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ABSTRACT
The moisture resistance of friction-welded wood joints can be
improved by applying bio-based bonding additives. Several bio-
molecules including tannic acid, organosolv lignin from hard-
wood, kraft lignin from softwood, and derivates thereof, were
investigated regarding their applicability as bonding additives in
the friction welding process. Welding with kraft lignin showed sig-
nificantly increased moisture stability after 24 h water immersion.
An average wet bond strength of 1.5MPa compared to 0.38MPa
of untreated spruce was obtained. Modification of kraft lignin
through succinylation, acetylation or depolymerisation led to no
further improvement in moisture stability. Depolymerised kraft lig-
nin resulted in an even higher delamination rate of the samples
during water immersion than untreated samples. Structural ana-
lysis of the lignin variations by FTIR-ATR, GPC and 31P NMR in
combination with thermal analysis by TGA and DSC showed the
impact of various structural and chemical features on the thermal
behaviour and intermolecular interactions of the applied lignin.
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1. Introduction

In view of increasing depletion of fossil and mineral-based resources, high anthropo-
logical CO2 emissions and environmental pollution, a substitution of conventional
fossil-based materials by renewable and biodegradable materials is an important step
towards sustainable future societies [1–5]. Wood, as a biodegradable material with
high CO2 sequestering capability, is a resource with comparably low environmental
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impact, while exhibiting excellent mechanical properties [6]. Through chemical modi-
fications or combinations with other materials, it is possible to improve the inherent
properties of wood and to introduce novel functionalities into wood and wood-based
materials [7–14]. For practical purposes, engineered wood products with more homo-
genised wood properties are of great importance to increase the utilisation of wood.
Conventional adhesives used for engineered wood products are most often based on
a small selection of synthetic resins. They impede the natural degradation of the
product and are a serious obstacle to its recyclability. Moreover, adhesives play a
non-negligible part in the generated CO2 (eq.) emissions during the production of
engineered wood products [15,16].

While much research is conducted to reduce friction between two surfaces to avoid
friction damage [17–21], one may use friction for beneficial purposes. Linear friction
welding of wood is a technique that allows bonding wood without synthetic adhesives
through activation of its natural components (lignin, cellulose and hemicelluloses). By lin-
ear reciprocal movement of two wood surfaces, friction heat is generated at the interface.
This plasticises the lignin and leads to defibrillation and entanglement of wood fibres.
The plasticised lignin encases the entangled wood fibres upon cooling and solidification
and results in a strong bond solely through the inherent components of wood [22].
Longitudinally welded spruce has reached shear strengths of about 4.2MPa [23,24] while
bond strength of up to 9.3MPa has been achieved using pine [25]. Hardwood species
allow for higher bond strength, with 13.4MPa for beech wood [26] and 13.3MPa for ash
wood [27]. Most studies use a welding frequency range of 100–150Hz, as pre-set by the
welding equipment. However, even higher bond strengths of up to 15MPa were reported
for pine when increasing the welding frequency to up to 240Hz [28].

A limiting factor for the widespread application of friction-welded wood is its sensitiv-
ity to moisture. The hygroscopic behaviour of wood results in anisotropic swelling upon
water uptake. It is assumed that there is a mismatch in the swelling behaviour between
the bulk wood and the bondline. This leads to stresses at the interface of the welded com-
ponents, resulting in failure and delamination of the bond [28,29]. Until yet, it has not
been possible to obtain satisfyingly moisture-stable bonds, despite various efforts to opti-
mise welding parameters of several wood species [26,27,30–36]. Various treatments have
already been studied to improve moisture stability in linear friction welding, such as citric
acid [37,38], pine tree rosin [39], sunflower oil, polybutylene adipate, pine tannin or fur-
fural [40]. Citric acid showed promising results for improving the moisture stability of
butt-end welded spruce joints [37]. However, no major effect was observed after citric
acid treatment of longitudinally welded beech wood [38]. Pine tree rosin led to an increase
in moisture stability of linear welded joints through the protection of the bondline against
moisture by its hydrophobic property, resulting in wet shear strength in welded beech of
up to 5.2MPa [39]. Dowel welding was investigated with acetylated lignin. Pull-out tests
of beech-dowels showed about 30% increase in the pull-out force after treatment [41].

