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Variation of the tree ring micro-hardness demonstrated
on spruce wood

V. MARES, J. BLAHOVEC

Technical Faculty, Czech University of Agriculture, Prague, Czech Republic

ABSTRACT: Micro-hardness was used for the study of wood structure (Norway spruce) in the line perpendicular to tree rings
(radial surface). The steel indentor 0.25 mm in diameter with flat head was used for this purpose. The individual penetration tests
were performed at constant velocity 0.0167 mm/s into a depth of 0.3 mm. Local wood strength was defined as the mean pressure
on the indentor head at 0.02 mm penetration. The set of tests (~ 320) gave information about stress variation in dependence on the
location of the test place in the tested surface. The stress was understood as a parameter describing the growth properties of wood
similarly like the density usually used in dendrochronology. The measured strength variation is in agreement with visually observed
tree rings. The acquired data made it possible to determine the mean characteristic points of the tree ring as well as the development
of the parameters in dependence on the weather variations.
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Regular alternation of growth conditions during
a year determines regular alternation of growth cycles
for most plants. These changes can be easily indicated
also for trees, e.g. in the growth and falling of leaves.
Among such indications an important role is played by
the tree ring structure of wood. This structure can be
observed as a relatively regular alternation of lighter
and darker rings in the cross-section cut of grown wood,
or vertical parallel bands in radial section. It is known
(KOLLMAN 1951; POZGAIJ et al. 1997; FRATZL 2002;
SLEZINGEROVA, GANDELOVA 1994) that the ring struc-
ture is connected with the alternation of wood density.
This structure is traditionally described as the chang-
ing of thicker earlywood rings of lighter colour with
narrow latewood ones of darker colour. The earlywood
with typical water-conducting function is understood
as the wood with lower density than the latewood with
largely mechanical function. The real tree ring structure
is more complicated than this crude description. At least,
its structure depends sensitively on climate and weather
changes (HORACEK 1995). The tree ring structure also
reflects special soil, position and weather conditions
during tree growth. The special scientific discipline
— dendrochronology is based on measurements of the
tree ring width as an indication of growth intensity in the
separate years. The further details of tree ring structure
were studied by new independent methods that are based
on light (or X-Ray) absorption in the wood sample (e.g.
KocCH 2002).

The mechanical parameters of wood also depend on
wood density (KOLLMANN 1951; POZGAJ et al. 1997,
HOLMBERG 2000). It was shown (HOLMBERG 2000)
that there was a good relationship between density and
hardness and that this correlation was better for higher
load angles (angles between load and grain axes). This
relationship implies that the tree ring microstructure
can be determined also by mechanical means, e.g. by
micro-hardness methods (EYERER, BOHRINGER 1976;
WIMMER et al. 1997; RINN et al. 1996; ECKSTEIN, SAR
1994). Micro-hardness was used for tree ring analysis for
example by EYRER and BOHRINGER (1976), who studied
the quality of material surfaces after industrial processing
by penetration of diamond cone into the wood surface.
WIMMER et al. (1997) studied secondary walls of spruce
tracheids in longitudinal direction by a diamond indentor
impressed into the cell wall. Further methods of this type
follow. The resistograph (RINN et al. 1996; ECKSTEIN,
SAB 1994) is an instrument which drives a rotating needle
into the wood and measures its drill resistance. The pilo-
dyn (e.g. BUCUR 1985) measures the depth of penetration
of spring-loaded striker pin injected into the wood with a
constant energy of 6 J.

Classical hardness or micro-hardness methods (Brinell,
Janka, Knoop, Shore etc.) are based on measurements of
diameter (or diameters) of the indentation due to an inden-
tor impressed into the wood surface or also measurement
of load necessary for penetration of the indentor into the
given depth (HOLMBERG 2000). This paper is an attempt
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Fig. 1. Photo of penetration traces on the tested sample surface.
Fine structure in the figure represents individual wood cells
(tracheids). There is an order difference between diameters of
the indentor and the individual tracheids

to study the detailed tree ring structure of spruce wood
by a modified micro-hardness method, consisting in the
penetration of a cylindrical indentor with flat head at
a constant penetration rate into the test specimen.

