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Abstract Cell wall measures allow for direct assessment of wood modification

without the adverse effect of varying density and microstructure. In this study, cell

wall properties of recent and archeological oak wood from the Vasa shipwreck were

investigated for cell wall stiffness, hardness and creep with respect to effects of

chemical degradation, impregnation with a preservation agent, namely polyethylene

glycol, and moisture. For this purpose, nanoindentation tests were performed at

varying relative humidity, leading to different moisture contents in the wood

samples. Concurrently, microstructural and chemical characterization of the mate-

rial was conducted. Impregnated and untreated recent oak wood showed a softening

effect of both moisture and preservation agent at the wood cell wall level. On the

contrary, increased stiffness was found for non-impregnated Vasa oak, which can be

explained by aging-related modifications in cell wall components. These effects

Electronic supplementary material The online version of this article (doi:10.1007/s00226-016-0861-x)

contains supplementary material, which is available to authorized users.

& L. Wagner

leopold.wagner@tuwien.ac.at

T. K. Bader

thomas.bader@lnu.se

1 Institute for Mechanics of Materials and Structures, Vienna University of Technology

(TU Wien), Karlsplatz 13/202, 1040 Vienna, Austria

2 Department of Chemistry and Biotechnology, Swedish University of Agricultural Sciences

(SLU), Box 7015, 750 07 Uppsala, Sweden

3 Department of Building Technology, Linnaeus University, 351 95 Växjö, Sweden
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were counteracted by the softening effect of polyethylene glycol in the impregnated

Vasa material, where a lower overall stiffness was measured. The reverse effect of

the preservation agent and moisture, namely increased indentation creep of the cell

wall material, was revealed. The loss of acetyl groups in the hemicelluloses

explained the decreased hygroscopicity of the Vasa oak. In the impregnated Vasa

oak, this effect seemed to be partly counteracted by the presence of low-molecular

polyethylene glycol contributing to higher hygroscopicity of the cell wall. Thus, the

higher overall sorptive capacity of the impregnated Vasa material, with respect to

the non-impregnated material, was detected, which has resulted in a sorptive

behavior similar to that of recent oak wood. The proposed approach requires only

small amounts of material, making it especially suitable for application to precious

historical wooden artifacts.

Introduction

Given the structural heterogeneity of wood materials, there is naturally a large

scatter in experimentally characterized mechanical properties. Especially for aged

load-carrying wooden structures, it is of interest to characterize and possibly predict

the deterioration of the mechanical performance of the material. Nanoindentation

(NI) has established itself as a common technique to characterize local mechanical

properties in the wood cell wall (Burgert and Keplinger 2013; Eder et al. 2013).

Such measures can be regarded as more truly material properties, which are subject

to alterations upon aging, because there is no influence of microstructural features

such as the density, vessels or rays, as compared to macroscopic characterization on

wood samples (Burgert et al. 2001; Gindl and Teischinger 2002). This methodology

and its results were explored in a specific case of conserved waterlogged oak of a

well-known museum ship with a high value for cultural heritage, where samples of

macroscopic size for health monitoring are scarce.

The seventeenth century warship Vasa capsized in the Stockholm harbor during

its maiden voyage. The shipwreck was raised in 1961, followed by an extensive

conservation process using polyethylene glycol (PEG). This procedure aimed at

replacing the water in the wood cell walls by PEG and thus preventing shrinkage

and formation of cracks during drying (Håfors 2001). Since salt precipitation on

numerous surfaces on the ship had been reported (Sandström et al. 2002), a series of

investigations of the chemistry (Glastrup et al. 2006; Almkvist and Persson

2008a, b; Lindfors et al. 2008; Almkvist et al. 2016) and also of the mechanical

properties of Vasa oak wood (Ljungdahl 2006; Bjurhager et al. 2012; Vorobyev

et al. 2016) have been performed over the last years. These research activities

showed that the oak wood is affected by degradation, i.e., by depolymerization of

polysaccharides. Moreover, increased acidity (due to, e.g., oxalic and acetic acid)

has been confirmed, resulting in decreased mechanical properties as indicated by a

significant reduction in tensile strength. The degradation is more accentuated in

iron-rich regions, suggesting that oxidative reactions catalyzed by iron compounds

have taken place. Moreover, the impregnation agent PEG is known to have a

softening effect on both archeological (Bräker and Bill 1979) and recent wood
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(Stamm 1959; Bjurhager et al. 2010). Since the hull of the Vasa shipwreck is

currently mainly self-supporting, substantial loss of mechanical strength and

stiffness may have a severe impact on the stability and integrity of the ship’s

superstructure. Furthermore, creep of the load-carrying wood members and joints

results in permanent deformation of the ship structure. Treatment with PEG has also

shown to have an effect on the sorption behavior of wood, and altered sorption

behavior has been reported for Vasa oak material (Ljungdahl 2006; Bjurhager et al.

2012). However, the reported equilibrium moisture content (EMC) does not reflect

the EMC in the cell wall, as also PEG is capable to adsorb water.

