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INFLUENCE OF WELDING TIME ON MECHANICAL FRICTION
WELDING OF BEECH
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ABSTRACT: The optimum welding time for welded beech specimens is assessed with a compression shear test
method and the softening of the wood polymers during friction welding is evaluated by dynamic mechanical analysis
(DMA). A welding time of 2-3 sec yields the highest mechanical performance (13.6-14.7 MPa) that is equivalent to the
shear strength of glued-laminated beech. A shear strength reduction of up to 56% is observed when specimens are
loaded perpendicular to the grain, compared with parallel-to-grain loading. An increase in welding time to 5 and 7 secs
resulted in a sudden drop in shear strength capacity and smooth failure interfaces within the weld-line. This is attributed
to expelled cellulose fibres and thermal degradation of cellulose with increasing temperature at longer friction welding
times. The softening of beech wood to form the weld-line is postulated to occur at temperatures greater than 65°C due to
intermolecular debonding and depolymerisation of low molecular weight lignin. Drops in storage modulus via DMA

were also observed at 125 and 175°C attributed to softening of lignin and hemicellulose.
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1 INTRODUCTION

Mechanical friction welding remains an unexploited
wood connection technique that can provide
environmental friendly engineered wood products, quick
connectivity and a healthier built environment. Joining
wood by friction welding has numerous advantages over
conventional polymer adhesive bonding, including
reducing processing times (vis. high curing times
avoided during glue laminating procedures), elimination
of adhesive-related VOCs, as well as re-opening avenues
to recycling and end-of-life disposal (e.g. incineration
with energy recovery) of the timber. It is also considered
as a cost-effective solution compared with alternative
gluing options [1].

The mechanical performance of the bond-line in friction
wood welding depends on the wood species, the grain,
fibre and growth ring orientation, and to a greater extent,
the welding parameters (e.g. welding pressure,
vibrational amplitude, frequency and time). Hardwoods
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exhibit higher mechanical joint performance than
softwoods [2] and variations among hardwood species
have been observed with oak being the least favourable
so far tested [3]. End grain to end grain welded joints
have yielded lower shear strength capacity than edge
grain-to-edge grain joints in Eucalyptus saligna [4]. Face
grain-to-face grain maple welded joints had 20% lower
mechanical performance than the edge grain-to-edge
grain alternative options in [5]. However, a negligible
shear strength difference has been observed in beech
specimens between end grain-to-end grain and face
grain-to-face grain butt joints [6]. In the latter study the
strength deviations due to the grain direction were more
discernible in oak specimens. The fibre direction seems
to play an important role in the tensile strength of welded
end grain-to-end grain butt joints with the highest
performance being recorded when the wood fibers are
perpendicular to the weld interface (0°). However,
Rhéme et al. [7] claimed that the planing and fiber
direction are not statistically significant for the strength
determination of the welded joints based on tensile,
shear and mixed mode test data in beech specimens.

To achieve welded joints that meet the minimum
standard requirements for structural joints (e.g.
equivalent of BS EN 386:2001 [8]) , an optimised design
between welding pressure (WP), vibrational amplitude
(WA), frequency (WF) and welding time (WT) is
required. All these parameters are related to the thermal
energy developed during frictional welding that is
responsible for the morphological and chemical
modifications of the weld-line and thus its mechanical
performance [4].



Some researchers have applied different parameters at
different stages of the wood welding manufacturing
process- preheating, welding and cooling (holding)
phase- and the cooling phase has been considered a
significant part for the structural integrity of the joint. An
increase in the holding time at the cooling stage can
benefit significantly the mechanical performance of the
welded joint [2, 4]. The weld-line is a mix of unevenly
distributed fibres within a matrix of molten wood
cellular components and therefore it exhibits transversely
isotropic properties [7]. Considering that failure lies in
the bond interface, the strength properties of the welded
wood joint should be independent of the fiber
orientation. A short welding time and amplitude is
associated with a lower amount of expelled fibres from
the welded interface edge and less char formation (black
layer) at the weld-line [9]. The excess of fibres at the
edges of the welded wood joint indicates less fibre
reinforcement in the interfacial weld composite and the
char layer is linked with increased porosity discounting
the mechanical performance [9, 10].