MATERIAL AND METHODS

Norway spruce (Picea abies [L.] Karst.) wood from
the lower part of a tree was obtained from the University
forest in Kostelec nad Cernymi lesy. The planar part of
100 x 80 x 20 mm in size was sampled for our experi-
ments. The face 100 x 80, part of an ideal radial plan used
for experiments was sanded with fine emery paper (up to
grain size 320) to obtain flat surface.

All the tests were performed on Universal Testing Ma-
chine (UTS) Instron, type 4464. The sample was fixed in
a special jig so that the tested face would be perpendicular
to the penetration axis. The jig enabled to move the sample
precisely in both the main directions parallel to the tested
face: parallel (y) and perpendicular (x) to the annual ring
traces. The tests began at the side of the sample that is
closer to the grain of wood, and ended at the side of the
sample closer to the phloem.

The tested surface was penetrated repeatedly by a steel
cylindrical indentor (diameter 0.25 mm) with flat head

into a 0.3mm depth followed by rapid reloading. The
penetration rate 0.0167 mm/s was used in all tests, the
number of tests was 320. The centres of the tested areas
were arranged into two lines perpendicular to the tree ring
traces (Fig. 1) so that the distances between them would be
0.5 mm at least. This concept allowed to reach higher den-
sity and accuracy of penetration tests, the used distance of
0.5 mm ensured neglecting the difference in wood proper-
ties of these two parallel test lines.

Every penetration of the sample surface provided one
deformation curve (Fig. 2) that was the basis for determi-
nation of the mean “strength” of the tested surface. This
strength was determined from the “flow stress”, the mean
pressure on the indentation head at 0.02 mm inelastic
penetration into the wood. There was an intersection of
the corresponding loading curve with a line parallel to the
quasi-static part of the loading curve at 0.02 mm higher
deformations (Fig. 2).

The x-coordinate (with axis perpendicular to the tree
rings — see Fig. 1) was used for determination of the in-
dividual test position.

RESULTS AND DISCUSSION

The typical penetration curves obtained in a tree ring
are given in Fig. 3a. The x-plot of corresponding strengths
on x-coordinate is given in Fig. 3b. The results given in
Fig. 3b were approximated either by lines (two sides of
the latewood) or by a polynomial of the second degree
(earlywood) — the obtained equations are also given in
the Fig. 3b caption. The cross-lines of the individual ap-
proximations gave characteristic points: EB (initial point
of the earlywood and also of the whole tree ring; defined
as the cross-line of the polynomial and the decreasing
line of the previous tree ring), EM (earlywood minimum
corresponding to minimal value of the earlywood strength
polynomial approximation), EE (end point of the early-
wood defined as the boundary between early and latewood
inside the individual tree ring; the cross-line of polynomial
and increasing line used approximation of the strength in
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Fig. 3. Typical results obtained for one typical tree ring trace
a. Typical penetration curves for one ring trace
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b. Wood strength (STR) plotted against x-coordinate. Approximation of the obtained results: spring wood — approximated by
a polynomial of second degree — in our case STR = 231.91 x* — 32,588 x + 1,144,811 (R*> = 0.9338), EB — beginning of the
spring wood, EM — minimum of the spring wood, EE — end of the spring wood, late wood — approximated by two lines — in our
case STR =491.69 x —34,713.99 (R>= 1) and STR =—355.68 x + 25.455 (R*> = 0.9897), LAP — peak of the late wood. For the
observed fine structure see Fig. 1. Definitions of all the important points (EB, EM, EE, LAP) are in the text
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Fig. 4. Overview of the obtained strength values plotted against x-coordinate, as measured from the first test (connected open circled).