Wood exhibits a porous, heterogeneous and hierarchically organized microstruc-

ture. Therefore, it is important to take a look at lower length scales with respect to

degradation, PEG treatment and moisture content, in order to gain enhanced insight

into the underlying structure–function relationships. While microstructural charac-

terization of Vasa oak wood cell walls has been performed previously (Bjurhager

et al. 2012; Svedström et al. 2012), no attempts to determine micromechanical

properties have been made so far. Regarding the mechanical properties of the

multilayered wood cell wall, the so-called secondary layer 2 (S2 layer) and the

middle lamella (ML), which connects individual wood cells, are dominating the

macroscopic behavior of wood. The ML in the cell corners mainly consists of lignin

and may thus be considered to behave mechanically isotropic. The S2 layer is

composed of parallel cellulose fibrils embedded in a matrix of hemicellulose and

lignin. The S2 layer can therefore be assumed to exhibit transverse isotropic

material behavior, with the main material axes oriented parallel to the direction of

the cellulose microfibrils (Salmén and Burgert 2009; Jäger et al. 2011), but inclined

to the cell axis. The corresponding angle between these two directions is the so-

called microfibril angle (MFA). The mechanical properties of the S2 layer and the

ML can be assessed by means of NI, which has established itself as standard tool for

the experimental investigation of mechanical properties of sound (Wimmer et al.

1997; Gindl et al. 2004; Wagner et al. 2013) as well as modified or degraded wood

cell walls (Konnerth et al. 2010; Bader et al. 2013; Wagner et al. 2015b). The time-

dependent behavior of the wood cell walls can also be assessed by means of NI

(Konnerth and Gindl 2006; Wagner et al. 2015a).

The aim of this study is to gain more insight into the effect of chemical

degradation, conservation treatment and moisture changes on the mechanical

properties of oak wood cell walls. For this purpose, NI tests were applied together

with microstructural and microcompositional characterization techniques to recent

and degraded, treated and untreated oak specimens. The influence of the PEG

treatment on micromechanical properties of recent oak and (degraded) Vasa oak

was assessed. In a first step, the investigation of non-impregnated recent oak and

PEG-treated recent oak wood was expected to give insight into the effect of PEG

treatment on mechanical properties of the cell wall layers. The characterization of

specimens from the Vasa shipwreck with different PEG concentrations comple-

mented the data set and allowed evaluation of the effect of PEG on the degraded

archeological oak. Treatment with PEG could affect the moisture uptake in the cell

walls, as PEG is believed to take the place of the water (Ljungdahl 2006; Bjurhager

et al. 2012).
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The integrative evaluation of the established data set is expected to give novel

insight into the moisture dependence of PEG-treated oak in general and the Vasa

oak wood with different PEG concentrations in particular. Moreover, the influence

of moisture content on creep deformation in the cell walls of the Vasa oak wood is

expected to support the future conservation process of this unique and exceptional

historic artifact. The proposed microscopic approach is general and applicable to

other valuable aging wood structures.

Materials and methods

Cell wall properties of both recent oak and Vasa oak were determined by NI

between 10 and 80 % relative humidity. The corresponding moisture contents were

measured by means of dynamic vapor sorption (DVS). The MFA of all samples,

which is vital for the interpretation of the NI results in the S2 layer, was acquired by

X-ray scattering. To be able to perform chemical characterization of the small

amounts of wood close to the NI indentation sites (Fig. 1), complementary

spectroscopic and mass spectrometric methods were chosen. FT-IR revealed the

overall composition and degradative status of the samples. The concentration of

PEG as well as the condition of PEG and soluble cell wall polymers in the samples

were determined by means of NMR and MALDI-TOF.

Samples

In this study, oak from the Vasa shipwreck (specimen 112-030 from block ID:

65542, referring to the Vasa museum data bank) was used. The wood material

Fig. 1 Illustration of the sampling procedure for the micromechanical, microstructural and chemical
analyses of the Vasa samples VASA-A and VASA-B; for extraction of the tensile specimen 112-030 from
block ID 65542, see Bjurhager et al. (2012); the sampling for the references (REF-1, REF-1-PEG) was
performed in a similar way; for abbreviations, see the ‘‘Materials and methods’’ section
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originated from tensile test specimens analyzed in a previous study (Bjurhager et al.

2012). A gradient of the PEG content from the surface to the interior of the Vasa oak

has been reported (Håfors 2001), which also was the case for this object (Bjurhager

et al. 2012). Two samples were prepared with different depth from the original

surface (Table 1) to achieve one sample with very low content of PEG (VASA-A)

and another sample with intermediate content of PEG (VASA-B). These samples

were matched in the longitudinal direction, in order to minimize microstructural

variability in the radial and tangential directions (Fig. 1). In addition, three

reference samples of recent oak (Quercus robur L.) were used: untreated recent oak

(REF-1 and REF-2) and recent oak impregnated with PEG600 (38 % w/w) (REF-1-

PEG). Material from these three samples had been used as reference material in

previous studies (Bjurhager et al. 2010, 2012; Wagner et al. 2015a). All subsamples

used for micromechanical and micromorphological characterization, spectroscopic

and chemical analyses, as described below, were taken within a narrow region

(Fig. 1) in order to reliably interpret and compare the results.