During friction wood welding a non-uniform
temperature profile is developed along the length of the
specimen and peak temperatures up to 284°C [5] for
maple at WT=4 sec and 380°C for beech at WT=3sec
[11] have been recorded. This results in softening of
wood (usually > 180 °C [12]) and thermal degradation of
wood constituents (e.g. hemicellulose and lignin) can
take place at much higher temperatures (> 180-250 °C
[13]). To avoid severe thermal wood degradation, a
maximum welding time of 2.5 sec and 8 sec has been
recommended for beech and spruce respectively at a
welding frequency of 100 Hz, welding pressure of 1.5
MPa and welding amplitude of 2.8-3.0 mm [11]. The
differences among wood species are attributed to the
faster heating rate recorded in beech. The mechanical
strength of the weld-line has been primarily attributed to
the higher densification of the cellular structure
combined with a mix of molten lignin and hemicellulose
and wood cell entanglement. Secondary effects of higher
lignin crosslinking due to an increase in heat energy
input during friction welding [2] and polymerization
reactions of carbohydrates with themselves and the
lignin [11] have also been proposed. The latter is the
result of acetic acid formation from hemicellulose
deacetylation at high temperatures leading to
carbohydrates’ depolymerisation. Lignin condensation is
related to a stiff but brittle welded wood joint [11].
Existing data on welded wood joints focuses on the shear
strength properties (tensile shear or compression shear
according to the relevant test method), but their
mechanical performance is inferior under pure tension.
Rhéme et al. [7] reported an average tensile strength of
2.3 MPa for welded beech specimens equivalent to 33%
of the respective shear strength (7 MPa). The
introduction of tension resulted in a sudden drop in the
fracture energy and a mixed mode fracture envelop was
determined with the Arcan test method. However,
negligible differences between tensile and shear strength
were observed in [6] for the same wood species. The
observed deviations among studies are attributed to the
different test methods and welding manufacturing

regimes. A higher welding pressure and amplitude and a
lower frequency were applied in [7].

The inherent moisture content of wood is expected not to
play an important role in the performance of the welded
joint due to moisture evaporation during the friction
welding. However, Hahn et al. [ 14] contented that the
moisture evaporation and the volatiles from the
thermally decomposed wood result in an internal gas
pressure that is more dominant in the centre of a welded
joint. The gas pressure decreases the friction between the
wood interfaces during friction welding and the moisture
evaporation reduces the developed heat energy.
Therefore, the mechanical performance of the joint is
discounted. The combination of moisture and high
temperature during friction welding may result in early
depolymerization of cell wall and should also be
considered. A parametric study on welded spruce joints
[15] showed that dry specimens yield 44% higher shear
strength and lower standard deviation compared with
specimens with a moisture content, MC=12%. However,
welding of dry wood samples can result in crack
formation along the bondline due to the developed
residual stresses from the swelling and shrinkage effects
under humidity variations. Wood welding is considered
suitable only for interior applications due to the inferior
durability performance in high humidity environments.
A 63% and 53% reduction in tensile strength and mode I
fracture energy respectively were reported in [16] in
welded beech joints due to a 10% increase in moisture
content (MC=12% is the reference point). Several
methods are being investigated to improve the durability
of welded wood joints ranging from thermal
modification of the wood [17] to extractives
impregnation (e.g. rovin) [18] to meet the minimum
standard requirements for structural joints..

Research so far in the field of wood welding has focused
on optimising welding parameters to increase the
mechanical joint performance. Yet, there is limited
understanding in the correlation of the welding time and
shear strength capacity with the physical transformation
changes taking place at the bond-line. This study aims to
shed light on this area and it is part of a wider
investigation on the mechanical performance of weld
laminated beech specimens at elevated temperatures.
Delamination of lamellae of engineered wood products
in fire accelerates the degradation of their strength and
adds to the fuel load they present [19]. The high-
temperature behaviour of the weld line is, therefore, an
important parameter for consideration of the safety of
these elements in fire.

2 EXPERIMENTAL PROCECURE

The aim of the experimental programme is to investigate
the physical characteristics and shear strength capacity
of weld laminated beech specimens having the welding
time as the main variable. Adhesive bonded beech
specimens, as found in literature, are used as a
benchmark to compare the mechanical performance of
linear friction welding.



