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Abstract
The single sections of a wood/adhesive bond, namely the adherend wood, the pure 
adhesive and the interphase are expected to contribute differently to the mechanical 
behaviour of a joint. Moisture-related changes of the stress/strain states between the 
adherends tend to result in deformation or even material failure. Therefore, beside 
the elastic, the moisture-related mechanical properties of the involved components 
are of significant interest. Adhesively bonded samples of spruce (Picea abies) using 
adhesives that are common in furniture and flooring production (emulsion polymer 
isocyanate (EPI), polyvinyl acetate (PVAc), urea formaldehyde (UF) and ultra-low 
formaldehyde-emitting amino resin (ULEF)) were manufactured under labora-
tory conditions. Quasi-static nanoindentation was performed on the pure adhesive 
polymer, the S2 layer of pure wood cells and interphase wood cells, to obtain the 
reduced elastic modulus, hardness and the indentation creep. To investigate the 
moisture-related mechanical properties, the testing environment was held under con-
stant temperature and different controlled humidity levels. The pure wood cell walls 
generally tend to show a more stable behaviour to humidity changes than the investi-
gated adhesives. It can be assumed that the ULEF adhesive penetrated the cell walls, 
as differences between pure wood cells and those located in the interphase could be 
identified. EPI, PVAc and UF showed no evidence of modifying the interphase cell 
walls but revealed different behaviours in relation to pure wood cells.
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Introduction

An adhesive layer of a solid wood bond consists, beside the pure adhesive poly-
mer, of multiple sections that are participating differently to the total performance 
of an adhesive joint (Eckmann 2007; Marra 1992). Moisture-driven swelling 
and shrinking of the adherends, but also external loads lead to different stress 
and strain states within the joint and may lead to considerable interfacial stress 
between the adhered components (Gindl et  al. 2005). Depending on the adhe-
sive structure and its interaction with the adherend, the adhesive layer and/or 
the adherend is expected to compensate these stresses and respond with elastic, 
viscoelastic or non-reversible (plastic) deformation (Frihart 2009; Frihart and 
Wescott 2008).

Elastic as well as viscoelastic properties of polymers are known to be signifi-
cantly influenced by polymer type (cross-linking density), temperature, but also 
absorbed moisture in the polymer (Brockmann et al. 2008; Habenicht 2002). The 
capability of absorbing water vapour (Wimmer et  al. 2013) and the mechanical 
response to this have been experimentally demonstrated for cured adhesive poly-
mers present in adhesive joints for different temperatures and relative humidities 
as reported in the previous studies (Jakes et al. 2015; Konnerth and Gindl 2008; 
Rindler et al. 2018; Stöckel et al. 2013).

In addition, for different wood species, moisture- and temperature-related elas-
tic, viscoelastic and plastic micromechanical behaviour is described, and data are 
available in the literature (Gindl et  al. 2004; Gindl and Schöberl 2004; Wagner 
et al. 2015; Wimmer et al. 1997; Zickler et al. 2006), whereas for the interphase 
region, data are relatively scarce. The interphase is assumed to contribute to the 
performance of the adhesive joint.

Thus, moisture-induced changes in the mechanical behaviour of the interphase 
region, where the adhesive infiltrates the wood structure, are of significant inter-
est. The interphase region is essential for the adhesive joint performance and 
its geometry varies, i.e. with the used adhesive, its viscosity, molecular weight 
distribution and solid content, the wood anatomy and the species porosity, the 
pressing parameters and involved surface energy (Kamke and Lee 2007; Suchs-
land 1958). In general, the wood/adhesive interphase is geometrically defined 
with the surface of the adherend on the one side and with adhesive-penetrated 
wood cells on the other side, while the maximum penetration depth in the wood 
adherend is locally variable. According to Frihart (2009), wood adhesives can be 
divided with regard to their structural properties and their interaction with wood 
into two groups: in  situ polymerized adhesives and pre-polymerized adhesives. 
In situ polymerized adhesives, i.e. urea formaldehyde (UF), melamine–urea for-
maldehyde (MUF), phenol–formaldehyde (PF), etc., generally exhibit an average 
molecular weight (MW) of less than 2000 g/mol (Frihart 2009) and often infil-
trate the cell wall before curing. Pre-polymerized adhesives, i.e. polyvinyl acetate 
(PVAc), emulsion polymer isocyanate (EPI), polyurethane (PUR), etc., usually 
are of higher MW that prevents a penetration of the cell wall. Although these 
adhesives already have fractions of high MW at the time of application, the main 
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curing step (i.e. cross-linking of EPI) occurs during the application. On the other 
hand, these adhesives offer a flexible backbone what makes them less rigid and 
more flexible to dimensional changes (Frihart 2009) within the adhesive layer.