Micromechanical characterization: nanoindentation tests

For the NI tests, samples of approximately 1 9 1 9 1 mm3 (L 9 R 9 T) were cut

from the initial specimens. All samples were embedded in an epoxy resin (Agar

Low Viscosity Resin Kit, Agar Scientific, UK) to facilitate the handling of the small

wood cubes during sample preparation. The epoxy resin was subsequently found

inside the vessels and ray cells via visual inspection but apparently had not

penetrated into the fiber lumina. The translucent nature of the embedding resin

allowed checking the local fiber orientation using a light microscope. A plane

surface perpendicular to the local fiber axis was cut smooth with a microtome (Leica

Ultracut, Leica Microsystems, GER), equipped with a diamond knife (Wagner et al.

2014). NI tests were performed using a TriboIndenter� (Hysitron Inc., USA) at

different controlled climatic conditions, using a RH-200 Relative Humidity

Generator (L&C Science and Technology, USA). The tests were performed in

two separate experimental campaigns. On the first set of samples (VASA-A, REF-1,

Table 1 Results from WAXS, NMR and MALDI-TOF MS analyses

Sample Depth

from

surface

(mm)

MFA

(�)
PEG

content

(%)

Average

molecular weight

of PEG Mw

(g mol-1)

Molecular weight

distribution of

PEGa (g mol-1)

Water-soluble

carbohydrates

(mg g-1)

VASA-A 170 17.6 \0.1 – – 80

VASA-B 36 17.6 10.4 350 200–1000 n.d.

REF-1 – 13.7 0 – – 14b

REF-1-PEG – 15.6 17 620 400–1000 n.d.

REF-2 – 12.0 0 – – 14b

n.d. not detectable due to overlapping signals with PEG
a See supplementary material, S1
b According to Willför et al. (2005)
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REF-1-PEG), tests were performed in load control, at 30 and 60 %RH/22 �C, using
a one-step load function including a holding phase of 30 s and loading and

unloading rates of 50 lN/s, where the maximum loads amounted to 250 and 150 lN
for the S2 layer and the ML, respectively. The second set of samples (VASA-B,

REF-2) was tested together with samples from a different study (Wagner et al.

2015a), where two-step load functions—also load controlled and with two 15 s

holding phases and loading and (partial) unloading rates of 50 lN/s—with peak

loads of 200 and 150 lN for S2 layer and ML, respectively, were used. These tests

were performed at a broader range of climatic conditions, i.e., at 10, 40, 60 and

80 %RH/22 �C, as well as in saturated conditions under water. All samples were

climatized inside the TriboIndenter� at the desired RH over night before the actual

tests. Prior to mechanical testing, samples were stored at environmental conditions

of 22� C and a RH between 30 and 40 %. RH was increased and reduced from this

reference point for mechanical testing above and below 40 %RH, respectively.

Reduced peak loads of 130 lN and 90 lN were used for the measurements at

20 �C/80 %RH and under water, respectively. The reason for this reduction—as

well as for the difference in maximum loads for the S2 layer and the CCML—lies in

the different mechanical properties of the cell wall layers and the expected softening

of the cell wall material, which would have resulted in considerable differences in

penetration depths impeding the comparison of test results. All indents were placed

in the center of each sample, where the embedding resin had apparently not

penetrated into the fiber lumina. A total number of 15–20 indents were performed in

the S2 layers of fibers and 8–10 indents in the ML in each investigated sample at the

respective temperature/humidity conditions. Indents in the S2 layer were placed at

different cells with different positions as regards the cell wall orientation, in order to

reduce effects of sample or local fiber disorientation (Konnerth et al. 2009). While

the S2 layer usually exhibits sufficient thickness for NI, the ML is only accessible in

the cell corners (Wimmer et al. 1997; Wagner et al. 2013). All indents were

inspected by an inbuilt scanning probe microscope to verify that the indents in the

S2 layer and the cell corner middle lamella (CCML) had been placed correctly. The

indentation modulus M and hardness H were evaluated from the maximum force

Fmax, the initial unloading stiffness S and the contact area AC according to Oliver

and Pharr (1992):

M ¼
ffiffiffi

p
p

S

2
ffiffiffiffiffiffi

AC

p ; ð1Þ

H ¼ Fmax

AC

; ð2Þ

with AC as the projected contact area, evaluated from a calibrated tip area—pene-

tration depth function (Oliver and Pharr 1992). In addition, a measure for the time-

dependent deformation underneath the indenter tip, the indentation creep C, was

calculated as

C ¼ h1 � h0

h0
� 100%; ð3Þ
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with h0 and h1 as the indentation depths at the beginning and at the end of the

holding phase, respectively (CSM Instruments 2002). The respective load functions

were different for the two described sets of experiments. To be able to compare

C between all samples, it was evaluated for the second 15-s holding phase for

VASA-B and REF-2 (two-step load function) and for the first 15 s of the 30-s

holding phase for VASA-A, REF-1 and REF-1-PEG (one-step load function). The

indentation depths at half and maximum loads were in a range where no depth

effects on M and H emerge from the experimental scatter (Tze et al. 2007; Wagner

et al. 2014). Thus, M and H were evaluated at half and maximum load together.