2.1 MATERIALS

The specimens consist of two steamed beech laminates
with density 682 + 8 kg/m* and nominal dimensions of
100 x 100 x 33 mm. The laminates and the final welded
specimens were conditioned at 23.9 + 0.4 °C and RH=
55.0 = 1.0 % before friction welding and testing
respectively.

Beech blocks of 50 x 50 x 50 mm were used to
mechanically characterise the material in shear and relate
the bond-line properties to the beech shear strength.

2.2 MATERIAL MECHANICAL
CHARACTERISATION

Beech specimens were tested according to BS 373:1957
[20] and the shear strength parallel and perpendicular to
the growth rings was measured.

2.3 FRICTION MECHANICAL WELDING

The specimens were welded with an E20 Linear Friction
Welding Machine (Kuka model) along the face grain at a
frequency of 75 Hz, vibrational amplitude of 1 mm and
under applied pressure of 6 MPa. Different welding
times of 2, 3, 5 and 7 sec were adopted.

2.4 WELD-LINE SHEAR STRENGTH

The shear strength of the welded beech specimens was
determined according to BS EN 392:1995 [21]. The
nominal dimensions of the welded beech samples for the
determination of the shear strength were 50 x 50 x 50
mm. The samples were prepared using an electrical mitre
saw (Festool KS 120 EB). The true dimensions of the
weld-line interface were measured with a caliper and
used to calculate the interfacial shear area. In total 37
welded beech specimens were tested.

2.5 OPTICAL MICROSCOPY

The effective thickness, the ultrastructure of the weld-
line and the failure surface were qualitatively observed
for each welding time with a Kranich 1000x USB
microscope.

2.6 DYNAMIC MECHANICAL ANALYSIS (DMA)

The softening behaviour and the physical transformation
changes in beech with increasing temperature were
determined with DMA testing (nominal dimensions of
45mm x 10mm x Smm). A three-point bending mode
was adopted. Thermal scans were carried out from 30 °C
to 220 °C at a heating rate of 3 °C/min, displacement
amplitude of 20 pm, and frequency of 1 Hz.

3 RESULTS
3.1 WELD-LINE SHEAR STRENGTH

The shear strength values of the weld laminated beech
specimens as a function of welding time are depicted in
Figure 1. The benchmark values of the shear capacity of
the solid beech specimens at 2.54 mm displacement and
after 300 sec of testing are shown with lines in Figure 1.
Most specimens did not delaminate after 420 sec of

testing parallel to growth rings. This is based on test
recommendations in BS EN 373:1957 for the maximum
duration of the experiments. Therefore, the solid steamed
beech shear strength is expected to be higher than these
values. For example, an average shear strength of 21.43
MPa has been reported in [19] for beech (Fagus
sylvatica) based on the Arcan test method. The moisture
content of the welded and solid beech specimens was 9.3
% and 8% respectively as measured according to BS
373:1957 [20].
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Figure 1: Shear strength of weld-line in beech specimens as a
function of welding time-Parallel to grain -Experimental.

Attempts to make samples at 1 sec weld times were
unsuccessful, suggesting this is not long enough to
generate the temperatures necessary to soften wood
constituent polymers to form a weld. A welding time of
2 sec results in the highest mean mechanical
performance of the weld-line, but notably 2 out of 8
specimens exhibited half the mean values. This was
attributed to unwelded contact faces as visually observed
at the failure interface. This might be the result of a
lower temperature developed at the ends of the specimen
during friction welding leading to a much thinner weld
line as also reported in [4]. Similar results with a non-
uniform distribution of a perfectly composite weld
interface have been reported in [14] attributed to scale
effects (for welded areas greater than 30000 mm?)
combined with high internal gas pressure. A welding
time of 3 sec provides a high shear strength capacity up
to 13.6 MPa and it is preferred due to a more uniform
weld-line from the increase in the heat energy input as
observed with optical microscopy. Higher welding times
(5 and 7 sec) result in much lower capacity in the range
0f 0.7-3.0 MPa. The failure interface of these specimens
exhibited a much smoother profile than specimens
welded at 2 and 3 sec (see later discussion of Figure 5).
This can be the result of fibres expelled at the edges
during the frictional welding and thermal degradation of
cellulose from the developed high temperatures (>225°C
[22]). Increased porosity due to char formation might be
limited due to the high applied pressure. The shear
strength capacity of the weld-line in beech laminated
specimens tested perpendicular to the fibre direction was
in the range of 38-56% of the equivalent performance
parallel to the grain (see Figure 2). This suggests that the
loading direction plays a significant role in the
mechanical performance of the weld-line. The higher



compliance of the material perpendicular to the fibre
direction should also be considered.
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Figure 2: Shear strength of weld-line in beech specimens as a
function of welding time - Perpendicular to grain -
Experimental.