From a mechanical point of view, the interphase is the region where stress is 
transferred from the adherend into the adhesive polymer (Frihart 2004). Here, it 
is of interest whether the adhesive is capable of penetrating into the wood cell 
wall, thus creating a composite with modified swelling and shrinkage behaviour 
as well as altered micromechanical properties compared to a pure wood cell wall.

The impact of adhesive penetration into the microstructure on the macroscale 
bond behaviour of various bond types was repeatedly confirmed with high-sen-
sitive deformation measurement methods (Müller et  al. 2005) and numerical 
modelling (Serrano and Enquist 2005). Beside these techniques, UV microscopy 
(Gindl et  al. 2002), X-ray tomographic microscopy (Hass et  al. 2012; McKin-
ley et  al. 2018; Paris and Kamke 2015; Paris et  al. 2014), electron energy loss 
spectroscopy (Rapp et al. 1999), confocal laser scanning microscopy (Xing et al. 
2004), scanning thermal microscopy (Konnerth et al. 2008) and Raman spectros-
copy (Konnerth et al. 2009) were successfully used for observing and quantifying 
the penetration behaviour of different wood adhesives. A comparative study on 
the penetration behaviour of adhesives into red oak (Quercus rubra), hybrid pop-
lar (Populus deltoids × Populus trichocarpa) and Douglas fir (Pseudotsuga men-
ziesii) was conducted by means of fluorescence microscopy, scanning electron 
microscopy (SEM), backscatter imaging (BSE), wavelength-dispersive spectros-
copy (WDS) and X-ray tomography (XMT) (Modzel et al. 2011).

For determining the mechanical properties of interphase wood cell wall layers 
in  situ, nanoindentation (NI) turned out to deliver satisfying results. Measure-
ments of melamine-modified spruce (Gindl and Gupta 2002) and spruce glued 
with MUF/PRF (Konnerth and Gindl 2006) and MUF/UF (Stöckel et  al. 2010) 
by means of NI revealed a considerable increase in the mechanical properties of 
the secondary cell wall S2, while other adhesives were not able to bias mechani-
cal properties of cell walls as a result of adhesive penetration. A combination 
of quasi-static NI and synchrotron-based X-ray fluorescence microscopy (XFM) 
was used to successfully map and quantify the infiltration of phenol formalde-
hyde (PF) into loblolly pine (Pinus taeda) latewood cell walls by moisture-related 
reduced elastic modulus and hardness (Jakes et al. 2015).

A further development of NI enabled to observe the adhesion behaviour 
between wood and adhesive directly at the interface of the two components. 
Therefore, a specific NI testing methodology was developed to obtain mechani-
cal information on the adhesion performance of different cell surfaces of spruce 
fibres in contact with cured UF (Obersriebnig et al. 2012), MUF and PUR (Her-
zele et al. 2018). With these approaches, an improved understanding of the adhe-
sion properties of different adhesives to the local available surface areas of wood 
cells could be gained. For most approaches described above, ambient conditions 
were used.

Knowledge of the moisture-dependent elastic and viscoelastic properties, espe-
cially of the interphase region, is scarce, but it is expected to contribute to the aware-
ness of the adhesive joint behaviour under different humidities.
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The aim of the present study is to analyse the moisture-related mechanical prop-
erties of the wood/adhesive interphase of selected in  situ polymerized and pre-
polymerized wood adhesives by means of quasi-static nanoindentation. Therefore, 
the individual wood components (penetrated cells, non-penetrated cells) present in 
an interphase of spruce wood adhered with different adhesives were investigated 
using different climate conditions, representing a typical range occurring in interior 
applications, relevant for, for example, furniture and flooring systems (Rapp et al. 
2011). Wood interphase data were combined with mechanical data from cured adhe-
sive polymers present in those bonds already analysed and published in an earlier 
study (Rindler et al. 2018).