In this work, we investigated three different biomass-derived polyphenols, organo-
solv lignin extracted form hardwood, kraft lignin from softwood, and tannic acid, as
potential bonding additives to increase the moisture stability of the welded wood.
Lignin, as one of the most abundant hydrophobic biopolymers in the world and the
main source of renewable aromatic structures [42–45], may add to the protection of
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the bondline against moisture. We studied lignin from different sources and deriva-
tives thereof to test their specific applicability in friction welding. Organosolv lignin
is currently mostly produced on pilot-scale plants, but is of growing interest as a
side product of bio-refineries. Organosolv lignin shows a high chemical purity and
low water solubility [46,47]. Kraft lignin, as a side product of the most common
pulping process, is of commercial interest as a phenolic source in adhesives due to
its low cost and easy availability. Nowadays, the majority of the produced kraft lig-
nin is still combusted for energy production. Even though it has been in the focus
of research for the use as bio-adhesive for decades, it is mostly used only as a par-
tial replacement of phenols in phenol-formaldehyde resins [48], as a consequence
of its relatively low reactivity towards crosslinking reactions [44,49,50]. Besides the
rather hydrophobic lignin, we used more hydrophilic tannic acid, a hydrolysable
tannin, which is a low-cost product that has been researched for application in
bio-adhesives [51–54].

Only limited knowledge is available about how the physical and molecular fea-
tures of bonding additives influence the bond strength and moisture resistance dur-
ing friction welding. Therefore, we used carboxylation, acetylation and
depolymerisation of kraft lignin to modify its functional groups and thereby vary
its chemical reactivity. By using a variety of biomolecules and chemically altered
derivatives thereof with selected chemical and physical properties, we aimed to
obtain a deeper understanding of the relevance of chemical and structural features
for the formation of the bondline as well as for an improved bond strength and
moisture resistance of friction-welded wood joints.

2. Material & methods

2.1. Materials

A commercially available alkaline kraft lignin (#370959; Sigma-Aldrich, Buchs,
Switzerland) was purchased. The alkaline kraft lignin was produced by kraft delignifi-
cation of softwood, and contains a sulphur content of 1.3% according to the
manufacturer.

Beechwood organosolv lignin was supplied by the Fraunhofer Center for
Chemical-Biotechnological Processes CBP in Leuna.

Tannic acid (#16201, Mw ¼ 1701.2 g/mol), acetic anhydride, succinic anhydride,
sodium hydroxide, citric acid monohydrate, tetrahydrofuran (THF, Chromasolv,
inhibitor-free), chloroform-d1, pyridine, chromium(III) acetylacetonate, hydroxy-
3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione [eHNDI], and 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Cl-TMDP, 95%) were purchased from
Sigma-Aldrich (Buchs, Switzerland). Polystyrene standards (MW range:
0.16� 3.00� 106 g mol�1) were obtained from Polymer Laboratories (Church
Stretton, United Kingdom).

Defect-free Norway spruce (Picea abies) specimens with dimensions of
160� 100� 10mm3 (l� r � t) were prepared for welding. The density was between
418 and 530 kg/m3. The orientation of the annual rings was not determined. The
wood was stored at 20 �C/65% r.h. before welding.

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 3



2.2. Lignin modifications & synthesis

2.2.1. Lignin acetylation
The acetylation of lignin was conducted based on a protocol by Monteil-Rivera and
Paquet [55]. Kraft lignin and acetic anhydride were mixed at a ratio of 1:10 by
weight. The mixture was heated under constant stirring to 130 �C (heat-up time:
�20min) and left to react under reflux for 30min. After cooling to room tempera-
ture, the acetylated lignin was precipitated by the addition of deionised water and
separated by vacuum filtration. Following washing with water (until pH >4), the ace-
tylated lignin was dried at room temperature overnight, followed by drying under
vacuum (150 mbar, 40 �C) for 6 h.

2.2.2. Lignin succinylation
The succinylation of kraft lignin was conducted based on the protocol of Xiao et al.
[56] with some alterations. Kraft lignin was dispersed in deionised water at a ratio of
1:10 by weight. The pH of the solution was adjusted to 8.5–9 with a 0.5M aqueous
NaOH solution. Crystalline succinic anhydride (20wt.% of lignin) was added stepwise
to the mixture during 30min at 28 �C. The pH of the solution was kept at 8.5–9 dur-
ing the whole reaction with a 2% aqueous NaOH solution. After 1 h reaction time,
the succinylated lignin was precipitated by adjusting the mixture to pH 2 with con-
centrated HCl, separated by centrifugation and washed multiple times with water
until the pH of the supernatant was >4.

2.2.3. Lignin depolymerisation
Depolymerised kraft lignin was produced by dissolving 2wt.% Na2CO3 in a 70%
aqueous ethanol solution, followed by adding kraft lignin (5wt.%). The mixture was
heated to 180 �C for 1.5 h in a ParrVR reactor. After cooling to room temperature, the
solvent was evaporated under reduced pressure.

