give an idea of the maximal irregularity of the surface. 
 
3.3.1 Douglas Fir 
When Up-milling  the profiles are not very different between processing “along” and “against” the grain, since in 
both cases some defects occur: against the grain, wood particles are torn away, whereas along the grain the 
above mentioned conchoidal fractures occur. 
Figure 13 and Table 3 show that as the grain angle increases, the surface quality (expressed by means of Pa 
parameter) decreases.  
However, for x=10° and 20° Pa is larger when processing along the grain, although by visual examination this 
surface would be graded as better; these larger values of Pa possibly occur because of the different elastic 
behaviour between early- and late-wood (after the passage of the knife early-wood rises above the surface 
forming bumps). It should therefore be noted that within this range (x=10° and 20°) Pa is not a good indicator of 
the surface quality, when processing Douglas Fir along the grain with up-milling technique. 
After 20° processing against the grain produces worse surfaces than along the grain, with the exception of –70°. 
Pt shows large irregularities (up to ~ 0,52 mm), which are greater when processing against the grain.  
We may conclude that processing along the grain typically provides better surfaces than processing against the 
grain (the anomalous value at 70° has not yet been examined in depth). Such conclusion is supported by both the 
macroscopic examination and the Pa values (disregarding for this purpose the above mentioned anomalous 
values of Pa for x=10° and 20°). 
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Figure 13 - Pa values when processing Douglas Fir with Up-milling technique 
 
Grain angle (x) 0 10 20 30 40 50 60 70 80 90 
Along the grain 46,046 111,92 154,60 107,50 195,03 183,60 288,48 333,38 353,58 400,02 
Against the grain 36,07 216,45 149,24 190,92 362,93 215,08 520,51 233,84 472,26 458,67 

Table 3 - Pt values when processing Douglas Fir with Up-milling technique (values are reported in mm) 
 

Figure 14 and Table 4 show clearly how the "tilted grain" becomes important for surface quality when 
processing by Down-milling : at -30°, where the defect become obvious, Pa increases rapidly, then decreases 
between -50° and -60°, where the surface quality increases, and again increases in the -70°/-80° range.  
Pt values indicate that the difference between the highest peak and deepest valley may arrive to ~ 1,15 mm, thus 
showing the great irregularity of the surface. 
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Douglas Fir - Down Milling - Primary Profile - Aver age (Pa)
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Figure 14 - Pa values when processing Douglas Fir with Down-milling technique 

 
 
Grain angle 0 10 20 30 40 50 60 70 80 90 
Along the grain 42,603 96,75 120,56 181,70 188,67 198,42 234,82 269,21 299,65 302,35 
Against the grain 36,34 121,62 150,55 491,11 837,36 258,12 279,07 1168,00 876,94 198,57 

Table 4 - Pt values when processing Douglas Fir with Down-milling technique (values are reported in mm) 
 
The whole data sets are plotted together in Figures 15 and 16, which show that processing against the grain 
always provides worse surfaces than processing along the grain, and that Down-milling always provides worse 
surfaces than Up-milling.  
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Figure 15 - Comparison between Pa in processing Douglas Fir with Up- and Down-milling  

 

Douglas Fir - UP and DOWN Milling - Primary Profile  - Deepest valley, highest peak 
distance (Pt)
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Figure 16 - Comparison between Pt in processing Douglas Fir with Up- and Down-milling 
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3.3.2 Oak 
Figure 17 and Table 5 clearly show that the surface obtained by Up-milling  against the grain is worse than the 
one obtained with the same technique, but along the grain; however, the difference is not very large and final 
quality is not very distant. 
Pt shows no great irregularities (~ 0,27 mm), due to the homogeneity of the surface an the high wood density 
which allow a neat cut to occur (note that this is only true for radial surfaces). 
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Figure 17 - Pa values when processing Oak with Up-milling technique 
 