Microstructural characterization: wide-angle X-ray scattering (WAXS)

From each wood specimen, one tangential thin section of 200 lm thickness,

originating from the same location (i.e., within the same annual ring) as the samples

for NI (Fig. 1), was taken and used for the determination of the microfibril angle

(MFA). The MFA was determined from these thin sections by means of wide-angle

X-ray scattering (WAXS). A Bruker Nanostar device (Bruker AXS, USA), working

with CuKa radiation (wavelength 1.54 Å), was used to collect the 2D diffraction

patterns at a distance of 11.2 cm for 30 min. The resulting intensities from the

diffraction patterns were integrated and processed according to Meylan (1967), to

determine the specimen-specific MFA.

Cell wall composition: chemical analyses and FT-IR

Samples for nuclear magnetic resonance (NMR) spectroscopy and mass spec-

troscopy (MS), using matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF), were prepared from a 5 9 5 mm2 subsample taken from a nearby

position within the original specimens, where the samples for NI had previously

been prepared (Fig. 1). These subsamples were manually fragmented to\1 mm.

Extracts for MS and NMR were prepared by extracting 50 mg of sample material in

1.5 ml D2O for 2 days.

The concentration of the PEG of VASA-A, VASA-B and REF-1-PEG was

determined in aqueous extracts (D2O) by quantitative H-NMR (Pauli et al. 2005).

Twenty microliters of a 30 mM solution of sodium 3-(trimethylsilyl)propanoate-d4

(TMSP) (Cambridge Laboratories, UK) was added as a reference to the extracts

(600 ll). The NMR data were recorded at 30 �C on a Bruker DRX600 NMR

(Bruker Daltonik, Germany). Baseline correction, phasing and peak integration

were applied manually. The concentration of PEG and xylan was quantified by

comparing the relative intensities of PEG signal (d 3.70) or xylan signals (d 3.1–4.6)
with the TMSP signal (d 0.00). For details and instrument parameters, see Almkvist

and Persson (2008b). The ratio between terminal and bulk methylene protons in

PEG provides an accurate estimation of the average molecular mass of the polymer.

For MALDI-TOF, the aliquot of the prepared D2O solutions above was mixed

(1:1) with the matrix [0.1 M 2,5-dihydroxybenzoic acid (Fluka) in 1:1 methanol/

water]. The analysis of the polymer distribution of PEG was performed in the range

of m/z 160–4500 using a Bruker ReflexTM III mass spectrometer (Bruker Daltonik,
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Germany) operated in delayed extraction mode with an acceleration voltage of

20 kV and a reflector voltage of 23 kV. The laser power was adjusted to a level

slightly above the threshold for the formation of observable ions. For each sample,

the results from 100 shots were summarized.

Subsamples (20 mg) for FT-IR analyses were prepared from samples VASA-A,

VASA-B, REF-1 and REF-1-PEG. The samples were gently filed by hand to a size

of approx. 0.1 mm and then placed in a desiccator with phosphorus pentoxide

(Sigma-Aldrich Co., USA) as a drying agent. Two-milligram dry material was

ground with 200 mg oven dried potassium bromide (KBr) (Sigma-Aldrich Co.,

USA), and two pellets were prepared for each sample. As a complement, VASA-B

was pre-extracted in water to remove PEG before drying. Infrared spectra were

obtained with a Spectrum 100 FT-IR Spectrometer (PerkinElmer, USA) equipped

with a lithium tantalite (LiTaO3) detector. The instrument was adjusted to an iris of

8.94 mm, and 32 scans with a scan range between 4000 and 400 cm-1 were

collected with a resolution of 4 cm-1. The background of KBr pellets was

subtracted for each analyzed sample, and the acquired data of the two wood-KBr

pellets were averaged. The FT-IR spectra were baseline-corrected by applying a

spline function where the absorbance was set to zero at 3600, 2400, 1900, 800 and

400 cm-1 for all spectra.

Quantification of moisture content: dynamic vapor sorption

The EMC at the set RH was analyzed at the set RH from small matched wood

samples (Fig. 1) of approximately 10 mg, which were prepared using a razor blade.