Materials and methods

Sample preparation and conditioning

Adhesively bonded wood specimens as used for indentation were prepared by using 
axially split and planed spruce lamellas (Picea abies). For this study, four different 
adhesives were used to adhesively bond the samples: a low-emitting urea–formal-
dehyde resin (UF; Cascorit 1274 and hardener 7500, AkzoNobel N.V., Amsterdam, 
Netherlands), an ultra-low formaldehyde-emitting amino resin (ULEF; LignuPro 
Zero A201 and hardener H203, AkzoNobel N.V., Amsterdam, Netherlands), an 
emulsion polymer isocyanate (EPI; Cascolit 4421 and hardener 2556, AkzoNobel 
N.V., Amsterdam, Netherlands) and a polyvinyl acetate (PVAc D3; Jowacoll 103.84, 
Jowat SE, Detmold, Germany) adhesive. All the used adhesives are especially 
designed for solid wood bonding for pressing temperatures below 100 °C and do not 
necessarily represent adhesive systems based on similar chemistry but used for dif-
ferent applications, i.e. particleboard or fibreboard.

For the adhesion, spruce lamellas (150 × 100 × 7 mm3) were equilibrated at stand-
ard climate conditions (20 °C, 65% RH), planed to 5 mm thickness and adhesively 
bonded at their tangential anatomical planes within 24 h after planing. The specific 
processing conditions recommended by the adhesive manufacturers were consid-
ered. In accordance with EN 302-1:2013, an angle between the growth rings of the 
two lamellas and the adhesive polymer between 30° and 90° was established.

The main parameters for bonding (pressing temperature, time and pressure) were 
selected as suggested by the adhesive manufacturer, with the intention to minimize 
moisture differences between the specimen and keeping pressing times low. Here, 
for the EPI system 20 °C, 420 s and 0.8 MPa and for all other adhesives 90 °C, 60 s 
and 0.6 MPa were applied.

After pressing, the panels were stored at standard climate conditions for 2 weeks 
allowing for acclimatizing and to ensure sufficient curing.

In a further step, the samples of glued spruce lamellas with a length of 5 mm, 
width of 2 mm and a thickness of 2 mm were cut from the adhesive bond region. 
By embedding the samples in a low-viscosity epoxy resin (Agar R 1078, Agar Sci-
ence Ltd., Essex, GB) using vacuum, the cell lumen was entirely filled in order to 
stabilize the cells for the subsequent nanoindentation measurement. According to 
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the literature (Frihart 2009), cell walls are typically not infiltrated by the epoxy resin 
by this simple impregnation process (no solvent exchange was performed). After 
being cured at 60  °C, the single specimens got fixed by a two-component epoxy 
resin (UHU Plus Sofortfest, Bolton, Switzerland) to metal discs, and smooth sur-
faces were cut via ultra-microtome (Ultracut-R, Leica, Vienna, Austria) using dia-
mond knifes (Histo, Diatome, Hatfield, Pennsylvania, USA).

Prior to mechanical testing, the samples were observed using incident light 
microscopy (Axioplan 2, Zeiss, Jena, Germany) to facilitate the selection of proper 
indentation positions. For each adhesive type, two specimens with a consistent adhe-
sive polymer bond line, a distinct interphase region including cell lumen close to 
the pure adhesive polymer filled with adhesive, and a considerable amount of pure 
transition wood cells (with no adhesive contact) were selected (Fig. 1).

In a final step, the prepared samples were glued with a two-component epoxy 
resin to a metal disc with a diameter of 30 mm to enable a higher number of samples 
at the limited magnetic positions of the nanoindenter stage. The testing was con-
ducted in an environmentally isolated and hydrothermally controllable atmosphere 
by conditioning the entire test chamber. A relative humidity (RH) generator (RH-
200 relative humidity generator, L&C Science, Hialeah, Florida, USA) was used to 
establish a dry (28% RH), moderate (47% RH) and moist (approx. 66% RH) mois-
ture condition for the samples (Table  1). Here, the aim was to reach equilibrium 
moisture contents (EMCs) for spruce of approximately 6%, 9% and 12% according 
to Keylwerth and Noack (1964). As a control, the dry climate condition was re-
established, and measurements were repeated (re-dry). To enable a better interpre-
tation of the overall behaviour of adhesively bonded wood, the data gained in this 
study were combined with indentation data of creep measurements of the pure adhe-
sive polymer acquired with similar methods and published in a previous work (Rin-
dler et al. 2018). It needs to be mentioned that for the sake of clarity, the reduced 
elastic modulus data used for the present work were obtained from the creep meas-
urement only and not combined from creep and relaxation as published in Rindler 

Fig. 1  Regions within a wood/adhesive bond with an example of indent positions. Schematic (left) and 
incident light microscopy image of emulsion polymer isocyanate (EPI) (right) adhesive polymer surface 
at × 200 magnification
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et al. (2018). In the study cited, the established RH were 14.8%, 42.9% and 66.0% 
with the aim to reach EMC values of approximately 4%, 8% and 12% for spruce 
wood according to Keylwerth and Noack (1964). Combining the data of the present 
and the previous study, a more general condition classification was used, namely dry 
for RH < 30%, moderate for around 45% RH and moist for > 66% RH (Table 1). All 
samples were exposed to the specific climate conditions for at least 6 h before the 
indentation test was started, to ensure a proper acclimatizing.

