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Abstract

The measurement of wood thermal expansion at fixed values of moisture content (MC) between the dry state and the
cell wall saturation point is a very difficult task, as MC varies with temperature. Being hygroscopic deformations much
larger than thermal ones, in order to evaluate the latter, when changing temperature also relative humidity should be
adapted. To achieve this goal a special apparatus was designed to vary relative humidity as a function of temperature
to keep MC constant, and thus to measure the thermal expansion coefficient without hygroscopic effects. The mois-
ture content was assessed to remain constant by testing the heating cycle of each specimen, keeping the specimen
itself on a precision balance before the thermal expansion measurement. The radial coefficients of thermal expansion
of ten specimens of Norway spruce were measured at 7.0% and 11.4% MC. No statistically significant differences were
found between the two data sets, indicating a negligible effect of moisture content on wood thermal expansion at
MC values typical of indoor environments. However, the thermal expansion coefficients measured at 7.0% and 11.4%
MC seem to be higher than the values for dry state reported in literature, indicating an effect of the moisture content.
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Introduction

The thermal expansion of wood has been extensively
investigated since the last century. A short review of
previous studies is presented in this section and the key
findings summarized in Table 1, with the aim of setting
the background of the research described in the present
paper.

Early studies were performed by Villari [1] that meas-
ured the coefficient of thermal expansion (a) of several
species (silver fir, chestnut, poplar, pine, walnut, etc.) in
transversal (a,,,) and longitudinal (a,,,) directions in
dry state. With increase in temperature (7) from 2 °C to
34 °C, a,,, increased from 5 up to 25 times a;,,. Later,
Glatzel [2] measured a,,, and found results in agreement
with those of Villari [1]. Hendershot [3] reported the val-
ues of o, and a,,,,, in the dry state of several species, but
at the same time he tried to evaluate the effect of mois-
ture content by measuring a,,,, at 4% MC and a,,, at 5%
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and indicate if changes were made.

MC for white pine. The author himself stated that these
measurements could be affected by relevant errors, due
to the difficulty of keeping MC constant, as it varies with
temperature. However, according to the results, a,,,, did
not change very much with a limited variation of mois-
ture content.

Weatherwax and Stamm in a fundamental work [4]
measured the thermal expansion coefficients of a number
of American species and wood-derived products in the
dry state. The authors reported the values of longitudinal,
radial and tangential (a,) coefficients of thermal expan-
sion for two ranges of temperature variations, i.e., from 0
to 50 °C and from — 50 to 50 °C. The coefficients showed
a linear relation with density, but did not show significant
changes for both T ranges. For species characterized
by a density comparable to Norway spruce, the species
studied in the present work, Weatherwax and Stamm [4]
reported the following values of &, 23.8 x 107® K™ for
Sitka spruce and 21.9 x 107° K™ for white fir with specific
gravity at dry state (G,) of, respectively, 420 kg/m> and
400 kg/m?>. The first systematic experimental work aimed
to investigate the thermal expansion coefficient at dif-
ferent moisture contents and thermal ranges for several

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://orcid.org/0000-0002-8408-0102
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10086-019-1781-9&domain=pdf

Goli et al. ] Wood Sci (2019) 65:4

Page 2 of 7

Table 1 Measured values of the thermal expansion coefficients of different wood species according to previous studies