The analyses were performed using a DVS intrinsic apparatus (Surface Measure-

ment Systems, UK). First, the samples were dried under a dry nitrogen gas flow (100

sccm) until MC 0 %, followed by a sorption cycle with 10 %RH steps from 0 to

90 % (sorption) and from 90 to 0 % (desorption) at 22 �C. The DVS intrinsic

apparatus maintained a constant RH until the change in the sample mass was lower

than 0.001 %/min over a 10-min period to ensure a constant equilibrium condition

after each RH step. Since the samples were not extracted before the DVS

measurements, the EMC for VASA-A, VASA-B and REF-1-PEG are based on the

total mass of wood cell walls and PEG.

Results and discussion

Microfibril angle, moisture content and compositional characteristics

The MFA is vital for interpreting and comparing the NI results of the S2 layer of

wood. WAXS measurements revealed the average MFA in EW and LW of each

sample (see Table 1). Taking the size of the beam spot on the sample of 0.5 mm, as

well as the thickness of the section into account, the resulting MFA represents an

average over only 30–50 tracheids of either EW or LW. The average MFA of VASA

(17.6�) lied within the range of reported MFAs for samples from the same block of

Vasa material (Bjurhager et al. 2012; Svedström et al. 2012).
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NMR and MALDI-TOF were used to provide important information concerning

PEG content and molecular weight (Mw) and distribution of PEG, and also

information about depolymerization of hemicelluloses. The measurements, sum-

marized in Table 1, revealed a negligible PEG content in VASA-A. For VASA-B,

the Mw and molecular weight distribution of PEG were lower as compared to REF-

1-PEG (treated with PEG600) and to the PEG originally used during the

conservation treatment of the Vasa, i.e., mainly PEG600 and PEG1500 (Håfors

2001). The results are in line with previous studies, which show that PEG often has

a decreased Mw below the surface region, particularly in chemically degraded areas

(Almkvist and Persson 2008b). Effects of reduced Mw of PEG on moisture content

and mechanical properties of PEG-treated wood are discussed further below. The

significantly increased content of soluble carbohydrates in VASA-A compared to

the recent oak (Table 1) shows that this sample is a typical Vasa sample in which

hemicelluloses have undergone depolymerization (Almkvist and Persson2008b).

This was further supported by the presence of signals of low-molecular oligomers in

the MALDI-TOF MS spectra (see S1) with a mass difference of 132 l
corresponding to depolymerized xylan (Almkvist and Persson 2008a).

The FT-IR spectra of VASA-A, VASA-B and REF-1 are shown in Fig. 2. The

fingerprint region (1800–900 cm-1) contains the characteristic bands from uncon-

jugated carbonyl (C=O) stretch at 1742 cm-1 (acetyl groups attached to xylan),

aromatic skeletal vibration at 1506 and 1595 cm-1 (lignin), signals related to C–H

Fig. 2 FT-IR spectra of VASA-
A, VASA-B (extracted), REF-1
and REF-1-PEG
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deformation in the region 1500–1300 cm-1 (hemicellulose/cellulose), C–O–C

vibrations in the region 1300–900 cm-1 (hemicellulose/cellulose) (Moore and

Owen 2001). The spectrum of recent oak impregnated with PEG (REF-1-PEG)

displayed, as expected, strong additional signals at 1100, 1250 and 1350 cm-1

originating from PEG (Fig. 2). Therefore, VASA-B (containing PEG, Table 1) was

pre-extracted in order to avoid interference from PEG in the spectrum (Fig. 2).

Both VASA-A and VASA-B displayed significantly decreased signal intensity

from the acetyl group on xylan (1742 cm-1). This change was also accompanied by

reduced intensity of the signal at 1242 cm-1 assigned to C–O–R in the acetyl group

(Marchessault 1962). The effect was most prominent for VASA-A indicating a more

severe deacetylation due to acid hydrolysis in this sample. Furthermore, new and

partly diffused signals appeared at 1700 cm-1, a region typical for carboxylic acid

(C=O) vibrations. The result indicates that oxidative degradation has taken place in

terms of an increased number of carboxylic groups bound to the wood polymers

(Almkvist et al. 2016).

Despite the changed intensities of the bands pointed out above, the investigated

samples displayed intensities at the same level in the region 1600–1300 cm-1,

which includes signals from lignin, xylan and cellulose. This fact indicates that no

significant changes have taken place in terms of relative composition of the major

wood polymers in the Vasa samples as compared to recent oak. The variation in

intensity of the strong signals around 1100 cm-1 could be an effect of sample

preparation since it is sensitive for particle size in the FT-IR samples (Faix and

Böttcher 1992). From the NMR and MS results in the current and previous studies,

it is evident that xylan has been partly depolymerized making it water soluble in

chemically degraded Vasa oak, here represented by VASA-A. This could be a result

of oxidative degradation or acid hydrolysis, or a combination of these reactions. As

a result of increased acidity, this sample had also lost most of its original acetyl

groups previously attached to xylan.