Nanoindentation

A Hysitron TriboIndenter (Hysitron Inc., Minneapolis, USA, www.hysit ron.com) 
with a three-sided diamond indenter tip (Berkovich type) was used for the present 
study. For the case of cell wall indents, topography scans of the sample surfaces with 
a size of 10 × 10 μm2 were generated via tip imaging before and after every indent 
to ensure and control a proper positioning of the tip within the S2 cell wall layer 
for mechanical measurements (Fig. 2). To avoid edge effects (Jakes et al. 2009), a 
minimum cell wall thickness of 2.1 μm for the S2 was chosen for the tests (approx. 
0.7 µm indent diameter). The presence of adhesive is more frequently observed in 
earlywood than in latewood tissue due to bigger lumen dimensions and consequently 

Table 1  Measured temperature and relative humidity (RH) in the test environment and classification into 
dry, moderate, moist and re-dry moisture conditions of the samples

Run order Measured 
temperature 
(°C)

Established RH for 
wood cell walls (%)

Established RH for adhe-
sive testing (Rindler et al. 
2018)

Classification

1 23.9 28.1 14.8% Dry (< 30% RH)
2 24.8 47.3 42.9% Moderate (approx. 45% 

RH)
3 24.4 66.7 66.0% Moist (> 66% RH)
4 24.0 28.2 x Re-dry (< 30% RH)

Fig. 2  Topography scan of 
spruce/EPI interphase cell walls 
with three remaining indents 
(0, 1, 2) within S2 cell wall 
layers after testing with 100 µN 
maximum load

http://www.hysitron.com
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higher permeability. However, spruce earlywood cell wall thickness usually is below 
2 µm and more difficult to test as a consequence. Thus, mainly transition wood cells 
were used for the indentation measurements as lumen penetration is still observable, 
while cell wall thickness allows for proper nanoindentation measurement. All find-
ings of the nanoindentation measurement were analysed statistically using a single-
factor variance analysis (ANOVA; 95% confidence interval) with a post hoc Scheffé 
test to compare the means between comparable groups.

The indentation measurements were taken in load-controlled mode with 0.1 μN 
preload. A three-segment load ramp with a maximum load of 100 μN was estab-
lished (Fig. 3). The maximum load was built up in 3 s, maintained for 60 s to moni-
tor viscoelastic creep and released in 3 s.

The resulting maximum indentation depths were ranged from 70 to 100  nm at 
an applied maximum force of 100 μN for all sample types. For each adhesive sam-
ple, a minimum of 12 indents were conducted at interphase regions and pure wood 
cells, respectively, resulting in a total number of 96 indents per climatic condition. 
The reduced elastic modulus, hardness (Pmax divided by the contact area A at Pmax) 
and indentation creep were obtained from the load–depth curves, following the well-
established and described procedure for NI data evaluation (CSM-Instruments 2002; 
Oliver and Pharr 1992; Stöckel et  al. 2013). The data described in Rindler et  al. 
(2018) were acquired following the identical procedure but with a different holding 
time of 120 s (instead of 60 s) for creep and a maximum load of 500 µN (instead of 
100 µN).

Therefore, no quantitative comparison of the absolute creep values measured in 
cells and adhesives was done in the following.

Results and discussion

The reduced elastic modulus Er of the pure wood cells, the adhesive polymer present 
in the bond line and the interphase cells surrounded by adhesive are displayed in 
Fig. 4 for different humidity levels.

As expected, all wood and interphase cell walls present in a wood/adhesive bond 
show, with around 20 GPa, a clearly higher reduced elastic modulus compared to the 
adhesive polymer, the latter ranging from 2 to 11 GPa (median).