Author Year Species Aon (106K a,q(1078K") @, (1076K")  ay.g (107°K")  MC

Villari 1868 Boxwood 26 / / 614 Dry

Villari 1868 Silver fir 3.7 / / 584 Dry

Villari 1868 Oak 49 / / 54.4 Dry

Villari 1868 Pine 54 / / 34.1 Dry

Hendershot 1924 White pine 3.65 / / 63.6 Dry

Hendershot 1924 White pine / / / 72.7 4% MC

Hendershot 1924 White pine 4.00 / / / 5% MC

Hendershot 1924 Basswood 5.46 / / 444 Dry

Hendershot 1924 Tulip poplar 595 / / 429 Dry

Hendershot 1924 Hard maple 422 / / 60.2 Dry

Hendershot 1924 White ash 11.00 / / 458 Dry

Weatherwax 1956 Sitka spruce 352 239 34.6 / Dry 0/50 °C

Weatherwax 1956 Sitka spruce 3.15 238 323 / Dry —50/50 °C

Weatherwax 1956 White fir 3.90 217 316 / Dry 0/50 °C

Weatherwax 1956 White fir 334 21.8 326 / Dry —50/50 °C

Weatherwax 1956 Douglas fir 352 27.1 45.0 / Dry 0/50 °C

Weatherwax 1956 Douglas fir 3.16 279 42.7 Dry —50/50 °C

Kubler 1973 Redwood 6 21 28 / Dry 0/50 °C

Kubler 1973 Redwood 7 31 53 / 12% MC 0/50 °C

Kubler 1973 Redwood —4 -5 —12 / MC>60% 0/50 °C

Kubler 1973 Douglas fir 6 24 29 / Dry 0/50 °C

Kubler 1973 Douglas fir 10 38 38 / 12% MC 0/50 °C

Kubler 1973 Douglas fir 10 9 9 / MC>60% 0/50 °C

Kubler 1973 Red oak 9 26 32 / Dry 0/50 °C

Kubler 1973 Red oak 8 44 70 / 12% MC 0/50 °C

Kubler 1973 Red oak 0.3 0 0 / MC>60% 0/50 °C

Salmén 1990 Norway spruce / —32 / / FSP T<63°C

Salmén 1990 Norway spruce / 6 / / FSP T>63°C

Pizzo 2002 Norway spruce <2 / / 27.7 12% MC

Pizzo 2002 Iroko <2 / / 319 12% MC

Wood handbook 2010 Norway spruce 3.1/45 2356 3206 27.81 Dry
Gy=422kgm™>

calculated value

ay,, = coefficient of thermal expansion in longitudinal direction; a,,4 =in radial direction; ay,,=in tangential direction; a,,,, = in generic transversal direction
as reported by some authors, MC = moisture content. In the last column (MC) the thermal interval (e.g., 0/50 °C) means that the test was done between the two

temperatures indicated

A G, of 422 kg m~3 corresponds to a density at standard environmental conditions of 450 kg m™~

FPS fiber saturation point

species was carried out by Kubler et al. [5]. In the thermal
range 0-50 °C, oy, @, and &, were studied for several spe-
cies at three different moisture contents: dry state, 12%
MC and MC>60%. The coefficients showed a very het-
erogeneous behavior, as a, and &, were higher at 12% MC
than at dry state [5]. Nevertheless, the data seemed to be
not perfectly in accordance with those of other authors,
as very little difference in the values of &, and «; for the
same species was measured. For example, a, and o, were,
respectively, 24 x 107 K! and 29 x 107 K'! for Doug-
las fir in the dry state [5], while Weatherwax and Stamm

3

[4] found a,=27.1 10°® K' and a,=45x10"° K.
The same for yellow birch was a,=26x 107¢ K and
a,=28x107° K [5] against a,=322x10"° K and
a,=39.4 x 107¢ K! [4]. The value of a;,, was very small,
therefore any relevant difference was recorded between
dry state and 12% MC. Kubler et al. [5] also highlighted
that at fiber saturation point (FSP), @, and a, were very
small and negative (the specimens became smaller when
heated) in the thermal range 0-65 °C; above 65 °C, a
switched again to positive values. The same behavior was
highlighted by Abe [6] who performed a wide research
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on the thermal properties of wood and wooden materi-
als, but he worked near the glass transition temperatures
of polymers, thus at temperatures much higher than the
ones of interest for the present research. The negative
value of a above the FSP was confirmed by Salmén [7]:
below the softening point of lignin (63 °C), the thermal
expansion coefficient of Norway spruce was negative,
while above the softening point it was positive. Accord-
ing to the author, this behavior was the result of a ther-
modynamic equilibrium between cellulose and water,
leading to a migration of water from the cellulose to the
water phase.

Few experiments on samples equilibrated at stand-
ard environmental conditions (temperature 20 °C and
65% relative humidity) were performed by Pizzo et al
[8] for Norway spruce and Iroko to compare a;,, and
®prasv Of wood with those of different adhesives. The MC
value was kept fairly constant during the measurement,
as the sample was included in the quartz cylinder of the
dilatometer plug with a rod that limited the exchanges of
moisture. Results for Norway spruce indicated that «,,,
varied between 28 x 107° K™ and 32 x 107° K, while a,,
was not significant. The problem of keeping MC constant
was again in evidence as a limit of this kind of research,
consequently results could be affected by errors.