The EMC was determined by DVS for each sample at the corresponding RH,

prevailing during mechanical measurements (see Table 2). However, the reported

EMC figures have to be considered as EMC for the whole wood samples, i.e.,

including PEG. Moreover, the actual EMC in the S2 layer and the CCML might

slightly differ from these overall values, due to their different chemical composition

(Smith and Langrish 2008). PEG600 has been shown to be more hygroscopic than

oak wood cell walls in the lower RH regime. At higher RH, this trend is reversed

(Ljungdahl 2006; Bjurhager et al. 2010). This is expected to be the reason for the

differences in EMC between the REF-1-PEG and REF-1 sample, an observation that

has been made before (Bjurhager et al. 2010).

The moisture content is slightly higher in VASA-B than in VASA-A over the

whole RH range. There are two explanations: VASA-A and VASA-B have to some

extent lost their acetyl groups which make them less hydroscopic, and VASA-B

contains PEG that increases the MC. This is in contrast to the differences between

the reference oak and REF-1-PEG, where the PEG treatment was found to slightly

reduce the overall MC in the lower RH regime and to increase the MC only at

higher RH. It has to be kept in mind that the PEG in VASA-B has undergone
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depolymerization, represented by a lower Mw (Table 1; S1), making the PEG in

VASA-B even more hygroscopic.

Micromechanical characteristics

NI resulted in indentation moduli M, indentation hardness H and indentation creep

C of the REF-1-PEG, REF-1 and REF-2 samples at different RH. Results of NI tests

are summarized in Tables 3 and 4 and illustrated in Figs. 3 and 4. Before

mechanical testing, samples were stored at environmental conditions of 22� C and a

RH between 30 and 40 %. Thus, the EMC in Figs. 3 and 4 for RH below 40 %

corresponds to values from the desorption curve of the measured sorption isotherms

(Table 2), while for RH C40 % the EMC corresponds to the values from the

sorption curves. At 20 �C/60 %RH,M and H in the S2 layer and the CCML of REF-

1 and REF-2 lie within previously reported values for European oak with

comparable MFA (Bader et al. 2013; de Borst et al. 2012). As mentioned before, the

reported EMC values have to be considered as EMC values for whole wood

samples, i.e., not considering differences between the EMC in the S2 layer, the

CCML and the PEG in the cell lumina of the impregnated samples.

Assuming isotropic behavior of the CCML, M and H are directly linked to the

mechanical properties of the material. Thus, M and H in the CCML can be directly

compared between samples to elucidate the effects of different treatments and/or

degradation. On the contrary, M of the S2 layer is not only dependent on the

inherent material properties of this layer, but also on the direction of the main

material axes with respect to the indentation direction, i.e., the MFA, and the degree

of anisotropy (Jäger et al. 2011). On the other hand, H of the S2 layer has been

experimentally shown to be insensitive to the MFA (Wimmer et al. 1997; Gindl

Table 2 EMC at different RH

for all samples

a EMC values for VASA-B and

REF-1-PEG have to be

considered as EMC for whole

samples, i.e., wood ? PEG

RH (%) 10 30 40 60 80

VASA-A (interior)

Sorption 1.7 4.3 5.3 6.6 9.9

Desorption 2.4 5.7 7.0 9.7 13.6

VASA-B (surface)a

Sorption 1.9 4.5 5.6 7.6 11.6

Desorption 3.0 6.3 7.7 10.6 15.0

REF-1

Sorption 1.4 4.0 5.2 7.4 11.5

Desorption 2.6 6.0 7.7 10.9 14.2

REF-2

Sorption 2.4 – 5.6 6.8 11.7

Desorption – – – – –

REF-1-PEGa

Sorption 0.8 2.8 4.0 7.0 14.4

Desorption 1.0 3.2 4.5 8.0 14.9
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a b

c d

e f

Fig. 3 Humidity dependence of the S2 layer (a, c, e) and CCML (b, d, f); star symbol VASA-A,
diamond symbol VASA-B, triangle REF-1-PEG, square REF-1, circle REF-2, vertical lines represent
±SD
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a b

c d

e f

Fig. 4 Moisture dependence of the S2 layer (a, c, e) and CCML (b, d, f); star symbol VASA-A, diamond
symbol VASA-B, triangle REF-1-PEG, square REF-1, circle REF-2, vertical lines represent ± SD; the
MC of VASA-B and REF-1-PEG has to be considered as MC for the whole sample, i.e., for wood ? PEG
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et al. 2004; Tze et al. 2007). Thus, in the S2 layer, H can be directly compared

between specimens, while for the comparison of M, the MFA will have to be taken

into account. The difference in MFA (maximum 5.6�) between the investigated

samples (Table 1) could cause a difference in the indentation modulus between the

samples of up to about 10 % (Jäger et al. 2011). In the following, NI results will be

discussed with respect to the treatment with PEG, the EMC and the chemical

composition described before.