Fig. 3  Load–depth curve a with 
segments indicating loading 
(1), holding (2) and unloading 
(3). Corresponding depth–time 
curve b for nanoindentation 
measurements with the initial 
depth (h1) after loading time 
(t1) where the maximum load is 
built up and the resulting depth 
(h2) after holding time (t2)
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In three cases (EPI, UF and ULEF) out of four, the pure wood cells reveal a 
slight but systematic decrease in the reduced elastic moduli with increasing relative 
humidity. Due to the considerable scattering of the values, no statistically significant 
differences within the groups with changing climate conditions could be observed 
for the investigated moisture range. A comparison of dry and re-dry climate state of 
the wood cells and the interphase cells tends to show higher Er values for almost all 
adhesive types in re-dry climate state. However, the statistical evaluation revealed 
no significant difference between the original and the re-established dry climate for 
any adhesive type. However, there are differences for UF in the interphase cells and 
ULEF wood cells between the moist and re-dry state.

Fig. 4  Moisture-dependent reduced elastic modulus of the pure adhesive polymer, S2 cell walls of wood/
adhesive interphase region and of wood cells distant from the bond; specimens glued with emulsion 
polymer isocyanate (EPI), polyvinyl acetate (PVAc), urea formaldehyde (UF) and ultra-low formalde-
hyde-emitting amino resin (ULEF). ANOVA (p ≤ 0.05) indicates statistically significant differences in Er 
within the group (a ≠ b, ab = a, ab = b) or between groups (A ≠ B) if letters are different. Box and whisker 
plots indicate median, 25% and 75% percentile, maximum and minimum values, which are not outliers, 
considered outliers (dots) and neglected outsiders (asterisk)
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For the cured adhesive polymers, the pre-polymerized adhesives (EPI and PVAc) 
perform below 5 GPa. The thermoplastic PVAc is significantly affected by moisture, 
reducing its dry Er by approx. 50% when tested in moist conditions. EPI showed 
only a slight decrease in Er (not significant) with increasing ambient humidity. Thus, 
EPI clearly offers the most stable elastic properties compared to all other tested 
adhesives.

Thermosetting UF and ULEF show a similar behaviour regarding Er at moderate 
climatic conditions with values between 8 and 9 GPa. Er significantly increases in 
dry ambient climate condition to 12 GPa and shows a tendency to decrease in moist 
state. A more detailed description of the adhesive polymer results can be found in 
Rindler et al. (2018).

Regarding the interphase cell walls, the trend of decreasing modulus with increas-
ing moisture is still evident for ULEF and UF interphase cell walls. A systematic 
trend is again not visible for EPI, although the values in dry and moist states are 
significantly different from the moderate state. PVAc interphase cells are character-
ized by a high degree of scattering; therefore, a systematic change cannot be derived 
from the data. Similar to the pure wood cells, the influence of moisture on wood/
adhesive interphase cells is statistically significant only in a few cases, namely UF 
between moist and dry.

Comparing between the pure wood cells and the interphase cells, only the inter-
phase of the ULEF adhesive shows systematically (significant) higher Er compared 
to the pure wood cells, indicating penetration of adhesive compounds into the cell 
wall. For the other adhesives, no mechanical effect as a result of cell wall penetra-
tion is visible. However, a possible penetration of adhesive components cannot be 
excluded (e.g. for the case of UF), but an effect on mechanical properties of the cells 
is not visible.

The results for indentation hardness H for the pure wood cells, the pure adhe-
sive polymer and the wood/adhesive interphase cells, as shown in Fig. 5, display the 
remarkable differences between the adhesive systems.

The pure wood cells show hardness values of around 0.5 GPa. Similar to the 
reduced elastic modulus, a tendency of decreasing hardness with increasing humid-
ity can be observed for the wood cell walls of ULEF samples, while this trend is not 
visible for EPI, PVAc and UF samples.

The comparison between the dry and re-dry climate states for hardness of the 
pure wood cell and the interphase revealed no significant difference although again 
higher values for the re-established state are observable.

Here, it has to be mentioned that although dry and re-dry do not differ, there is 
a significant difference between the re-dry and the moderate and the re-dry and the 
moist states for UF and ULEF for the wood cells and the interphase cells. However, 
there is no statistical difference for the dry state of run order one.

Hardness of the pure adhesive polymers is again dramatically lower for pre-
polymerized EPI and PVAc adhesive polymers compared to both the thermosetting 
adhesive polymers as well as wood cells. Another time, PVAc changes its properties 
significantly with increasing moisture, while EPI remains comparably constant.