2.2.4. Lignin fractioning
Fractioning of kraft lignin was conducted by dissolving the kraft lignin in water-free
acetone (0.1 g/ml), followed by filtration through two Whatman-filter #1. Thereby,
two fractions were obtained. The dissolved lignin-fraction was named ASKL
(acetone soluble kraft lignin) and the insoluble fraction AISKL (acetone insoluble
kraft lignin).

2.3. Preparation of specimens for welding

2.3.1. Citric acid
For citric acid modification, the wood samples were placed in a basin filled with a
10wt.% aqueous citric acid solution at room temperature. Care was taken that the
sample was not fully immersed and that only one surface was covered with the solu-
tion. A vacuum of �50 mbar was applied for 10min to aid the impregnation of the
citric acid solution.
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2.3.2. Tannic acid
For tannic acid treatment, a 16wt.% aqueous tannic acid solution was applied by
brush to both surfaces of the wood samples to be welded (235 g/m2).

2.3.3. Lignin
The different lignins were dispersed in an aqueous acetone solution (16wt.%) with a
concentration of 5wt.% lignin. The mixtures were applied to both surfaces of the
spruce samples by brush, obtaining a final concentration of 31.25 g lignin/m2.

2.4. Welding of specimens

The samples were welded with a linear vibration welding (LVW) machine LZM75
from Fischer Schweisstechnik (DE). All samples were conditioned at 20 �C and 65%
r.h. for at least a week before welding.

2.4.1. Parameter study for the welding of native spruce
To analyse the influence of the welding parameters on the shear strength of unmodi-
fied spruce, different welding frequencies (80, 100 and 130Hz) and welding pressures
(0.5, 1, 1.5 and 2MPa) were used. The welding time was set to 6 s. The applied cool-
ing pressure was fixed at 0.5MPa higher than the respective welding pressure and
was held for 30 s after the end of the welding process. The welding amplitude (rela-
tive movement of the two surfaces to each other) was 1.5mm.

2.4.2. Welding with kraft lignin
Samples treated with unmodified kraft lignin were investigated by using two lignin
concentrations (31.25 and 62.5 g/m2), different welding frequencies (100Hz and
130Hz) and stopping criteria of 1mm or 2mm welding displacement (loss in thick-
ness after welding due to compression of the cells and expulsed material). A welding
and cooling pressure of 1.5MPa and 2MPa, respectively, was maintained. The cooling
pressure was kept for 30 s.

2.4.3. Welding with different biomolecules
For comparing the differently modified bonding additives, the welding parameters
were fixed at a welding frequency of 130Hz and a welding pressure of 1.5MPa.
Furthermore, a welding displacement of 2mm was used as stop criteria. The cooling
time was 30 s at a pressure of 2MPa.

An overview of the used welding parameters for the welding of the specimen with
differently modified surfaces is given in Table 1.

2.5. Chemical and thermal characterisation

2.5.1. Thermogravimetric analysis (TGA)
The influence of the lignin modifications on the thermal stability was determined by
using a TGA Q50 (TA Instruments). A 10–15mg sample in powder form was placed
in a Pt-pan and dried at 100 �C for 15min before heating up to 1000 �C with a
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heating rate of 10 �C min�1 under nitrogen (60ml min�1 sample purge flow and
40ml min�1 balance purge flow). The weight after the pre-drying step was taken as
starting weight (100%). The process was repeated with new samples by heating up to
500 �C for the visual characterisation of the formed char.

2.5.2. Differential scanning calorimetry (DSC)
Glass transition temperature (Tg) was determined by Modulated Differential Scanning
Calorimetry (MDSC) using a DSC Q2000 (TA Instrument) with TzeroVR aluminium
pans. A temperature ramp from 80 to 200 �C with a heating rate of 3 �C min�1 was
applied. A temperature modulation (amplitude of 1 �C in a period of 60 s) was super-
imposed on the main heating ramp. The lignins were dried at 110 �C before measure-
ment. Two heat cycles were run, and Tg was determined in the second run. The glass
transition was analysed with the Universal Analysis 2000 (TA Instruments) software
through the inflexion point method based on the change in the reversing heat flow
signal [57].

2.5.3. ATR-FTIR
Chemical characterisation of the used biomolecules was obtained with an attenuated
total reflectance Fourier-transform-infrared (ATR-FTIR) spectrometer (Bruker Tensor
27) equipped with an ATR module over the scan range of 400–4000 cm�1 with a
spectral resolution of 2 cm�1. The spectra were baseline corrected in the OPUS soft-
ware using the concave rubber band method (20 iterations, 64 baseline points) and
min-max normalised. Five normalised spectra were averaged and plotted in
OriginPro 2021 (OriginLab Corporation).