Influence of PEG treatment on mechanical properties of oak cell walls

The influence of PEG on micromechanical properties of oak cell walls can be

elucidated by comparing test results of the samples REF-1 and REF-1-PEG

(Tables 3, 4), which showed rather similar MFAs (Table 1). Only minor differences

were observed between REF-1 and REF-2 at 20 �C/60 %RH. The PEG treatment of

recent oak resulted in a decrease in M and H as well as an increase in C in the S2

layer and CCML, respectively. Decreased macroscopic stiffness upon impregnation

with PEG has been reported previously by Bjurhager et al. (2010). A recent study by

Vorobyev et al. (2016) investigated the combined effect of aging and impregnation

of PEG in Vasa oak on the macroscopic elastic properties as compared with the case

of recent oak and found that all Young’s moduli and shear moduli along the

principal material axes were lower for the Vasa material. For wood with comparable

densities and microfibril angles, cell wall softening correlates with an associated

softening of the wood on the macroscopic scale (e.g., Gibson et al. 2010).

Regarding the PEG treatment of recent oak, M and H of the S2 layer and the

CCML were reduced by 35 and 38 and 56 and 67 %, respectively (Table 3). At the

same time, C of the S2 layer and the CCML increased by 71 and 16 % (Table 3).

Thus, a similar effect of the PEG treatment on M and H of the S2 layer and the

CCML was observed. In contrast to M and H, the effect of PEG on C was higher in

the S2 layer than in the CCML, shown by an increase in C of 71 and 16 % for S2

layer and CCML, respectively. This emphasizes the strong softening effect of PEG,

which consequently has penetrated into the wood cell walls. There it is known to act

as a softening plasticizer, breaking secondary hydrogen bonds between the cell wall

polymers (Hoffmann 1988; Wallström and Lindberg 1995). Due to short holding

times and variations in indentation forces, the measured indentation creep values

cannot be regarded as material parameters to the same extent as M and H. Although

rheological material parameters can be identified from NI curves in isotropic

substrates (Jäger et al. 2007; Chen and Diebels 2013), the viscoelastic anisotropic

nature of the wood cell wall requires substantially more experimental data in

different indentation directions and modeling work to characterize the creep

material behavior. Nevertheless, the presented indentation creep data can be used

for qualitative comparisons between the tested samples.

A reduction of EMC by reducing the RH to 30 % reduced the effect of the PEG

treatment with respect to M and H, but still resulted in lower M and H of the PEG-

treated wood compared to recent oak. The corresponding losses amounted to 21 and

36 % for the modulus and 45 and 58 % for the hardness of the S2 layer and the

CCML, respectively. The reduction of RH to 30 %, however, leads to a slight
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increase in the influence of PEG on C. The decreases compared to the reference

material were 73 and 25 % for the S2 layer and the CCML, respectively. Changes in

micromechanical properties between different EMC of the two samples indicate that

a considerable part of the softening can be attributed to the penetration of PEG into

the cell wall, while the influence of the EMC was in the same range as compared

between the two samples.

Micromechanical properties of Vasa oak cell walls

The two Vasa samples are clearly distinguished from each other in terms of their

micromechanical properties. The values for M and H of the S2 layer and the CCML

of the PEG-free VASA-A specimen were even slightly above those of REF-1 and

REF-2. Several phenomena may deliver explanations for this finding. The

degradation of xylan, having partly lost its acetyl side-groups, can lead to parts

of the xylan fraction being more tightly bound to the cellulose chains (Kabel et al.

2007) and thus potentially increases the cell wall stiffness. Possible other effects

related to physical aging of wood and other cellulose-based products are fibril

aggregation by the formation of new hydrogen bonds, increased cellulose

crystallinity due to degradation of amorphous cellulose, as well as additional

cross-linking of cell wall polymers (Kato and Cameron 1999; Zervos 2010). These

phenomena might have contributed to the observed stiffness increase as well.

Higher M and H values in the S2 layer and CCML of degraded oak samples have

previously been reported for material of the Oseberg shipwreck, an ancient Viking

ship (Bader et al. 2013), which displayed a complete deacetylation. Deacetylation is

a natural, slow process that affects all wood upon aging but is considerably

accelerated in the presence of acids (Fengel and Wegener 2003). However, the

Oseberg ship displayed severe microbial degradation of the wood since it was

buried in soil for a long time.

The second Vasa specimen VASA-B showed M and H values well below the

values of VASA-A (Tables 3, 4). A dominant difference between these samples is

their PEG content (Table 1). The reduction of M and H by PEG impregnation from

VASA-A to VASA-B was similar to the differences between the reference samples,

as discussed above, i.e., 35 and 56 % for M and 47 and 42 % for H, for the S2 layer

and the CCML, respectively.

Test data related to time-dependent deformations of the cell wall during NI were

also well in line with the phenomena discussed above. Due to the high PEG content,

creep deformations were higher in VASA-B than in VASA-A. The latter showed

creep deformations even smaller than the reference oak. This might again be a result

of the degradation of xylan, being more tightly bound to the cellulose chains (Kabel

et al. 2007) and thus potentially also decreasing the creep deformations in the wood

cell wall.