The amino resins (UF and ULEF) show similar hardness values compared to 
pure wood cells, both with values between 0.4 and 0.6  GPa. Noticeable is the 
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dramatic change in hardness for the ULEF adhesive, while this change is less 
pronounced for UF. The statistical evaluation between the moisture states of the 
pure adhesive polymers only reveals significant differences for ULEF and PVAc; 
for ULEF, all moisture levels showed significant differences to each other. With 
by far the lowest hardness values compared to the other adhesives, PVAc shows a 
significant difference between dry to moderate and moist, but there is no signifi-
cant difference between the moderate and the moist climate states. No significant 
difference can be observed between the different moisture levels for EPI and UF. 
Despite the statistical significance, all pure adhesive polymers decrease hardness 
when the surrounding relative humidity is increasing.

Fig. 5  Moisture-dependent hardness of the pure adhesive polymer, S2 cell walls of wood/adhesive inter-
phase region and of wood cells distant from the bond; specimens glued with emulsion polymer isocy-
anate (EPI), polyvinyl acetate (PVAc), urea formaldehyde (UF) and ultra-low formaldehyde-emitting 
amino resin (ULEF). ANOVA (p ≤ 0.05) indicates statistically significant differences in H within the 
group (a ≠ b, ab = a, ab = b) or between groups (A ≠ B) if letters are different. Box and whisker plots indi-
cate median, 25% and 75% percentile, maximum and minimum values, which are not outliers, considered 
outliers (dots) and neglected outsiders (asterisk)
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Values for hardness of the wood/adhesive interphase cells show comparably 
similar values to pure wood cells in a range of around 0.5 GPa. Again, the results 
show no statistically significant differences between the comparable moisture lev-
els of interphase and pure wood for EPI and UF.

Interestingly, EPI and PVAc reveal only little changes of hardness due to mois-
ture compared to UF and ULEF interphase cells.

Comparing between the groups, in general, no big differences between the 
interphase and the pure wood are visible for EPI and UF. PVAc shows higher 
values for the interphase with significant differences for the dry and the moderate 

Fig. 6  Moisture-dependent indentation creep of the pure adhesive polymer, S2 cell walls of wood/adhe-
sive interphase region and of wood cells distant from the bond; specimens glued with emulsion polymer 
isocyanate (EPI), polyvinyl acetate (PVAc), urea formaldehyde (UF) and ultra-low formaldehyde-emit-
ting amino resin (ULEF). ANOVA (p ≤ 0.05) indicates statistically significant differences in CIT within 
the group (a ≠ b, ab = a, ab = b) or between groups (A ≠ B) if letters are different. Box and whisker plots 
indicate median, 25% and 75% percentile, maximum and minimum values, which are not outliers, con-
sidered outliers (dots) and neglected outsiders (asterisk)
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states only. The ULEF adhesive bond shows significantly higher values than the 
pure wood cell of approx. 0.6 GPa.

As visible in Fig. 6, the results for moisture-dependent indentation creep CIT dis-
play the viscoelastic variability of the individual regions within the different adhe-
sive bonds.

The creep behaviour of pure wood cells seems to be relatively unaffected by 
moisture within the observed humidity range with values of around 15–20%. Beside 
no statistical differences between the different moisture levels, three out of four sam-
ples show no specific tendency of the creep change for the established humidity lev-
els. Only for the UF pure wood cell samples, a slight creep increase with increasing 
ambient humidity is visible. Again, the original and the re-established dry climate 
of the pure wood cells and the interphase cells revealed no significant difference 
between the dry and re-dry climate for any adhesive type. Only for UF between the 
moist and re-dry state, a significant difference for the wood cells could be observed.

Compared to the wood cells, the pure adhesive polymers show stronger effects 
caused by changed environment. As properly described in a previous study (Rin-
dler et al. 2018), PVAc is the most sensitive adhesive of the tested group to mois-
ture, showing statistically significant differences between the moisture states for the 
indentation creep almost doubling (dry to moderate) and tripling (dry to moist) its 
creep factor.

In contrast, EPI, UF and ULEF reach comparable viscoelastic creep levels. With 
values between 20 and 30%, the EPI adhesive shows no statistically significant dif-
ference between the different moisture states, although a tendency for higher creep 
values with increasing RH is visible.

The in  situ polymerized adhesives (UF and ULEF) demonstrate, as previously 
described (Rindler et  al. 2018), lowest creep among the tested adhesive systems 
(10–20%). Only the ULEF displays significant differences between dry and moist 
states.

The creep values achieved for the interphase regions do not significantly differ to 
the ones of pure wood cells.

The ULEF shows a tendency of less creep in the dry climate state compared to 
wood. Concerning the moisture levels, no significant difference can be identified 
between the moderate and moist states, but between them and the dry climate state.