To the best of the authors’ knowledge, no other papers
have focused on the thermal expansion of wood at MC
levels above the dry condition and below the FSP.

According to the Wood Handbook [9], ay,, in the dry
state can be assumed between 3.1 and 4.5x 107° K
regardless of the density of the species, while a, and a,
are density dependent and can be calculated as follows:

ar = (32.4Gy + 9.9)107°K 1, (1)

ap = (32.4Go + 18.4)107°K 1, )
where G is the specific gravity in the dry state. For Nor-
way spruce, given a density at standard environmental
conditions of 450 kg/m® [10] and a specific volumetric
shrinkage coefficient of 0.39% [10], the corresponding
specific gravity in the dry state (G,) is about~422 kg/
m?. For this value of G, @, can be computed to be
23.56 x 107¢ K™ and a, to be 32.06 x 107¢ K. Their aver-
age of 27.81 x 107° K™ is not far from the values in litera-
ture [8].

Hori and Wada [11] analyzed the thermal expansion
coefficient of cellulose crystals above and below 180 °C,
as well as the macroscopic anisotropic thermal expansion
of wood related to the crystal structure of cellulose.

As this short review clearly documented, the ther-
mal expansion has been considered during the years as
a minor problem compared to the hygroscopic defor-
mations of wood. This is absolutely expected, as the
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two phenomena have different orders of magnitude: for
example, the highest value reported in Table 1 (white
pine measured by Hendershot ,,, 72.7 x 107° K'!) indi-
cates a thermal expansion of 0.07% of the initial length
for a 10 °C variation (from 20 to 30 °C), while a 10% vari-
ation in relative humidity (with a tangential shrinkage
coefficient of 12) would result in a deformation of 1.2%
(17 times more).

Nevertheless, a better understanding of the role of tem-
perature in the deformation of a wooden object is par-
ticularly important in the field of preventive conservation
of cultural heritage where the establishment of the allow-
able ranges of microclimatic variations is fundamental
for the development of a sustainable conservation strat-
egy for wood artifacts and for the correct management
of indoor environments. In particular, the separation of
the thermal and hygroscopic effects could give important
information on the behavior of the objects.

Research on the effect of temperature fluctuations on
the dimensional response of wooden objects is rather
lacking in literature, except for few papers such as [12,
13]. In particular, Goli et al. [13] measured a, =74 x 107°
K for the ribs (maple wood) of a violin, quite far from
the value of 28.4x 107 K! measured by Weatherwax
and Stamm [4] for sugar maple in the dry state, showing
how this kind of measurement could be extremely diffi-
cult on a complex object.

While thermal expansion was massively studied in the
dry state, the typical conservation conditions of wood
specimens, i.e., at moisture content from 9 to 12%, have
been rarely considered.

The measurement of the relation between the thermal
expansion of wood and its moisture content is a very dif-
ficult task, as the wood equilibrium moisture content
(EMC) is directly related to both the temperature and
relative humidity (RH) of the surrounding air. Therefore,
EMC changes with air T, even when maintaining RH con-
stant. Thermal variations lead to moisture flows in wood
and consequently to hygroscopic deformations (shrink-
age and swelling). With these latter being much larger
than thermal expansion, when changing T, RH should
be adapted to keep MC constant. This is the reason why
most of the studies on thermal expansion of wood were
done in dry conditions or above the FSP.

In this framework, the main aim of the present paper
is to investigate the contribution of thermal expansion
to the dimensional changes of Norway spruce. A spe-
cial apparatus was designed to measure the coefficient
of thermal expansion in the radial direction for Norway
spruce wood, keeping its MC constant at the values of
7.0 and 11.4%. Norway spruce was chosen because it is
a species often used to build the belly of musical instru-
ments that are very sensitive objects, where also minimal
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deformations may have significant effect on the preserva-
tion of original varnishes in early instruments. Moreover,
7.0 and 11.4% MC values were selected as they represent
the EMC at ambient temperature (i.e., 20 °C) and relative
humidity, respectively, of 35% and 65%. This upper and
lower RH values were set to include the recommended
values for the conservation of wooden heritage objects in
indoor environment such as those defined by the Italian
Committee for standardization—UNI [14] or the Italian
Ministry of Cultural Heritage and Activities [15].