The PEG treatment of recent oak led to lower values of M and H and higher

values of C compared to the PEG-treated Vasa oak sample (VASA-B). This

illustrates the strong dependence of the micromechanical properties on the PEG

content (cf. Table 1) and supports previous experimental investigations on

macroscopic samples that highlighted a higher creep activity of PEG-treated
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archeological oak compared to recent oak (Hoffmann 2010). The difference

between degraded and non-degraded samples is similar for PEG-free and PEG-

impregnated conditions.

The softening behavior of the S2 layer and the CCML of all samples with

increasing MC can be described by S-shaped curves, as reported for macroscopic

stiffness and strength of wood (Gerhards 1982) as well as for cell wall properties,

i.e., M, H and C (Wagner et al. 2015a). Figure 4 shows the test results of the

experimental study over the overall moisture content of the samples. However, only

parts of the whole S-shaped curve can be seen, since MCs between 12 % and FSP

have not been measured. The results of the samples without PEG, i.e., VASA-A,

REF-1, and REF-2, follow closely the above described trend. As for PEG-

impregnated samples, i.e., VASA-B and REF-1-PEG, their behavior might be

described by a similar S-shaped curve but shifted toward lower MCs. This would

well describe the softening effect of the PEG in addition to the softening effect of

the absorbed water in the cell wall, but would mean that a saturation limit is reached

at lower MC as compared to untreated recent oak wood. It has to be kept in mind

that the results for 80 %RH and saturated conditions have been obtained using

lower maximum loads. Thus, C at these conditions represents creep at a lower load

level. For the same load levels used at 10–60 %RH, C would be even higher.

For the preservation of future archeological findings of waterlogged wooden

artifacts, less softening of the wood cell walls by using a different preservation

agent would be desirable. From a purely structural viewpoint, a reduction in RH in

the museum would reduce the ongoing deformation of the Vasa ship, but this is

more costly to maintain and might cause further cracking from drying of the wood

material.

Conclusion

In this study, the influence of two characteristics on the mechanical softening of

wood cell walls, namely the effect of a conservation agent (PEG) and the effect of

moisture, has been studied by means of a micromechanical approach. The

investigations covered recent oak wood—in native condition as well as impregnated

with PEG—and archeological, chemically degraded and partly PEG-treated wood

samples from the Vasa shipwreck.

Wood cell walls containing PEG generally showed lower stiffness and

indentation hardness as well as higher creep deformations than the untreated

reference samples. Hence, PEG can be considered a softening agent in the wood cell

walls. The differences between the PEG-treated Vasa and the PEG-free Vasa oak

wood follow closely the effect encountered for PEG impregnation of recent oak.

The investigations revealed that the overall moisture sensitivity of the wood cell

wall was similar to the general behavior of wood at the macroscopic scale, namely a

decrease in stiffness and indentation hardness together with increased creep

deformations. The sensitivity was higher for the samples containing PEG, as

compared to untreated wood. These findings are based on the calculation of the

overall EMC of the wood samples, related to the dry mass of wood and PEG. Future
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work could focus on the investigation of local moisture variations within the cell

wall layers and their relation to the degradation and impregnation. This would

considerably enhance also the understanding of structure–mechanics relationships.

The PEG-free Vasa sample showed slightly higher stiffness and indentation

hardness as well as lower creep deformations as compared to the reference samples.

Although this phenomenon of increased mechanical properties for degraded wood

has been reported before, the exact reason for this finding currently remains

unknown. Possible explanations might be found in previously reported aging-related

effects on the microstructure, for example deacetylation of xylan increased cross-

linking and cellulose crystallinity or a loss of hygroscopicity due to a loss of acetyl

groups of xylan.

The observed correlation between macroscopic softening and the underlying

softening on the cell wall level supports the applicability of NI to monitor such

effects on archeological wood. Furthermore, only small samples are required

compared with tensile testing of solid wood, highlighting the potential of

nanoindentation to screen the mechanical health of precious archeological wood.
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wood conservation). Z Schweiz Archäol Kunstgesch 36:97–145 (in German)
Burgert I, Keplinger T (2013) Plant micro- and nano-mechanics: experimental techniques for plant cell-

wall analysis. J Exp Bot 64:4635–4649

Burgert I, Bernasconi A, Niklas KJ, Eckstein D (2001) The influence of rays on the transverse elastic

anisotropy in green wood of deciduous trees. Holzforschung 55:449–454

Wood Sci Technol (2016) 50:1103–1123 1121

123

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1515/hf-2015-0223


Chen Z, Diebels S (2013) Parameter re-identification in nanoindentation problems of viscoelastic polymer

layers: small deformation. ZAMM 93:88–101

de Borst K, Bader TK, Wikete C (2012) Microstructure-stiffness relationships of ten European and

tropical hardwoods species. J Struct Biol 177:532–542

Eder M, Arnould O, Dunlop JWC, Hornatowska J, Salmén L (2013) Experimental micromechanical

characterization of wood cell walls. Wood Sci Technol 47:163–182
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