Regarding the creep differences between the pure adhesive polymers and the pure 
wood and/or interphase cell walls, it has to be mentioned that the indentation hold-
ing times for creep measurement for the pure adhesive polymers and the interphase/
pure wood cells are different (60 versus 120 s). Due to this, a quantitative compari-
son of the absolute values measured in cells and adhesives is not meaningful, but 
differences by trend are described in the following.

As expected, the pre-polymerized adhesives (EPI and PVAc) tend to increase 
their creep with increasing moisture, whereas the in situ polymerized adhesives (UF 
and ULEF) and the wood properties tend to remain constant.

For the pure wood cells, a quite similar average of 0.5 GPa was observed for the 
hardness, what is in the range of values found for a variety of different climate con-
ditions applied in the literature (Wagner et al. 2015), but higher as observed for tran-
sition wood cells at moderate climate conditions elsewhere (Gindl and Gupta 2002; 
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Konnerth and Gindl 2006). The reduced elastic modulus with values of around 
20 GPa and the indentation creep with values between 15 and 20% remained quite 
constant with changing surrounding climate and are reflecting values of the litera-
ture (Wagner et al. 2015) for pure wood cells.

A very detailed discussion on the moisture-related mechanical findings of the 
reduced elastic modulus and creep of the pure adhesive polymers can be found else-
where (Rindler et al. 2018) and is not repeated here.

In general, the mechanical behaviour of all tested pure adhesive polymers is 
well in line with findings summarized in the literature (Stöckel et al. 2010, 2013), 
although the H values for UF and ULEF in the recent study are lower.

Most of the mechanical values of interphase and pure wood revealed no statisti-
cally significant differences. This is considered as an indicator that the S2 cell wall 
was mechanically not affected by most of the tested adhesives, only by ULEF.

The ULEF adhesive showed relevant differences between the interphase and the 
pure wood cell wall for the hardness and the reduced elastic modulus. According to 
the literature (Frihart 2009) and the findings of the present and other studies (Gindl 
et al. 2002, 2003; Herzele et al. 2018; Stöckel et al. 2010), it can be assumed that at 
least some compounds of the ULEF resin infiltrated the S2 cell wall. This assump-
tion is made without performing any additional tests of its molecular weight. The 
values of the hardness are in a similar range (Herzele et al. 2018), or slightly lower 
(Stöckel et  al. 2010) compared to literature values. Values for the reduced elastic 
modulus are slightly higher than results obtained earlier (Herzele et al. 2018) using a 
different indenter geometry (60° conical tip), but perfectly match with studies using 
the same Berkovich-type indenter (Stöckel et al. 2010) at moderate climate condi-
tions. Testing anisotropic materials such as wood cell walls with different indenter 
opening angles are known to bias measured Er results (Konnerth et al. 2009), but this 
should not affect measurements on isotropic materials such as adhesive polymers.

Although findings from the literature gave reason to believe that UF resins also 
are capable of infiltrating the cell wall and modifying its mechanical properties 
(Gindl and Gupta 2002; Stöckel et  al. 2010), values for UF did not indicate any 
mechanically detectable change of interphase cell walls compared to pure wood cell 
walls in the present study. This could be either a result of missing penetration into 
the cell wall, a non-uniform infiltration pattern (Paris and Kamke 2015) and missing 
the infiltrated region or simply a lack of mechanically detectable differences. Since 
the amino resins used in the recent study are especially designed for solid wood 
application, their viscosity (> 2000  mPa  s) is higher compared to resins typically 
used for other products like particleboards (approx. 400 mPa s). This is suspected 
to also affect the penetration behaviour of the adhesive (Dunky and Niemz 2013). 
Reference studies on UF cell wall penetration (Stöckel et al. 2010) were conducted, 
for example, on beech wood (Fagus sylvatica) that is known to have a higher perme-
ability (9.87 × 10−16 m2) compared to spruce wood (P. abies) (9.87 × 10−14 m2) used 
in the present study (Siau 2012). Furthermore, the molecular weight distribution of 
the used UF resin is not known, which is decisive for cell wall penetration capability 
(Frihart 2009) as described in introduction.

The reason why ULEF shows cell wall modification, while UF does not show a 
similar effect remains unclear, but as the detailed formulation of the adhesives used 
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in this study is not known, no further interpretation on this specific result can be 
done here.

Similar to the UF, the EPI also showed neither a significant difference, nor a trend 
between the wood cell and the interphase cell. Although the isocyanate compo-
nent of EPI may react with wood (Frihart and Wescott 2008; Grøstad and Pedersen 
2010), the recent findings based on mechanical properties indicate no cell wall mod-
ification and therefore support assumptions from the literature that no diffusion into 
the cell wall occurs with EPI (Frihart and Wescott 2008) components.