Methods

Experimental device

The measurement of the wood thermal expansion was
performed inside a 400 x 400 x 600 mm?> chamber pur-
posely developed to have a fine control of air temperature
and relative humidity (Fig. 1a). The chamber was in turn
placed inside a controlled room with thermo-hygromet-
ric conditions set at 20 °C T"and 65% RH.

A heating element inside the chamber made the tem-
perature vary between 25 and 45 °C. A temperature-
controlled water recirculation circuit allowed water to be
transported inside the precision chamber at a calibrated
temperature to produce the vapor pressure suitable to
get the desired relative humidity. The whole process was
managed by a PID controller designed ad hoc in Lab-
VIEW and controlled by the digital outputs of an NI
USB PC board. The sensor used for the measurement
of T and RH was a Sensirion SHT75, characterized by
the following typical performance values in the operat-
ing ranges: 0.01 °C and 0.05% RH of resolution; +0.3 °C

Page 4 of 7

and+1.8% RH of accuracy; 0.1 °C and+0.1% RH for
repeatability. The response time (r=63%) of the sensor
was 8 s for RH and between 5 and 30 s for 7. The cham-
ber was tested to maintain temperature at 25+0.2 °C and
relative humidity at 65+0.5%. Wood thermal expansion
was measured with a Monitran LVDT transducer type
MTN/EUGLO000.5 with 1 mm stroke, £0.25% of accuracy
(£2.5 pm) and +0.1% of repeatability (+ 1 pm) with inte-
grated electronics and analogic output. The signal was
acquired via a 16-bit resolution PC USB board at 1 kHz
of sampling frequency and the data averaged every sec-
ond to minimize noise. The measurement was performed
inside an aluminum frame used to hold the wood sam-
ple and the transducer. The whole system was calibrated
at different temperatures using a glass standard refer-
ence material for thermal expansion, the Borosilicate
glass 731, with thermal expansion values certified by the
National Institute of Standards and Technology. Once
the system reached stable conditions, the measured noise
was very small, i.e., £0.25 pm.

For the tests, ten specimens of Norway spruce (Picea
abies L.) were prepared, 15 mm thick, 3 mm wide and
100 mm long. The mass of each specimen was measured
by a Ohaus AP210S precision balance with 10~* g resolu-
tion. The sample was placed inside the holder and meas-
ured along the radial direction. The average density of the
ten specimens was 420.7 420.9 kg/m® with a minimum
value of 394.8 and a maximum value of 473.7 kg/m>. The
type of wood selected was characterized by an average
ring width of 1.4+ 0.04 mm with a minimum of 1.34 mm
and a maximum of 1.46 mm.

Controlled room at 20 °C and 65 % RH

Test chamber

Ol ¢

N

[676°€

b

Fig. 1 aTest chamber with temperature (A) and relative humidity (B) regulation systems, measuring device (C) and dumped device holder (D); b
Aluminum measuring device (C) with transducer (1), frame (2), sample holder allowing longitudinal movement (3), sample (4)
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Measurement procedure
Thermal expansion was measured by varying 7' from
25 °C to 45 °C. To keep moisture content constant dur-
ing the test, RH was varied with 7. The couples of T-
RH values that corresponded to a constant MC were
determined making a pre-test where the temperature
was varied while the sample was continuously weighted
by a precision balance to check that no mass variation
occurred. Different types of ramps were tested and finally
the best was identified: 1 °C step every 600 s with an
increase of 0.30% RH. This value was verified both with
increasing and decreasing temperature to avoid hyster-
esis. The same result was obtained for all the specimens.
To determine the thermal expansion coefficient at differ-
ent wood moisture contents, two RH values were used as
starting points at 25 °C: 35% and 65% RH. The tempera-
ture was increased from 25 °C to 45 °C, and at the same
time RH reached 41% in the former case and 71% in the
latter. The moisture content determined by gravimetric
test was 7+0.1% at 25 °C and 35% RH, and 11.4+0.5% at
25 °C and 65% RH.

The thermal expansion coefficient was determined as
follows:

AL

0= —7",

L+ AT
where AL is the length variation because of the thermal
expansion for a given temperature variation AT and L the

initial length of the specimen.

