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Abstract: In the framework of a research dealing with quabtf machined wood surfaces and analysis of their
formation, some tests have been carried on Doufiasand Oak, in order to study the surface formatio
mechanisms at different grain angles, processingires the grain direction, along the grain direatioup-
milling and down-milling. Surfaces have been anadyby means of macroscopic analysis, observatiah wi
SEM, and profile analysis.
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1. INTRODUCTION

Every species has a different suitability to becpssed, depending on its characteristics. In dadanderstand
surface formation process some investigations heeen carried on Douglas Fir from French plantagod

French Oak, processed at different grain anglesofggan Douglas Fir is well known to have a hugééhce
between early- and late-wood, while Oak is a comspecies for high quality joinery. Many efforts kaveen
made in the late years to understand suitabilitynafy different species to be processed. This wak been
undertaken in order to clarify the process mecmasishat characterise the chip formation and théaser
formation when machining wood, as a function ofdhngle between the grain and the working directitm$act

the final surface quality is influenced by many t&mal” factors, such as the tool settings or maelsettings,
and by some factors “internal” to the wood, suchmassture content, and mainly grain angle. The lakéa

technologies should allow us to adjust the extefaetiors so that the best quality can be obtainedpatibly
with the internal factors. If internal factors aret the optimum for processing, technologies migtgrove final

quality, but not obtain a good quality. To summarikis concept we may say that a piece can betglobfi
processed by changing the external factors, ortlyeifinternal factors, and mainly the grain oriénta allow it.

Therefore our research deals with the surface foomarocess, including measurement of cutting derand
grading of surface quality; however this paper &@uon analysis and interpretation of the surfacedtion

process.

2. MATERIALS AND METHODS

2.1 The machining process

In order to define the best settings to processspgeeimens, some preliminary tests have been pegfbron
Douglas Fir Pseudotsuga menziefiianco var menzies)iand Oak Quercus robur L). at different grain angles,
with different depths of cut, feeding speeds anlrgions per minute. Parameters have been choserder to
give a fast processing compatibly with a good fiqadlity, using the available set-up. We have peréa many
tests processing “up” and “down-milling” to undexnsd typical defects for both techniques and theensaitable
in order to obtain a good final quality. After soieestigations the set-up reportedTiable 1has been chosen
as the more suitable for our tests.

Fixed Parameters (imposed by the available materig) Variables

Milling machine: 3 axes CNC router Cutting leng80: mm
Wood species: Oak, Douglas Fir Cutting height: 30 m
Moisture content: Oak :12,5 % ~ Cutting depth: 0,5 mm

Douglas Fir : 11% ~

Average specific gravity: Oak: 0,66 g/tBouglas Fir: 0,45 g/cth Feeding speed: 5 m/min

Rake anglda): 20° Rotation speed: 13867 Rev./min
Clearance angléf: 15° Cutting technique: down milling

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

against the grain direction

Knives material: tungsten carbide screwed ins&€)

Cutting head diameter: 40 mm

Table 1- Experiment set-up



The size of the specimens has been chosen in ragtimise cutting forces measurements (not aedlys this
paper) and to provide a surface large enough fattalysis. The cutting depth has been chosen 0, because
with greater depths the surface quality didn't dersignificantly, and with this small value the sessive
surfaces were very close to each other. The wooduisonly by the lateral knives, to avoid undesired

disturbances. The specimen is held by two scredsaanetal plate compressing the woo
fixed by means of vacuum system. The weight ofwhele system was enough to keep
stable, and the vacuum system held it stiffly agfaihe machine table. The grain angle (( ETTCENTN
has been changed from 0 to 90° by progressivermamnés of 10°. The “-* before the angl
value means that the surface has been processiedtafe grain direction. The presenc
of “0°” and “-0°” and of “90°” and “-90°” means th#e same surface has been proces¢

after being tilted by 180°. This, i.e. processinghe two opposite directions, was done .,
order to verify (if the same final quality and tekame profile were obtained respectively
for 0°/-0° and 90°/-90°) that the grain directioasmeally perpendicular (for grain angle -

Figure 1 - Radial
face is processe

90° and 90°) or parallel (for -0° and 0°) to thegassing plane: moreover this was an indicatiotmoabh
limited, of the repeatability of the test. We ussggbcimens with annual rings oriented so that aatddce is
processed, in order to avoid the alternating offyeand late-wood; consequently the surface quadisults from
processing early- and late-wood separately, wititeraction between the two. Segures 1 & 2
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Figure 2 - The four main experimental conditions.