The most surprising results were obtained for the hardness of the PVAc with sta-
tistically significant differences between pure wood cell and interphase. The hard-
ness obtained from the peak load (Pmax) primarily considers plastic deformation of 
the sample and is, contrary to the elastic modulus, fibre-independent (microfibril 
angle) (Gindl et al. 2004; Jäger et al. 2011; Jakes et al. 2015). Comparing the differ-
ences of the mean hardness values between the pure wood cells and the interphase 
cells of PVAc (dry 0.04 GPa, moderate 0.05 GPa, moist 0.03 GPa) and ULEF (dry 
0.1 GPa, moderate 0.1 GPa, moist 0.11 GPa), it becomes clear that the differences 
between the means are of a different magnitude for ULEF and PVAc. Consider-
ing the maximum values for the mean differences between wood and interphase of 
the other adhesives (EPI 0.03 GPa, UF 0.02 GPa), PVAc values are closer to the 
non-significant group than to ULEF. Further, ULEF shows significant differences 
between wood cell and interphase cell; PVAc does not. As the size of PVAc pre-
polymers should not allow for penetrating nor modifying the S2 cell wall (Frihart 
2009), the origin of this difference remains unclear.

The here neglected MFA and lignin content of the selected S2 cell walls could 
also be the reason, why only in a few cases statistically significant differences in 
the reduced elastic modulus between dry and moist climatic conditions could be 
observed for spruce wood in the present study.

Although there is no significant material degradation due to the temporary expo-
sure to higher moisture contents, interestingly a trend of non-significant increase in 
modulus and the hardness is identifiable between the dry and re-dry states of run 
orders 1 and 4. Again, hardness is more sensitive and especially UF and ULEF fol-
low the described trend more explicitly, but for the pure wood cell and the inter-
phase cell. This might be an indicator that during the experiment not exactly the 
same dry moisture content could be reached, which might be caused by minimal 
irregularities in the acclimatizing durations.

Although the contribution of the individual bond line regions to the macroscopic 
performance of a bond is not further analysed in the present study, it can be said that 
the recent findings confirm and support the statements from the literature that pre-
polymerized and in situ polymerized adhesives will differently respond to occurring 
stresses (Frihart 2009; Frihart and Wescott 2008) due to significant differences in 
elastic and viscoelastic behaviour.

In general, all tested adhesives, apart from EPI, show a higher sensitivity to cli-
mate conditions representing a typical range occurring in interior applications, com-
pared to wood.

Wood shows a significantly higher reduced modulus Er than all tested adhe-
sives. In contrast, moisture-related hardness H of UF and ULEF was very similar in 
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magnitude to the one of the natural material wood. Only for the viscoelastic behav-
iour, higher values were observed for EPI and PVAc, UF and ULEF again showed 
similar or a lower tendency to creep (ULEF in dry climate state) compared to wood.

Although the reduced elastic modulus and the hardness of ULEF samples indi-
cate a penetration of the cell wall, no influence on the creep behaviour of the inter-
phase cells could be detected.

Conclusion

Nanoindentation once again showed to be a valuable tool to gain detailed mechani-
cal information on the individual regions of an adhesive bond at the microscale 
level. This time, the influence of air humidity on selected elastic, plastic and viscoe-
lastic properties of the main regions present in an adhesive bond, i.e. the adhesive, 
wood and interphase cell walls, was investigated. The data gained provide a more 
detailed insight into differences inherent to various adhesive systems used in wood 
industry.

The findings of the present investigation demonstrate mechanical differences, in 
particular for the reduced elastic modulus, between cure adhesives and pure wood 
cells. Mechanical properties of the tested wood cell walls seem to be less affected by 
moisture changes than the used adhesives. This could be based on the local micro-
fibril orientation of the observed spruce cell walls. Pure adhesive polymers show a 
tendency to decrease their modulus and hardness when the ambient relative humid-
ity is increased for PVAc, UF and ULEF, while both parameters remained compa-
rably stable for an EPI adhesive. Concerning creep, EPI and PVAc show an increas-
ing creep rate, while UF and ULEF remained rather stable with increasing relative 
humidity. The wood cell walls did not show a detectable change in creep properties 
as a result of changed humidity conditions.

For the selected adhesives, only ULEF showed evidence of cell wall penetration 
based on mechanical observations.
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