A summary of all the bond shear strength values for
welded beech joints as found in literature and including
the experimental data presented here is depicted in
Figure 3. It should be noted that variations in the
welding regime and test method exist among studies.
The experimental results are derived from a tensile shear
test [2, 3, 6, 22], according to BS EN 205[23], or the
Arcan test method [7, 24]. Here a compression shear test
method according to BS EN 392:1995 [21] was adopted
to enable a direct comparison with adhesively bonded
beech specimens [25, 26]. The experimental data is
differentiated according to the welding frequency and
welding amplitude. In most studies found in literature
the welding pressure was 1.3-1.5 MPa, except in Omrani
et al. [6] where WP=0.75 MPa, and small deviations
existed in the holding pressure and time. Investigations
that adopted a WF=150 Hz and WA=2 mm have empty
markers and those that applied a WF=100 Hz and WA=3
mm have filled markers in Figure 3. It is observed that a
good weld-line shear strength is achieved at WT=2-4.5
sec where the shear strength is above 6 MPa regardless
the welding regime. The shear strength values reported
here for WT=2 and 3 sec are within the strength range of
adhesively bonded beech specimens. A shear strength of
13.5-14.0 MPa [25, 26] and 14.9 MPa [26] has been
recorded in glue laminated beech with melamine
formaldehyde (MUF) and polyurethane (PU)
respectively. Yet, the minimum shear strength
requirements for glue laminated timber are related to
specific wood failure percentages (WFP) and pure
failure in the bondline is not recommended [8]. Most
values reported in [25, 26] refer to WFP >70% and a
minimum WFP=45% is preferable [8]. In this study all
failures lied in the weld-line with WFP<15%, as
observed in Figure 5. The highest shear strength values
above 13 MPa have been found in Omrani et al. [6] and
in Gineste et al. [24] for a mixed mode of compression
and shear loading (not included in Figure 3). Therefore,
it seems that the test method and the resulting stress
transfer mechanism play a significant role in the
interpretation of the results and further investigation is

needed towards standardisation. In Ganne-Chedeville et
al. [22] the highest bond strength was derived after 4.5
sec. The temperature of 225°C was reached at 4 sec and
high bond was maintained until 6 sec. Here, the
temperature profile might be different due to the higher
welding pressure resulting in an earlier cellulose
degradation and lower strength at WT> 5 sec.
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Figure 3: Shear strength of weld-line in beech specimens as a
function of welding time — comparison with literature.

3.2 OPTICAL MICROSCOPY

The weld-line of indicative specimens welded at
WT=2,3,5 and 7 sec is depicted in Figure 4. It is
observed that a char layer starts to form at low welding
time (2 sec). This is the result of the high welding
pressure applied here (WP=6 MPa) that leads to a
steeper increase in temperature during frictional welding
combined with the lack of oxygen availability enhancing
pyrolysis reactions. Char layer formation at a low
welding time (WT=2.4 sec) and lower welding pressure
(WP=1.5 MPa) has also been observed in [7]. An
increase in char thickness and heat affected zones with
increasing welding time (WT> 5 sec) can be discerned.
Similar findings have been detected in [22]. It is argued
that charcoal formation starts at 300°C [22]. This might
change depending on the wood species and moisture
content.

Figure 4: Shear §trength of weld-line in beech specimé;zs asa
function of welding time — Summary.



Figure 5 shows the failure interface of welded beech
samples at WT=2,3 and 7 sec and of solid beech samples
(Figure 5a) for ease of comparison. It is observed that
the failure interface lies within the weld-line and it
exhibits a rougher surface at low welding times (2-3

sec). This is the result of more wood fibres remaining in
the weld line and lower thermal wood decomposition at
lower welding times. Therefore, the bond performance is
higher due to a higher mechanical interlocking effect and
greater chemical adhesion between wood polymer
components. A small percentage of wood fibres is
detected at low welding times (2-3 sec) indicating the
high mechanical performance of the weld-line. A smooth
and uniform failure interface is observed at a welding
time of 7 sec and this is also reflected in the shear
strength capacity of the specific welded beech
specimens.