2.2 Observation with SEM

The machined surfaces have been observed with $SEMbEl 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 profdasarement device, in order to give an objectivg ofa
comparison between processed surfaces. The quaetitasults can easily be plotted; moreover, tresgntly
available standards (such as the ASTM stand@attb66-87 which is based on a limited number of visually
detectable defects) do not provide methods foruatelg machining defects on surfaces processed deitin-
milling technique. The measurements set-up is destinTable 2

Device 2D Profilometer (Surface Profiling Instrument)
Sensor Stylus

Measurement type 2D

Stylus tip radius 10mm

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



Pa is the integral of the profile divided for the fite length andPt is the difference between the highest peak
and the deepest valley in the profile length.

3. RESULTS

Surface quality evolution with grain angle and wdifferent cutting techniques (up- and down-mil)irig the
main topic of this paper. Surface quality will beamined and compared by means of macroscopic, $iah,
profile analysis. By macroscopic analysis we wibtj present the main defects arising on the sisfpoecessed
by down-milling technique; SEM analysis allows aarl view of the machining defects and of how they
diversely occur in early- and late-wood; profileabsis allows objective evaluation of the final ttyaof
processed surfaces, as a function of the examiaeineters.

3.1 Macroscopic analysis

Figures 3 and 4 show some macro photographs ahtie defect (which could provisionally be namedted
grain") arising from processing with down-millingchnique; this severe defect characterises thecmsf
processed against the grain, in the range fromo380¢f, for both the examined species. In factsinduthe
cutting process, the wood tissues are compressedudsequently tilted during the tool revolutiomeTrilting
"axis" is under the surface, and the defect affteswhole surface (only the latewood in Douglas &i wood
in Oak), producing a very bad final quality.

Figure 3-Douglas Fir processed with Down-milling Figure 4 - Oak processed with Down-milling tedfue
technique 4= -40) (x=-60)

3.2 Analysis with SEM
All the SEM images are taken at x50.

3.2.1 Douglas Fir
Douglas Fir shows frequently defects arising frdra great difference (mostly in density) betweerlyeand
late-wood: the two types of wood have a very dédfermechanical behaviour.

3.2.1.1UP-milling

Up-milling technique is the “normal” processing liaque for solid wood. Many of the defects consideby
ASTM D-1666-87occur on these surfaces. Processilung the grain we obtained a good quality until 20°,
even if a great difference between early- and\laed is obvious; whereas the late-wood always stevesrly
good surface quality, the following behaviour ($8gure 5) can be observed in the early-wood: asatigle
increases up to 60° some wood particles are tomy amth a conchoidal fracture (i.e. form a cavigving a
conchoidal shape), while from 70° to 90° wood pées are torn away, without showing a conchoidattiure.
Possibly this behaviour could be explained by asiaty the compressive component of the knife edgeat
beginning of the cut, as related to the slippirgnpk of wood; however, the subject is too widegaliscussed
here.

Figure 5 - Douglas Fir processed UP-milling, along the grain

Processingagainst the grain the wood particles tend to be torn away. For barajles the occurrence of torn
grain is limited, and fuzzy grain is formed in tharly-wood. Increasing the grain angle wood paticre torn
away up to -80/-90° where the early-wood is conghjetorn away, whereas the late-wood still keepsdgo
conditions.



Figure 6 - Douglas Fir processed UP-milling, against the grai

3.2.1.2 DOWN-milling

This technique is not used in processing solid waofacts as we easily see compariigures 6 & § the final
quality is worse than processing Up-milling. Instltiase, processing against the grain we observertimation

of the above mentioned "tilted grain”, not includedASTM D-1666-87 that greatly affects the surface quality
(see Figures 3 & % Processinglong the grain, quality is not far from Up-milling, for narrow gles fractures
in the early wood begin earlier than Up-millingn@ 10°) but for high grain angles the compresbieiore the
cut allows torn parts in early wood of smallest eirsions than in Up-milling. Anyway the quality cionte to be
very poor. §ee Figure 7.