Full circles denote the values obtained by approximation of the experimental data (under Fig. 3b)
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Fig. 5. Ring widths obtained by optical microscopy of the tested
wood plotted against ring widths (RW) determined from strength-
distance plot (Fig. 4)
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Fig. 6. Mean strength profile of the tree ring. The distances
between the characteristic points were constructed according to
the data given in Table 2; mean strength values were taken from
Table 2. The bars denote SD of the data
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Table 1. Basic statistical characteristics of the defined widths
(MV — mean value, SD — standard deviation, CV — coefficient
of variation)

Width MV (mm) SD (mm) CV (%)
Ring width (RW) 1.285 0.413 32.1
Earlywood width (EWW) 0.498 0.297 59.6
EWWI 0.136 0.141 103.7
EWW2 0.363 0.274 75.5
Latewood width (LWW) 0.793 0.212 26.8
LWWI 0.448 0.196 43.7
LWW2 0.341 0.097 28.5

Table 2. Basic characteristics of the defined strengths (MV
— mean value, SD — standard deviation, CV — coefficient of
variation)

Strength MV SD cv

(MPa) (MPa) (%)
Late wood peak (LAP) 164.0 50.6 30.9
Earlywood beginning (EB) 23.4 13.5 57.8
Earlywood minimum (EM) 15.7 6.40 40.8
Earlywood end (EE) 354 13.5 38.0

latewood) and LAP (corresponding to latewood strength
peak — defined as cross-line of two approximation lines
in latewood).

Fig. 3b represents year period of the nearly periodical
dependence of the strength. The same process of approxi-
mation as in Fig. 3b was also applied to the other results
and the characteristic points were obtained for all the
measured tree ring traces — an overview of the obtained
results is given in Fig. 4. The figure contains the obtained
EEs, EBs, LAPs. Large differences between spring wood
and late wood strengths as well as the inter-season differ-
ences are clearly demonstrated in this figure.

The distance (x-coordinates) between two neighbouring
LAPs is the ring width (RW), the distance corresponding
to the yearly local tree thickening at the place of determi-
nation. The distance between neighbouring EE and EB
points can be termed as the earlywood width (EWW).
The difference between the x-coordinate of EB and the
x-coordinate of preceding EE was called the latewood
width (LWW). The EWW was divided into two parts
separated by corresponding minimum EM (given by
corresponding x-coordination — x, ). The EWW was
then composed of two sub-widths — EWW1 and EWW2
for x lower than x,, and higher than x,, , respectively.
Similar division was also done for latewood, the point of
separation was LAP, and the resulting widths were denoted
as LWW1 (for lower x-values) and LWW?2 (for higher
x-values). The basic statistical characteristics for the
defined widths are given in Table 1. The RW determined
from the strength-distance plot were in good agreement
with the RW data directly determined microscopically as
distances between dark latewood traces (Fig. 5).

The basic statistics of the ring widths are given in Table 1
and similar data for the characteristic strengths were inserted
in Table 2. The values from Tables 1 and 2 served as the
basis for construction of the ‘mean’ ring profile of the tested
wood that is displayed in Fig. 6. Table 2 shows that the
peak strength values were about ten times higher than the
minimum strength values in the earlywood. Mean strength
values of the earlywood were about 4-6 times lower than
the wood strength at LAPs. The wood strength increases
with increasing reduced density approximately as a power
function (POZGAJ et al. 1997) so that the plot of reduced
density against x-value should have a similar character like
the strength plots against the distance (Figs. 4 and 6).

Fig. 7 shows that the ring width decreased with increas-
ing age of the tree as is usually mentioned in textbooks
(SCHWEINGRUBER 1988), but moreover some variation
in the ring widths from year to year was also observed.
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Fig. 7. Relative values of ring widths (Rwr) and LAP for the tested tree rings. Relative value was obtained as a ratio of the actual

value to the mean value (Tables 1 and 2) of the corresponding quantity
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Fig. 8. Relative value of the ring width (Rwr) and ratio of the relative values for LAP and EB for the tested individual tree rings;

see caption to Fig. 7
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Fig. 9. Relative value of the ring width (Rwr) and ratio of the relative values for LAP and EM for the tested individual tree rings;

see caption to Fig. 7

The most important indications of this plot are the points
in which Rwr (relative ring width; ratio of the actual ring
width value to the mean value of the whole plot) reached
values close to 0.5. These minima corresponded to such pe-
riods of tree growth in which lower values of LAP (maximal
value of the strength, see definition above) were observed
(Fig. 7) and the strength of earlywood was low (Figs. 8
and 9). The wide tree rings were observed in the cases in
which the earlywood was of lower strength and the well-
matured latewood of higher strength was observed.