The ten specimens were all tested at both high and
low relative humidity, and again the thermal expansion

Table 2 Values of radial thermal expansion coefficient (a,)
at 7.0 and 11.4% moisture contents

Moisture content 7.0% 11.4%
Trange (°C) 20°C—45°C 20°C—45°C
RH range (%) 35%— 41% 65% — 71%
Specimen number  SpecimenID a,(107¢K™) a, (1075K™)
1 AO3 322 33
2 AO5 34.7 323
3 A07 311 311
4 A09 27.1 319
5 A1l 299 351
6 A12 309 30.7
7 A13 30.1 286
8 Al4 325 36
9 A15 312 285
10 Al6 289 312
Average 309 31.8
SD 2.1 24
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coefficient was determined both with increasing and
decreasing temperatures. The test for each specimen was
repeated three times and the six values obtained were
averaged. At the end of each T cycle, the measured value
of deformation was compared with the one measured at
its beginning to verify that unexpected deformation did
not occur.

Statistical analysis of data was performed with R 3.4.2
software for statistical computing.

Results and discussion

The measured values of thermal expansion coefficient are
reported in Table 2 and plotted in Fig. 2. For each speci-
men, no relevant difference can be observed between the
values of thermal expansion coefficient calculated at 7.0
and 11.4% MC; moreover, the differences were randomly
distributed.

Also the box plots in Fig. 3 do not show any notable dif-
ference between the two data sets.

Data were tested to be normally distributed by a Sha-
piro—Wilk normality test (p=0.977 for MC 7.0% and
p=0.627 for MC 11.4%) and homoscedastic by an F test
(p=0.644). Then, a Student’s ¢ test for paired data was
applied (p=0.308). The results of the statistical analysis
performed on the two data sets indicated that the differ-
ences of the thermal expansion coefficients calculated at
7.0 and 11.4% MC were not statistically significant at 95%
confidence level.

The expected value of a,, calculated with Eq. (1), with
a measured density of 420.7 kg/m?, corresponding to a
G, of 394.1 kg/m?, was a,=22.7 x 10~° K. This value
is related to the dry state, while the values obtained
through the experiment described in this paper are
related to 7.0% and 11.4% MC. The calculated value of
a, in the dry state is in agreement with the values of a,
for Sitka spruce and white fir measured by Weatherwax
and Stamm (Table 1) and lower than the values we have
measured, respectively, at 7.0% and 11.4% of moisture
content.

Conclusions
The special apparatus designed to investigate the
dimensional changes of wood due to thermo-hygro-
metric variations at constant moisture content allowed
to measure the radial thermal expansion coefficient of
Norway spruce at 7.0% and 11.4% MC, corresponding
to environmental conditions of 25 °C and 35% RH and
25 °C and 65% RH, respectively. These thermo-hygro-
metric conditions and the related wood moisture con-
tents are typical values of indoor environments.

The average values of a, calculated as an aver-
age of ten experimental replicas, were, respectively,
a,=30.9 x 107® K at 7.0% MC and 31.8 x 107® K at
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Fig. 2 Calculated values of thermal expansion coefficient for each of the ten specimens at two moisture contents: 7.0% solid triangles, 11.4%

A 7.0% MC

6 7 8 9 10

32

Orag (10°) K]
30

28
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7.0 11.4
Moisture content [%]
Fig. 3 Box plots of the coefficients of thermal expansion at 7.0
and 11.4% of moisture content. The black line inside the box is the
median value, the upper and lower lines of the box are the first and

third quartiles, the upper and lower lines are the maximum and the
minimum values, and the notches are the 95% confidence interval of

the medians

11.4% MC. The difference between the two data sets
measured at the two moisture content values was not
statistically significant.

Nevertheless, both values are slightly higher than the
ones reported in literature for the same wood species

in the dry state. This result seems to confirm a role of
the wood moisture content in its thermal expansion,
but this effect can be considered negligible in typi-
cal indoor environments, characterized by thermo-
hygrometric conditions and related MC included in the
ranges investigated in the present experiment.

Abbreviations
G: specific gravity at dry state; FSP: fiber saturation point; MC: moisture con-
tent; RH: relative humidity; T: temperature.
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