Figure 7 - Douglas Fir processed DOWN-milling, along the grai

Processinggainst the grainthe "tilted grain" occurs, depending on the faet tine wood is compressed before
cutting, so the cut is more difficult. Large woodrficles are broken deep under the surface awed titausing a
vary bad final quality Figure 8). This defect occurs from —30° until —80°. For =Hhd —20° fuzzy grain
persists, even if its formation and aspect aresdbfit from the Up-milling process.

Figure 8 - Douglas Fir processed DOWN-milling, against thaigr

3.2.2 Oak

Oak has a narrow density variation within the rirfgs this reason we obtain a more homogeneousvimiraof
the wood. The different density plays anyway andrtgmt role inside the ring, and the presence rgelaessels
sometimes seems to be a problem. Also for Oak weeggsed a radial face, in order to avoid interastio
between early- and late-wood. As for Douglas Fieag differences arise processing in different wagseafter
the main defects are reported and briefly discussed

3.2.2.1 UP-milling

As can be seen froiffigure 9 the aspect is very different from Douglas Fir thé role of the density is well
visible. Processinglong the grain often carries a good quality. For narrow angleé¥ /0°), while processing,
the vessel wall is pushed inside the vessel itselfl comes back above the surface level afterabkehas
passed. This defect is really unpleasant from &leéapoint of view. Increasing the grain angle tparts
characterised by a lower density show torn fibest a&regularities, while the more dense parts haways a
good aspect.



Figure 9 - Oak processed Up-milling, along the grain

Processinggainst the grainat narrow angles (10°/20°) the vessel walls tendet torn, whereas along the grain
they were compressed, so the vessels are sharplgatuying an excellent final quality. Increasitigg angle,
torn parts become more important, but never tomserespecially for the denser parts.

Figure 10 -Oak processed Up-milling against the grain

3.2.2.2 DOWN-milling

When Down-millingalong the grainthe final quality is very close (as for Douglas)Ro the quality obtained
by Up-milling. For narrow angles we have the samabaviour as for Up-milling; for greater angles t@arts
become more important, especially in early woodenevf, as for Douglas Fir, for large angles the pre
compression carries a decrease of torn partsHigeee 11).

Figure 11 -Oak processed Down-milling, along the grain

Processin@gainst the grain "tilted grain" become the main defect and isdhe who characterise the surface.
Oak has a more homogeneous density, so the defeatsoon both early- and late-wood affecting heatrie
final quality of the surface. For narrows angle8°(20°) the quality is good and the vessels arepbhaut, at
30° the defect occurs, affecting the surface @@l and occasionally also at 90° ($égure 12).

Figure 12 -Oak processed Down-milling, against the grain

3.3 Profile analysis

Here follows a comparison of profile parameterstfa two species and for the different cutting reghes and
grain angles. The evolution &a andPt for different species, cutting techniques andrgeaigles is very clear.
For the analysis we chose to use the primary erdfie. the measured profile, after nominal shage leen
subtracted), because a) roughness and wavinessiarele not necessary when the profile charatiteriare so
obvious, and b) it would be difficult to correctiet the filtering without negatively affecting soroé the



measurements; from the measured profile, the paeasita andPt have been computeBa is plotted, whereas
Ptis reported in tables just to give an idea ofrtteximal irregularity of the surface.

3.3.1 Douglas Fir

WhenUp-milling the profiles are not very different between preoes “along” and “against” the grain, since in
both cases some defects occur: against the graiogd ywarticles are torn away, whereas along thengta
above mentioned conchoidal fractures occur.

Figure 13 and Table 3 show that as the grain aimgieases, the surface quality (expressed by mebRa
parameter) decreases.

However, forx=10° and 20%Pa is larger when processing along the grain, althdoyg visual examination this
surface would be graded as better; these largeresabfPa possibly occur because of the different elastic
behaviour between early- and late-wood (after thespge of the knife early-wood rises above theacerf
forming bumps). It should therefore be noted thistiw this range X=10° and 20°Pa s not a good indicator of
the surface quality, when processing Douglas Bingthe grain with up-milling technique.