Grain angle 0 10 20 30 40 50 60 70 80 90 
Along the grain 182,35 193,69 187,22 210,89 247,25 216,11 276,95 243,19 233,60 237,37 
Against the grain 210,05 187,88 217,67 225,26 272,28 236,12 182,30 274,33 200,70 218,96 

Table 5 - Pt values when processing Oak with Up-milling technique (values are reported in mm) 
 

Analysing profiles of surfaces processed by Down-milling  against the grain, we can easily see how the "tilted 
grain" defect becomes important for surface quality, in Oak as in Douglas Fir. Figure 18 and Table 6 show that at 
-30° Pa begins to grow up and rapidly increases until -80°; as with Douglas Fir there is a small decrease at -60°.  
Pt values shows that the difference between the highest peak and deepest valley may reach ~ 1,51 mm, which is 
the worst value obtained until now. 
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Figure 18 - Pa values when processing Oak with Down-milling technique 
 
Grain angle 0 10 20 30 40 50 60 70 80 90 
Along the grain 208,96 231,17 198,14 201,09 195,64 240,40 229,07 261,95 179,35 315,57 
Against the grain 205,16 211,59 187,11 246,39 835,39 1238,00 1156,00 1514,00 1172,00 263,12 

Table 6 - Pt values when processing Oak with Down-milling technique (values are reported in mm) 
 

The whole data sets are plotted together in Figures 19 and 20, which show that processing against the grain 
always provides worse surfaces than processing along the grain, and that Down-milling always provides worse 
surfaces than Up-milling.  
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Figure 1 - Comparison between Pa in processing Oak with Up- and Down-milling 
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Figure 20 - Comparison between Pt in processing Oak with Up- and Down-milling 

 
 
4. CONCLUSIONS 
 
Douglas Fir with moisture content of ~11% and Oak with moisture content of ~12,5% have been characterised 
concerning wood processing with “up” and “down”-milling techniques at various grain angles. The surfaces 
have been examined by macroscopic analysis and observed with SEM, and profiles have been measured, 
processed and compared. The main results of this research may be summarised as follows.  
 
1. Douglas Fir shows a different behaviour between early- and late-wood, and between processing along the 
grain and against the grain. The surface quality decreases as the grain angle increases, and the surfaces processed 
along the grain are typically better than those processed against the grain. 
2. Douglas Fir processed along the grain with Up-milling technique provides similar results as with Down-
milling, in terms of final quality. Up-milling is better for small grain angles (conchoidal fractures are less 
frequent), while Down-milling is better for large grain angles (tendency to generate torn wood particles in the 
early-wood is smaller). Late-wood typically shows a good final quality. 
3. Douglas Fir processed against the grain by Up-milling provides much better surfaces than by Down-milling. 
Processing by Down-milling produces a defect not considered by the ASTM D-1666-87 standard. We called 
"tilted grain" this defect, which significantly affects the final surface quality. 
4. Oak shows a different behaviour (however, smaller than Douglas Fir) between early- and late-wood, and 
between processing along the grain and against the grain. The surface quality decreases as the grain angle 
increases, and the surfaces processed along the grain are typically better than those processed against the grain. 
5. Oak processed along the grain with Up-milling technique provides very similar results as with Down-milling, 
in terms of final quality. However the following minor defect (producing an unpleasant tactile effect) often 
occurs: the vessel wall is pushed inside the vessel itself, and comes back above the surface level after the tool has 
passed.  
6. Oak processed against the grain by Up-milling provides much better surfaces than by Down-milling. 
Processing by Down-milling produces a defect not considered by the ASTM D-1666-87 standard. We called 
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"tilted grain" this defect, which significantly affects the final surface quality. For narrow grain angles (-10, -20°) 
the surface quality is high and the cut very sharp.  
7. For both species the worse surface quality occurs by Down-milling against the grain; the second worse occurs 
by Up-milling against the grain. Processing along the grain produces similar quality for both Up- and Down-
milling. 
8. Up-milling is typically the best technique for machining solid wood. 
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