CONCLUSIONS
The study of wood micro-hardness makes it possible
to describe variation of wood strength, including the an-

nual changes. The annual strength variation had a similar
character like the wood density and its detailed study led
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to approximately the same tree ring periodicity as the
optical methods.

The differences between the early and late wood
strength are really marked; they are represented by the
values of an order difference that seem to correlate with
the tree ring width.

Lower strength values of latewood seem to be char-
acteristic of narrow tree rings. On the other hand, lower
strength and higher strength seem to be respectively
characteristic of earlywood and latewood of wide tree
rings.
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Zména mikrotvrdosti letokruhu smrkového dieva

V. MARES, J. BLAHOVEC

Technicka fakulta, Ceskd zemédélskd univerzita v Praze, Praha, Ceskd republika

ABSTRAKT: V praci byla zkoumana struktura dieva smrku ztepilého pomoci méteni jeho mikrotvrdosti na radialni plose
vzorku v linii kolmé na letokruhy. Pro jednotliva méfeni byl vyuzit ocelovy trn o priméru 0,25 mm s plochym ¢elem, ktery
pronikal rychlosti 0,0167 mm/s do hloubky 0,3 mm. Pevnost dfeva v misté¢ priniku byla definovana jako stfedni tlak na celo
trnu pii deformaci 0,02 mm. Soubor vSech 320 méfeni poskytl informaci o proménlivosti napéti v rdmei letokruhu. Napéti bylo
chapano jako parametr popisujici ristové podminky dieva podobné jako jeho hustota. Zména napéti ptitom odpovida promen-
livosti letokruhti pozorované opticky. Ziskana data umoznuji urcit charakteristické body letokruhu stejné jako parametry, které
jsou zavislé na klimatickych podminkach.

Kli¢ova slova: dievo; letokruhy; mikrotvrdost; pranik; pevnost

Prace je pokusem o analyzu struktury letokruhti smrku
pomoci méfeni mikrotvrdosti dfeva. ZkuSebni vzorek
byl ptipraven ze dfeva smrku ztepilého (Picea abies [L.]
Karst.). Hranol mél rozméry 100 x 80 x 20 mm s radidlni
plochou o rozmérech 100 x 80 mm, ktera byla nasledné
brousena brusnym papirem do zrnitosti 320 tak, aby
byla vytvoiena hladka plocha pro méteni mikrotvrdosti.
Vzorky byly pti v§ech métfenich uchyceny ve specialnim
polohovatelném svéraku umoznujicim jemny posun ve
dvou smérech: kolmo na letokruhy (osa x) a rovnobézné
s letokruhy (osa y).

Vlastni mikrotvrdost byla méfena na univerzalnim
laboratornim meéfticim piistroji INSTRON 4464 pomoci
ocelového trnu s plochym ¢elem o priméru 0,25 mm.
Tento trn byl vtlacovan do povrchu dieva do hloubky
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0,3 mm pii konstantni rychlosti 1 mm/min. Vzorky
byly mezi jednotlivymi méfenimi posunovany ve dvou
smérech — osach x a y. Posun vzorkd ve sméru osy x byl
0,25 mm, ve sméru osy y byly vzorky posunovany stiida-
veé v kladném a zaporném smyslu osy, vzdalenost pfitom
byla 0,5 mm. Timto postupem bylo dosazeno vétsi husto-
ty a tedy i pfesnosti méfeni pii zanedbatelnych zménach
vlastnosti dieva ve sméru vlaken.