After 20° processing against the grain produces#asurfaces than along the grain, with the exceptfe-70°.
Pt shows large irregularities (up to ~ 0,52 mm), whach greater when processing against the grain.

We may conclude that processing along the graircajly provides better surfaces than processingnagéhe
grain (the anomalous value at 70° has not yet b&amined in depth). Such conclusion is supporteddil the
macroscopic examination and tia values (disregarding for this purpose the abovetimeed anomalous
values ofPa for x=10° and 20°).

Douglas Fir - UP Milling - Primary Profile - Averag e (Pa)
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Figure 13 -Pavalues when processing Douglas Fir with Up-millteghnique

Grain anglex) 0 10 20 30 40 50 60 70 80 90
Along the grain 46,046 1110P 15460 107/50 195,083,60| 288,48 333,38 353,38 400,02
Against the grain | 36,07| 216,45 149,04 190/92 3622B5,08| 520,51 233,84 472,26 45867

Table 3 -Ptvalues whemprocessing Douglas Fir with Up-milling techniquelives are reported imm)

Figure 14 and Table 4 show clearly how the "tiltgihin" becomes important for surface quality when
processing byDown-milling: at -30°, where the defect become obvidea,increases rapidly, then decreases
between -50° and -60°, where the surface qualiseimses, and again increases in the -70°/-80° range

Pt values indicate that the difference between thbdst peak and deepest valley may arrive to ~ rhyb5thus
showing the great irregularity of the surface.



Aver age (Pa)
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Figure 14 -Pavalues when processing Douglas Fir with Down-mgliechnique

Grain angle 0 10 20 30 40 50 60 70 80 90
Along the grain 42,603 96,75 120,56 181,70 188,698,42| 234,820 269,21 299,685 302,
Against the grain 36,34| 121,62 150,65 491,11 837383,12| 279,07 1168,0876,94| 198,57

Table 4 -Ptvalues whemprocessing Douglas Fir with Down-milling technig{v@lues are reported irmm)

The whole data sets are plotted together in Figifesind 16, which show that processing againsigtha
always provides worse surfaces than processingyatmn grain, and that Down-milling always providesrse
surfaces than Up-milling.
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Figure 15 -Comparison betwedpa in processing Douglas Fir with Up- and Down-midiin
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Figure 16 - Comparison betwed?t in processing Douglas Fir with Up- and Down-mitin



3.3.2 Oak

Figure 17 and Table 5 clearly show that the surfamained byUp-milling against the grain is worse than the
one obtained with the same technique, but alongth&; however, the difference is not very largel dinal
quality is not very distant.

Pt shows no great irregularities (~ 0,27 mm), dueh® homogeneity of the surface an the high woodityens
which allow a neat cut to occur (note that thiern$y true for radial surfaces).

Oak - UP Milling - Primary Profile - Average (Pa)
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Figure 17 -Pavalues when processing Oak with Up-milling techriq
Grain angle 0 10 20 30 40 50 60 70 80 90

Along the grain 182,35 193,60 187,22 210/89 247,2%6,11| 276,95 243,19 233,60 237,87

Against the grain 210,05 187,88 217,67 225,26 XF2236,12| 182,30 274,33 200,70 218,96

Table 5 -Pt values whemprocessing Oak with Up-milling technique (values egported irvim)

Analysing profiles of surfaces processedywn-milling against the grain, we can easily see how theedtilt
grain" defect becomes important for surface quailityDak as in Douglas Fir. Figure 18 and Tabld@ssthat at
-30° Pabegins to grow up and rapidly increases until -:88°with Douglas Fir there is a small decreaséGit

Pt values shows that the difference between the higiesk and deepest valley may reach ~ 1,51 mm hwikic
the worst value obtained until now.
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Figure 18 -Pavalues when processing Oak with Down-milling téghe

Grain angle 0 10 20 30 40 50 60 70 80 90

Along the grain 208,96 231,17 198,14 201/09 193,B40,40 | 229,07 261,95 179,3b 315,57