2.5.4. 31P NMR
OH-group contents were analysed as previously described. In brief, an accurately
weighed amount of lignin (approximately 30mg) was dissolved in 425 ml of anhyd-
rous CDCl3/pyridine solution (1:1.6 (v/v)). 100ml of a standard solution of N-
hydroxy-5-norbornene-2,3-dicarboxylic acid imide (eHNDI) (0.1225M in anhydrous
CDCl3/pyridine solution) containing Cr(III)-acetylacetonate as the relaxation agent
was added. Finally, 75ml of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was
added, and the mixture was stirred at room temperature for 2 h. The mixture was

Table 1. Overview of the welding parameters used in this study for the welding experiments
with native spruce, kraft lignin modified spruce and spruce modified with different biomolecules
(different lignins, tannic acid and citric acid).

Surface
modification

Welding
frequency [Hz]

Welding
pressure [MPa]

Cooling
pressure [MPa]

Cooling
time [s]

Welding stop criteria

Time [s] Displacement [mm]

1 None (native spruce) 80 0.5 1 30 6 –
100 1 1.5
130 1.5 2

2 2.5
2 Kraft lignin 100 1.5 2 30 – 1

130 2
3 Different biomolecules 130 1.5 2 30 – 2
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then transferred into 5mm NMR tubes, and the spectra were measured on a Bruker
AVANCE 400MHz spectrometer equipped with a 5mm double resonance broadband
BBI inverse probe using the Bruker zgig pulse sequence (256 scans at 20 �C). All
chemical shifts reported are relative to the reaction product of water with Cl-TMDP,
which gives a sharp signal in pyridine/CDCl3 at 132.2 ppm. NMR data were processed
with MestreNova (Version 9.0.1, Mestrelab Research), using standard ranges for inte-
grals as established before for lignins and tannins [58].

2.5.5. GPC-UV analyses
GPC analysis was used to determine the molecular weight distribution of lignin.
Starting, lignin samples (ca. 50mg) were acetylated using a 1:1 pyridine/acetic anhyd-
ride mixture (2ml, 40 �C, 24 h) and recovered by stripping with EtOH, toluene and
chloroform (three times each) before being subjected to GPC analysis.

GPC analyses were performed on an Agilent 1260 Infinity liquid chromatog-
raphy system, equipped with an autosampler (Agilent 1260 Vialsampler, injection
volume 25 mL) and connected in series to an Agilent 1260DA VL detector (set at
280 nm) and an Agilent 1260 FL detector (k excitation: 390 nm, k emission: 550 nm
for all samples). The GPC-column system was composed as follows (following the
solvent flow direction): Agilent PLgel 5 mm (500 Å), Agilent PLgel 5 mm (1000 Å)
and Agilent PLgel 5 mm (10,000 Å). Samples were dissolved in tetrahydrofuran
(THF, accurately prepared at the concentration of 1mg ml�1 starting from more
concentrated stock solutions) and analysed using THF as eluent (Fluka 99.8%) at a
flow rate of 1ml min�1. Standards of polystyrene (MW range: 0.16� 3.00� 106 g
mol�1) were used for calibration. The evaluation of the number-average molecular
weight (Mn) and the weight-average molecular weight (Mw) of the samples was
performed. Moreover, the ratio PDI¼Mw/Mn, defined as polydispersity index was
calculated. The Mn and Mw values reported are the average of three analyses
(standard error Mw: 500 g mol�1; Mn: 100 g mol�1).

2.5.6. SEM
Bond failure and wood surface structure were analysed visually and by scanning elec-
tron microscopy (SEM) with a Jeol JSMF7100F. Samples were coated with a Pt/Pd
(80/20) coating of �7 nm thickness using a sputter Coater (CCU-010, Safematic,
Switzerland).

2.5.7. Tensile shear tests
Tensile shear tests were conducted according to DIN EN 302-1. Deviating from the
standard, the sample thickness was increased from 10 to 20mm. Four testing speci-
mens were obtained per welded sample, whereof two were tested dry and two in wet
state (cf. Figure 5). The specimen in dry state were conditioned at 20 �C, 65% r.h.
prior measurement, the ones in wet state were tested after 24 h submersion in cold
tap water. The tests were conducted with a Zwick/Roell Z010 universal testing
machine, equipped with a 10 kN load cell and a testing speed of 0.4mm/min. The
strain was measured using a clip-on extensometer.

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 7



One-way ANOVA, followed by Fisher’s LSD posthoc test was performed with
OriginPro 2021 to compare the measured shear strengths between different
modifications.