Vystupem z kazdého jednotlivého méteni byla de-
formacni kiivka (obr. 2), ktera byla zékladem pro sta-
noveni pevnosti vzorku v misté méfeni. Tato pevnost
byla ziskana z priseciku deformacni ktivky s pfimkou
rovnobéznou s kvazi-statickou ¢asti deformacni kiivky
pii deformaci 0,02 mm (obr. 2). Soufadnice osy x byly
zjistény z polohy jednotlivych méfeni.
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Obr. 3a zobrazuje typické deformacéni kiivky pro
jeden letokruh. Pevnost jednotlivych méfeni, vyjadre-
na graficky proti souradnicim osy x, charakterizuje pra-
beh pevnosti v letokruzich (obr. 3b). Hodnoty pevnosti
z obr. 3b byly nasledn¢ aproximovany pomoci dvou
ptimek (v ptfipad¢ letniho dfeva) nebo pomoci polynomu
druhého tadu (v pripadé jarniho dfeva) — odpovidajici
rovnice jsou uvedeny v textu obr. 3b. Pruseciky téchto
aproximaci byly chapany jako body charakterizujici le-
tokruh: EB (pocate¢ni bod jarniho dfeva a tedy i celého
letokruhu definovany jako prisec¢ik polynomu a klesajici
ptimky pfedchoziho letokruhu), EM (minimalni hodnota
pevnosti jarniho dieva, resp. minimum aproximacniho
polynomu), EE (definuje rozhrani mezi jarnim a letnim
dievem uvnitt letokruhu; prasecik polynomu a stoupa-
jici aproximacni piimky letniho dfeva) a LAP (nejvyssi
hodnota pevnosti; prisecik dvou piimek aproximujicich
hodnoty letniho dfeva). Stejny postup byl pouzit pro
vSechny letokruhy, vysledny graf je zobrazen na obr. 4.
Graf je tvofen hodnotami EE, EB a LAP. Velmi zfetelné
jsou rozdily pevnosti nejen mezi jarnim a letnim dievem,
ale také mezi riiznymi letokruhy.

Vzdalenost soufadnic x mezi dvémi sousednimi body
LAP je sitka letokruhu (RW). Vzdalenost mezi sousedni-
mi body EE a EB mize byt oznacena jako Sitka jarniho
dieva (EWW), vzdalenost mezi body EB a soufadnici
bodu EE predchazejiciho letokruhu zase jako Sitka

letniho dfeva (LWW). Tyto Sitky jsou jesté ¢lenény na
dvé casti (EWWI1 a EWW2, resp. LWW1 a LWW2),
rozdélené bodem EM, resp. LAP. Tyto zakladni statistic-
ké charakteristiky jsou uvedeny v tab. 1. Obr. 5 ukazuje
korelaci hodnot Sitek letokruhit RW zjisténych pomoci
meéfeni pevnosti a zjisténych opticky.

Tab. 2 obsahuje primérné hodnoty pevnosti v ramci
letokruhu. Hodnoty z tab. 1 a 2 spolu vytvafeji pribéh
pevnosti ,,prumérného* letokruhu testované¢ho vzorku,
pribéh zobrazeny na obr. 6. Tab. 2 také ukazuje, ze
pevnost letniho dieva je asi 10x vétsi nez minimalni
pevnost jarniho dfeva a asi 4-6x vétsi nez jeho primérna
pevnost.

Z obr. 7 je patrné, ze $itka letokruhu klesa s rostoucim
vékem stromu, rozdily jsou pozorovatelné ale také mezi
jednotlivymi letokruhy. Dulezitym ukazatelem je také
Rwr (relativni Sitka letokruhu; pomér $itky jednotlivych
letokruhti a primérné Sitky), ktery dosahuje hodnot
témef 0,5. Toto minimum souhlasilo s nejmensimi hod-
notami LAP (obr. 7) a s nizkou pevnosti jarniho dieva
(obr. 82 9).

Meétenim mikrotvrdosti 1ze zkoumat pribéh pevnosti
ve dfevé s podobnymi vysledky, jakych lze dosahnout
u optickych metod. Zfetelné jsou rozdily mezi pevnosti
jarniho a letniho dfeva; obé ¢asti letokruhu lze urcit pod-
le jeji velikosti.
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