Solid

T«

Figure 5: Failure surfaces of sheared beech specimens as a
function of welding time.

3.3 DYNAMIC MECHANICAL ANALYSIS (DMA)

The normalised storage modulus and tand values with
respect to temperature for a typical DMA steamed beech
sample are depicted in Figure 6. There are three
distinctive peaks in the tand plot corresponding to glass
transition temperatures of 7g-ano= 90, 140 and 190°C.
The glass transition temperature values associated with a
drop in storage modulus and softening behaviour are 7
onser= 65, 125 and 175°C. It should be noted that the third
drop in storage modulus cannot be clearly defined. The
Te-1ans definition is related to mechanical damping or
internal friction in a viscoelastic material and the Te-onser
is related to melting of wood polymers.

Although different test methods result in different glass
transition temperatures [27], Goring [28] reported
softening temperatures of 127-193°C and 167-181°C for
lignin and hemicellulose accordingly by observation of
the thermally induced collapse of a column of wood

polymer powder under constant load. The wide
temperature range is attributed to differences among
softwood and hardwood species. A drop of
approximately 50°C in the softening temperatures was
observed with a 12% increase in moisture content. Chow
and Pickles [12] measured a softening temperature of
180°C in dry red alder samples using the same test
method. Although a decrease of 20°C was reported with
a moisture content of 10%, the plots showed a less
discernible softening region around 90-100°C.

Wood softening is affected primarily by the chemical
interaction and molecular arrangement of the wood
polymers and secondarily by the softening of the wood
constituents[12]. In our study the moisture content of the
steamed beech samples is in the range of 8-9% and the
first drop in the storage modulus is assumed to be
associated with slippage of the intermolecular bonds as a
result of increased motion from the heat energy input.
Lignin forms with low molecular weight may also be
related to the lowest 7 value. The higher recorded glass
transition temperatures are attributed to lignin and
hemicellulose softening. Cellulose softens at around
240°C and seems not be affected by moisture due to its
high crystalline structure [28]. A drop in the storage
modulus of birch xylan was observed at 60°C and
RH=20% (equivalent of approximately 5% MC) in [31]
with DMA under humidity scans from 1-90% RH. The
glass transition of hemicellulose is related to the degree
of polymerisation and crystallinity and the molecular
weight of the polymer and differences are expected
between alkali extracted and native hemicelluloses.

Any thermal degradation of the beech samples due to the
steaming treatment should also be considered in the
interpretation of the results. Small reductions in
compressive strength (up to 13.2%) and in the
hemicellulose content were reported in [29] by steam
heating beech at 80°C for 100hrs. Placet et al. [30]
reported Tg-ans values in the range of 90-95°C by testing
wet beech samples at a frequency of 1Hz and up to 95°C.
It seems that softening and chemical bonding during
frictional welding can be initiated at temperatures around
65°C in lab conditioned steamed beech. A fair agreement
between bonding and softening temperature was
observed in [28] although deviations in the moisture
content of the specimens in the relevant test procedures
existed. Moisture evaporation taking place during
friction welding is expected to increase the true
softening/glass transition temperature of beech wood.
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4 CONCLUSIONS

The friction wood welding technique is promising for
joining steamed beech laminates resulting in shear
strength capacity equivalent to glue laminated products.
However, the loading direction can significantly affect
the mechanical performance of the beech welded
specimens. The optimum welding time at a welding
pressure of 6 MPa, welding amplitude of | mm and
welding frequency of 75 Hz is 2-3 sec. Higher welding
times lead to expelled fibres, more extensive thermal
degradation of cellulose and a smooth failure interface
within the weld-line. It is postulated that the temperature
profile is more uniform at higher welding times and
values greater than 240°C are attained at greater welded
surface. An increase in the char layer structure was also
observed with increasing welding time. The formation of
the weld-line is postulated to take place at temperatures
above 65°C where softening of beech was observed
based on DMA tests. This is associated with
intermolecular bond slippage and intramolecular motion
of lignin with a low molecular weight.
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