3. Results & discussion

3.1. Welding of native spruce

The bond strength of friction-welded wood is highly dependent on anatomical
parameters of the wood (species, grain direction, etc.), moisture content as well as on
the welding parameters [59]. To select a set of parameters for the initial investiga-
tions, we studied the influence of different welding frequencies and pressures on the
shear strength of native spruce. Figure 1 shows the resulting tensile shear strengths of
the bonded spruce in dry and wet state after 24 h water immersion.

Increasing the welding frequency from 80 to 130Hz led to increased bond
strength, as has been shown previously for beech wood [26]. The welding pressure
appears to have only minor impact on the bond strength once a threshold of 1MPa
is reached. The welding pressure should be high enough to assure a maximal contact
area of the wood pieces, but sufficiently low to avoid excessive cell collapse, which is
a known phenomenon for spruce wood welding [60,61]. Based on these results for
both, dry and wet conditions, a welding pressure of 1.5MPa and 130Hz welding fre-
quency were selected for the subsequent studies on the modified wood material.
Analysis of the bonded elements indicated that a welding displacement of roughly
1.75 to 2.25mm showed the highest bond strengths in dry and wet conditions
(Figure S1). Therefore, a stopping criteria of 2mm welding displacement instead of a
fixed welding time was chosen for the welding of the modified wood samples.
Welding displacement as stop criteria is preferable over time to avoid an overly influ-
ence of different surface friction coefficients due to applied modifications and to
obtain comparable amounts of decomposed cell structures. Furthermore, it allows
controllable and homogenous sample thicknesses after the welding, which is beneficial
for practical application.

Figure 1. Influence of welding pressure and welding frequency on the mean tensile shear strength
of unmodified spruce after (A) conditioning at 65% r.h. and (B) after 24 h water immersion. The
error bars denote the standard error of the mean (SE). Please note the different scaling of the
axes.
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3.2. Welding of kraft lignin modified specimens

Welding with kraft lignin increased the shear strengths in dry and wet state, as shown
in Figure 2. Furthermore, the influence of the selected welding parameters was
reduced. Decreasing the welding frequency from 130 to 100Hz showed no distinct
change in shear strength of the welded samples, unlike for unmodified spruce
(cf. Figure 1).

Classical adhesion theory can be used to gain a deeper understanding of the bond-
ing mechanisms involved through the addition of technical lignins. Theories in wood
adhesion postulate different mechanisms contributing to a successful bond formation,
which can roughly be separated into mechanical adhesion (e.g. mechanical interlock-
ing and diffusive chain entanglement) and specific adhesion (chemical interactions
such as covalent or secondary chemical bonds) [62,63]. Even though friction welding
differs from classical adhesive bonding in some regards, several principles are
consistent.

3.3. Chemical & thermal characterisation of the biomolecules

To investigate possible mechanisms leading to the improvement in bond strength, lig-
nin from different sources and different derivates of the kraft lignin were synthesised
and used as bonding additives. Changes in the polarity of the kraft lignin was
achieved by acetylation and succinylation, respectively. Additionally, the kraft lignin
was depolymerised to reduce the molecular weight.

The introduction of novel functional groups into the modified kraft lignin was
confirmed by FTIR-ATR (Figure 3) and hydroxyl groups were measured and quanti-
fied with 31P NMR to investigate the chemical and structural features of the different
biomolecules, as summarised in Table 2. The individual NMR spectra are shown in
Figure S2.

FTIR-ATR shows that acetylation of the lignin introduced new absorption bands
at 1763 and 1740 cm�1 which indicates stretches of carbonyl groups (C¼O) in aro-
matic and aliphatic alkoxy-groups, respectively [55,64]. The disappearance of the

Figure 2. Tensile shear strength of kraft lignin treated spruce in (A) dry state and (B) after 24 h
water immersion. Shown are welded spruce modified with different amounts of kraft lignin (1 or
2 g per specimen) and welded with a frequency of 100 or 130 Hz and a welding pressure of
1.5MPa. The displacement (1 or 2mm) was used as stop criteria. Please note the different scaling
of the axes.
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absorption band at around 3460 cm�1 (O–H stretch) [65] indicates the complete
esterification of the lignin hydroxyl groups. Additionally, the absorption band at
1368 cm�1 marks an increase in aliphatic C–H stretching in CH3 of the acetyl-group
[66,67]. Successful acetylation could also be shown by quantitative 31P NMR analysis,
indicating acetylation of around 95% of all OH-groups, with no discrimination
between aliphatic or aromatic hydroxyl groups.

Succinylation of lignin is indicated by the appearance of unconjugated carboxyl
groups at 1714 cm�1 (C¼O stretch) [66]. In the 31P NMR analysis, succinylation can
be quantified to have proceeded at approx. 25% of the OH-groups. Acid content
increases approx. by 40%, eventually indicating small residues of free succinic acid in
the recovered material.