Against the grain| 205,16 211,39 187,01 246,39 &8518238,001156,00 1514,00 1172,00 263,12

Table 6- Pt values whemprocessing Oak with Down-milling technique (valaes reported irvim)

The whole data sets are plotted together in Figtl@snd 20, which show that processing againsigtha
always provides worse surfaces than processingyatmn grain, and that Down-milling always providesrse
surfaces than Up-milling.
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Figure 1 - Comparison betweePa in processing Oak with Up- and Down-milling
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Figure 20 - Comparison betwedrt in processing Oak with Up- and Down-milling

4. CONCLUSIONS

Douglas Fir with moisture content of ~11% and Oathwnoisture content of ~12,5% have been charagdri
concerning wood processing with “up” and “down”4midj techniques at various grain angles. The sedac
have been examined by macroscopic analysis andrvausevith SEM, and profiles have been measured,
processed and compared. The main results of thémreh may be summarised as follows.

1. Douglas Fir shows a different behaviour betwearly- and late-wood, and between processing atbag
grain and against the grain. The surface qualityeteses as the grain angle increases, and theesigeocessed
along the grain are typically better than thosecpssed against the grain.

2. Douglas Fir processed along the grain with Upimgi technique provides similar results as withvibe
milling, in terms of final quality. Up-milling is &tter for small grain angles (conchoidal fractueee less
frequent), while Down-milling is better for largeain angles (tendency to generate torn wood pastiol the
early-wood is smaller). Late-wood typically showgaod final quality.

3. Douglas Fir processed against the grain by Upagiprovides much better surfaces than by Dowhimgi.
Processing by Down-milling produces a defect natsatered by the ASTM D-1666-8tandard. We called
"tilted grain" this defect, which significantly a&ftts the final surface quality.

4. Oak shows a different behaviour (however, smahan Douglas Fir) between early- and late-woar a
between processing along the grain and againsgithie. The surface quality decreases as the gmgtea
increases, and the surfaces processed along tineageatypically better than those processed agtisgrain.

5. Oak processed along the grain with Up-millinghtd@que provides very similar results as with Dawitling,

in terms of final quality. However the following nar defect (producing an unpleasant tactile effedtgn
occurs: the vessel wall is pushed inside the vétsstd, and comes back above the surface levet #ie tool has
passed.

6. Oak processed against the grain by Up-millingviges much better surfaces than by Down-milling.
Processing by Down-milling produces a defect natsatered by the ASTM D-1666-8tandard. We called



"tilted grain” this defect, which significantly &fts the final surface quality. For narrow graiglas (-10, -20°)
the surface quality is high and the cut very sharp.

7. For both species the worse surface quality acburDown-milling against the grain; the secondseooccurs
by Up-milling against the grain. Processing alohg grain produces similar quality for both Up- dndwn-
milling.

8. Up-milling is typically the best technique foanhining solid wood.

5. REFERENCES

1. Negri M, Goli G. 2000 - Qualita delle superfici lavorate del leglid\bete rosso e di Douglasia valutata con

una opportuna classificazione visuale, Legno Gazllulosa, VI(1):10-21.

Precision Devices, IncSurface Metrology Guide, web addresisp://www.predev.com/smg

Cyra G., Tanaka C. 2000 — The effects of wood-fiber directions on wstir emission in routine, Wood

Science and Technology 34 (2000) 237-252.

4. Loehnertz S. P., Vazquez Cooz 1998 — Sawtooth Forces in Cutting Tropical Hardwsobldtive to South
America, Forest Products Laboratory, Research FapefRP-567.

5. ASTM D-1666. 1987 - Standard methods for Conducting Machinirests of Wood and Wood-Base
Materials, Annual Book of ASTM Standards, Volume@Wood: 257-276.

6. Goli G., Bleron L., Marchal R., Uzielli L., Negri M. 2002 - Measurement of cutting forces, in moulding
wood at various grain angles. Initials results witbuglas Fir. To be published in the Proceedingshef
Conference: Wood science and engineering in tvel thillennium — Brasov (RO) — November 1718
2002.

wn

10