The absorption band at 1326 cm�1 for the beechwood organosolv lignin is charac-
teristic of condensed syringyl- and guaiacyl-type lignin units [67], which are absent in
the kraft lignin from softwood. 31P NMR analysis confirms the typical high loading
in S-type phenolics of ca. 2mmol/g, next to only 0.8mmol/g of G-type phenolics.
The sample appears to be rather free from residual sugars (3mmol/g aliphatic OH-
groups) and displays only a small acid content.

FTIR-analysis of the depolymerised kraft lignin indicates a decrease in hydroxyl
groups with a decreased absorption band at 3460 cm�1 (O–H deformation). These
changes are confirmed by the 31P NMR analysis. Solubility under the standard ana-
lysis conditions was reduced. Relative quantitative analysis shows that aromatic OH-
content is reduced over-proportionally compared to aliphatic OH-group content,
hence indicating a drastic change in intrinsic reactivity of the material. The change in
molecular weight after depolymerisation is shown in Table 3. The determination of
the molecular weight distribution of the lignin was conducted by GPC. It is well
known, that molecular weight plays an important role in the thermos-physical

Figure 3. FTIR-ATR spectra of the modified lignins used as bonding additive for the welding,
with proposed molecular structures of the modification of softwood kraft lignin. Exemplary
shown is the b-aryl ether substructure of lignin. For depolymerisation, only some potential
structures are depicted with no claim for completeness. A selection of characteristic absorption
bands of the functional groups and their corresponding structural representations are denoted
by the letters A–C.
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behaviour of the lignin, but varies strongly depending on the source and extraction
methods.

Tannic acid revealed the highest absolute OH-group content with 9.61mmol/g
phenolic and 1.75mmol/g aliphatic OH-groups. The ratio indicates a slight impurity
of the sample that is additionally reflected by the detection of acid groups.

Thermal transitions of lignin are strongly affected by molecular weight, functional
groups and degree of condensation and crosslinking [68,69]. To investigate the effect
of the lignin modifications on their thermal properties, the glass transition tempera-
ture (Tg) of the different lignins and their derivatives was determined. As can be seen
in Figure 4(B), the source and modification of the lignins influences Tg.

The lower molecular weight and degree of condensation of organosolv lignin com-
pared to kraft lignin is reflected in its lower Tg. The effect of the functional groups
on the Tg is visible in the differently modified kraft lignin samples. Contrary to the
findings of Scarica et al. [70], it appears that the introduction of aliphatic carboxylic
acids into the lignin structure increased the Tg, presumably due to increased intermo-
lecular interactions (hydrogen bonds) and partial polymerisation during heating [68].
This may offset the effect of increased free volume gained by introducing succinic
acid. This finding is supported by the low Tg of acetylated lignin, in which the intro-
duced acetyl groups limit intermolecular hydrogen bonds and polymerisation reac-
tions of the lignin.

Melting of the added lignin is necessary for wetting of the interface and intermix-
ing with the native lignin of the adherends. This is assumed to result in chain
entanglement and mechanical interlocking of the polymer chains and to improve

Table 2. Quantification of the hydroxyl groups of the modified lignins and tannic acid, deter-
mined by 31P NMR.

Sample
Aliphatic

OH [mmol/g]

Aromatic
OH [mmol/g]

Total
OH [mmol/g]

Acidic
OH [mmol/g]

Condensed/
S-type G-type H-type Total

1 Kraft lignin 2.51 1.71 1.77 0.34 3.82 6.33 0.39
2 Depolymerised kraft lignin 0.8 0.41 0.51 0.1 1.02 1.82 0.24
3 Organosolv lignin 2.98 1.97 0.8 0.14 2.91 5.89 0.13
4 Acetylated kraft lignin 0.09 0.08 0.03 0.02 0.13 0.22 0.25

Rate acet. (%) 96.41 95.32 98.31 94.12 96.60 – –
5 Succinylated kraft lignin 1.87 1.28 1.3 0.25 2.83 4.70 0.55

Rate succ. (%) 25.50 25.15 26.55 26.47 25.92 – –
6 Tannic acid 1.75 1.92a 5.46b 2.23c 9.61 12.3 0.15
aTerminal and internal gallates.
bCatechol.
cOrtho-substituted phenol.
The italics are meant to indicate secondary, i.e., derived data. All other data are direct.

Table 3. Molecular weight distribution of kraft and organosolv lignin measured by GPC.
Sample Source Mn [Da] Mw [Da] PDI

Kraft lignin Softwood 2550 10,850 4.3
Depolymerised kraft lignin Softwood 1200 2200 1.7
Organosolv lignin Hardwood 1900 4800 2.5
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adhesion through chemical interactions of the bonding additive with the lignocellulo-
sic components of the adherent [62].

Acetylated kraft lignin has previously been shown to exhibit a suitable melting
temperature and viscosity for application in dowel welding, with a good interpenetra-
tion of the lignin at the welded interface [41]. However, the required melt behaviour
of the lignin is different in dowel welding compared to linear friction welding. A low
Tg, as observed with acetylated lignin and organosolv lignin, indicates lower intermo-
lecular forces of the lignin molecules and leads to a lower melt viscosity. This
increases the chance of expulsion of the matrix from the bondline during the welding
process. In contrast, an increased Tg of lignin indicates improved stabilisation by
inter- and intramolecular interactions and potential self-condensation reactions of the
lignin [71], which are favourable properties to create a strong bond due to welding.

While the melt viscosity was not quantified, visual differences between the different
modifications of the lignin regarding their melting behaviour were indicated in SEM
studies after pyrolysis by TGA (Figure 4(C)). The lignins appeared to melt and aggre-
gate into a smooth network during the melting process. Both succinylated and
unmodified kraft lignin formed stable bubbles by trapped volatile products during
thermal degradation [72]. In contrast, acetylated kraft lignin, organosolv lignin and

Figure 4. (A) TGA data of the biopolymers used as welding modifications. (B) DSC thermogram
with the glass-transition temperature of lignin. (C) Structures of the char after pyrolysis to 500 �C
under N2.
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tannic acid form a more porous structure. Only the char of depolymerised kraft lig-
nin showed no sign of melting and formation of a macroscopic network.

For the formation of a molecular network, the applied biopolymer should not
undergo severe thermal degradation when exposed to temperatures that can be
reached during the welding of spruce (maximum up to approx. 500 �C). Figure 4(A)
shows the thermal decomposition of the applied bonding additives. The relevance of
the thermal stability becomes obvious by comparing the weight loss of the pyrolyzed
samples with the obtained shear strengths of the bonded assembly. As a trend, lower
thermal degradation (higher char yield) results in higher shear strength under dry
conditions (Figure S3). An exception was depolymerised kraft lignin, which showed
lower thermal degradation, but had adverse effects on the shear strength.

3.4. Welding and characterisation of the surface-modified specimens

Bond strengths, both dry and wet, after welding with different bonding additives are
shown in Figure 5. The highest shear strengths in dry state were observed in samples
treated with kraft lignin (5.1 ± 1.3MPa) and succinylated kraft lignin (5.2 ± 1.4MPa),
with significantly increased bond strengths compared to the untreated samples
(3.2 ± 1.4MPa). Organosolv lignin showed no improvement in the shear strength.

The wet shear strength after 24 h water immersion (Figure 5(C)) indicated that
treatments with kraft lignin and its derivatives led to significantly increased moisture
resistance of the bond. The mean shear strength increased from 0.38MPa of the

Figure 5. (A) Sample preparation for tensile shear tests with: (1) surface modification, (2) welding,
(3) cutting of the welded sample into shear tests specimen and (4) finished tensile shear test speci-
men. The tensile shear strengths of friction welded spruce with different modifications are shown
in (B) dry state at a moisture content of �12% and (C) wet state after 24 h water immersion.
Significant differences from the control samples (p< .05) are marked with an asterisk. Please note
the different scaling of the axes.
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untreated sample to 1.50MPa after treatment with unmodified kraft lignin.
Furthermore, a high proportion of delamination in the untreated spruce samples
(40%) was observed during water immersion, while kraft lignin treated samples
remained intact with no delaminated samples.

Figure 6 shows the fracture surfaces of the welded samples after tensile shear test-
ing. The unmodified control sample possessed a kind of layered microstructure,
which might have formed due to the reciprocal movement during the welding and
could be explained by a higher melt viscosity and a less homogenous melting of the
native lignin compared to the applied technical lignins. The same effect, but less pro-
nounced, was observed for succinylated lignin, whereas unmodified kraft lignin and
acetylated lignin led to a smooth microstructure. Furthermore, it was observed that
samples treated with succinylated kraft lignin expulsed markedly less matrix material
during the welding process than the other tested lignins, indicating reduced flowing
of the viscous matrix due to the added modified lignin. Further investigations of the
melt viscosity and its influence on the bond strength are necessary for optimising the
melting behaviour of the lignin.

3.5. Bonding mechanisms

Besides chain entanglement and mechanical interlocking, chemical interactions can
result in strong wood bonds. Studies on lignin-cellulose/starch films have shown that

Figure 6. Photography of the shear surface and SEM images of sections of the welded surface of
lignin-treated spruce after tensile shear tests. (A) Untreated control, (B) kraft lignin, (C) acetylated
kraft lignin and (D) succinylated kraft lignin.
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a higher carboxyl and aliphatic OH-group content in the lignin leads to increased
tensile strength, presumably through hydrogen bonding of the cellulose with lignin
[73]. Stabilisation through secondary forces can increase the shear strength of lignin-
treated welded spruce. Unmodified and succinylated kraft lignin are able to form
more hydrogen bonds than acetylated lignin and therefore, showed superior bond
strengths in dry conditions.

Covalent crosslinking of the lignocellulosic material of the native spruce could
improve the bond strength and resistance against moisture. However, citric acid-
treated samples showed no improvement in bond strengths, even though esterifica-
tion of carboxylic acids with lignocellulosic OH-groups might be possible [74,75].
Hence, most likely cross-linking reactions did not take place to the extent necessary
for improving the bond strength.

The mechanisms leading to increased moisture resistance are not elucidated in
detail, yet. Nonetheless, based on the superior moisture resistance of kraft lignin and
succinylated kraft lignin, it is assumed that an interplay of chain entanglement, mech-
anical interlocking and chemical interactions is responsible for the improved moisture
resistance.

The chain entanglement and mechanical interlocking are influenced by the melting
behaviour of the lignin, which in turn is affected by molecular weight, degree of
internal condensation and branching as well as by chemical functionalities present
along the lignin chains [76–78]. This is in line with the lower shear strength of sam-
ples treated with organosolv lignin compared to kraft lignin. Presumably, this is due
to the lower molecular weight of the lignin chains in organosolv lignin resulting in
less chain entanglement, and the peculiarities of the different structural features of
oligomeric organosolv lignin molecules that are supposed to be rather linear and sig-
nificantly less condensed. The organosolv lignin sample displays nearly the same
amount of OH-groups compared to the kraft lignin; hence, the sheer number of func-
tional groups capable of undergoing hydrogen bonding appears to be of less import-
ance. The detrimental effect on the moisture resistance observed in samples treated
with tannic acid, which shows the overall highest amount of OH-groups per gram
substance, supports this assumption. Non-linear tannic acid, as well as the rather lin-
ear smaller organosolv lignin, lead most probably to a coverage of the surface that
exhibits less ‘pending’ moieties suitable for sufficient entanglement, besides inter-
action via hydrogen bonding and electronic interactions between aromatic moieties.

Welding with acetone-fractioned kraft lignin showed that even though the acet-
one-insoluble kraft lignin (AISKL) fraction improves the wet strength slightly bet-
ter than the acetone-soluble kraft lignin (ASKL) fraction, the resulting bond
strength of welded samples treated with either fraction is lower than after treat-
ment with unmodified kraft lignin (see Figure S4). The AISKL fraction consists of
branched polymeric material with higher molecular weight compared to the ASKL
fraction, which contains a higher proportion of condensed lignin with less poly-
meric material [79]. The superior bond strength after treatment with unmodified
kraft lignin suggests a layered structure of the assembled lignin in the bondline,
with an entanglement of the high molecular weight lignin chains, while the con-
densed, lower molecular weight fraction stabilises the entangled network and
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creates a hydrophobic environment that partially protects the bondline from
moisture.

4. Conclusion

Wood-based biopolymers can improve the bond strength and moisture resistance
of friction-welded spruce wood. The molecular structure and thermal behaviour of
the applied bonding additive play an important role in the formation of a strong
and moisture-resistant bond. Kraft lignin and derivates thereof that maintained
their polymeric nature and did not fully compromise hydrogen bonding and/or
intrinsic stacking propensities, resulted in improved bond strength and increased
moisture resistance of linear friction welded spruce.

Further improvement of lignin-based bonding additives relies on an understanding
of the bonding mechanisms involved. Chain entanglement, mechanical interlocking
and chemical interactions have been identified as potentially important mechanisms
that seem to work in a hierarchical manner, starting with physical entanglement ena-
bling intermolecular interactions and chemical bonding. In the conducted study,
chemical cross-linking seems to have played only a minor role.

Kraft lignin and derivatives thereof have high potential as biopolymer-based bond-
ing additives for application in friction welding. Characterising the melt viscosity of
the lignin as influenced by chemical functionality and structural characteristics could
help further improving the bond strength and moisture resistance. A deeper under-
standing of the melting behaviour of lignin and the interaction with the lignocellulo-
sic material from the adherend will allow for controlled lignin functionalisation to
achieve an optimal distribution of the lignin across the welded bondline.
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