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ABSTRACT ¢ The system for measuring the welding temperature with measuring probes has been developed for
the requirements of this but also of future research (at the Faculty of Forestry and Wood Technology, University of
Zagreb). The research is based on determining the welding temperature and its impact on the joint strength or the
embedded force of the dowel. Based on research results, the impact of the dowel rotation frequency and temperature
on the joint strength has been determined. The measured welding temperature increased as the rotation frequency
increased (the rotation frequencies of 865 min' and 1520 min' were used in the research). The maximum welding
temperature in pine samples welded at the rotation frequency of 1520 min"' amounts to 217 °C, while in samples weld-
ed at the rotation frequency of 865 min' it amounts to 179 °C (weld penetration of 20 mm). The maximum welding
temperature in beech samples welded at the rotation frequency of 865 min”' amounts to 181 °C, and 213 °C at the ro-
tation frequency of 1520 min”' (weld penetration of 20 mm). The impact of the wood type on the welding temperature
has not been proven. In order to avoid difficulties encountered in contact measurement of the welding temperature, a
heat transfer model was developed for a more precise determination of the welding temperature.

Keywords: welding of wood,; embedded force; temperature in rotary welding; dowel joints

SAZETAK ¢ Za potrebe ovoga, ali i buduéih istrazivanja na Fakultetu sumarstva i drvne tehnologije Sveucilista u
Zagrebu razvijen je sustav za mjerenje temperature zavarivanja uz pomoc¢ mjernih sondi. Istrazivanje se temelji na
odredivanju temperature zavarivanja te na njezin utjecaj na cvrstoc¢u spoja odnosno na izvlacnu silu mozdanika.
Na temelju rezultata istrazivanja utvrden je utjecaj frekvencije vrtnje mozdanika i temperature na cvrstocu spoja.
S povecanjem frekvencije vrtnje povecava se i izmjerena temperatura zavarivanja (u istrazivanju su primijenjene
frekvencije vrtnje od 865 min i 1520 min™). Najveca temperatura zavarivanja uzoraka borovine frekvencijom vrt-
nje od 1520 min' iznosila je 217 °C, dok je za uzorke zavarene frekvencijom vrinje od 865 min”' najvisa tempera-
tura zavarivanja iznosila 179 °C (dubina zavarivanja bila je 20 mm). Za uzorke bukovine zavarene frekvencijom
vrinje od 865 min’' najvisa temperatura iznosila je 181 °C, dok je za uzorke zavarene frekvencijom vrinje od 1520
min”' najvisa temperatura zavarivanja bila 213 °C (dubina zavarivanja iznosila je 20 mm). Utjecaj vrste drva na
temperaturu zavarivanja nije dokazan. Kako bi se izbjegle poteskoce pri kontaktnom mjerenju temperature za-
varivanja, radi preciznijeg odredivanja temperature zavarivanja razvijen je model prijenosa topline.

Kljuéne rijeci: zavarivanje drva; izvlacna sila; temperatura pri rotacijskom zavarivanju, spoj s mozdanikom

! Authors are associate professor, assistant, professor emeritus and assistant professor at University of Zagreb, Faculty of Forestry and Wood
Technology, Zagreb, Croatia.
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1 INTRODUCTION
1. UVOD

Wood welding is a more recent method of con-
necting wood or several wood elements or wood-based
boards without the use of glue or other binders. Due to
friction (rotation or vibration) between wood surfaces
in contact, heat is generated, which either softens or
melts lignin causing cellulose fibres to interlock in the
resulting melt. As the melt hardens, the welded joint is
created. There are many factors influencing the strength
of the rotary welded joint such as welding duration
(dowel displacement in the direction of the vertical
axis per rotation), tightness (the difference between the
dowel and hole diameters), weld penetration, rotation
frequency, wood type, welding direction (parallel to
the fibre direction or perpendicular to it), ring width
(Pizzi et al., 2004; Zup¢&i¢, 2010). The strength of the
welded dowel may be compared to the strength of the
glued dowel. Rotary welded joints have statistically
slightly greater strength than glued dowels (Gutowski
and Dodiuk, 2013; Zup&i¢, 2010).

It is not easy and simple to measure the tempera-
ture in the welded joint. There are many attempts to
measure the temperature in the joint during dowel rota-
tion and the most common are those by thermovision.
This requires the opening of the joint, which influences
measured values by all means. Kanazawa et al. (2005)
studied parameters that affect the dowel during rota-
tional welding. The welding frequency was set at 1200
min' and the dowel longitudinal displacement rate
amounted from 100 mm/min to 400 mm/min. The
welding temperature measured by the thermal camera
was somewhat over 180 °C. Rodrieguez et al. (2010)
carried out a study using birch wood (Betula Allegh-
aniensis) and maple wood (Acer Saccharum L.) with
three rotation frequencies (1000 min, 1500 min"' and
2500 min). The welding temperature is directly cor-
related with the rotation frequency, that is, the higher
the rotation frequency, the higher the welding tempera-
ture in the joint. The average temperature for maple
wood at 1000 min' is between 269 °C and 273 °C, at
1500 min' between 279 °C and 281 °C, and at 2500
min”' between 311 °C and 323 °C. The average tem-
perature for birch wood at 1000 min' is between
243 °C and 252 °C, at 1500 min™' between 263 °C and
277 °C, and at 2500 min™! between 306 °C and 308 °C.
The authors found that results obtained by the thermal
camera are unreliable. Belleville et al. (2012) obtained
almost identical temperature results with the same pa-
rameters, procedures and wood types. Contact
measurement of the temperature in the joint welded at
the rotation frequency of 1520 min"' (Zulj et al., 2017)
showed that the measured temperature value depends
on the position where it is measured. The highest tem-
peratures were recorded 8 mm from the position where
the dowel enters the receiver hole and then the tem-
perature decreases. In vibration welding on the weld-
ing line, the average of the maximum temperatures
measured was approximately 165 °C, while in the cen-
tre it was approximately 200 °C (Ganne-Chedeville et
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al., 2006). It appears that already at 38 mm from the
ends of the specimens, the maximum temperature has
stabilised around 200 °C.

Zoulalian and Pizzi (2007) made a heath transfer
model by establishing a connection between tempera-
tures, welding duration and thermal flows in the rota-
tional welding of the dowel. According to research re-
sults, the optimum rotational welding temperature is
183 °C. The temperature of contact surfaces may be
determined as the function of time and friction duration
according to Eq 1:

2.ﬂ./u.1'.«la.
ir Y M
Where:

T, — welding temperature

T, — initial wood temperature

¢t — welding time

7 — friction under pressure

U — rotation or vibration frequency

B — mechanical energy of friction transformed

into heat energy (amounts to 0.080 + 0.01for
rotational and linear welding)

h — thermal conductivity

o — wood diffusivity

Vaziri et al. (2014) was to develop a computa-
tional model to explain the thermal behaviour of weld-
ed wood material rather than experimental methods,
which are usually expensive and time consuming. This
model serves as a prediction tool for welding parame-
ters, leading to optimal thermo-mechanical perfor-
mance of welded joints. The energy is produced by the
friction welding of small wood specimens of Scots
pine (Pinus sylvestris L.)

Zupéié et al. (2011) studied the impact of weld-
ing time, as an important factor when welding beech
wood, on embedded force values. The rotation fre-
quency was 1520 min™, and dowels were welded at a
depth of 20 mm with a 2 mm tightness. Samples weld-
ed between 0.56 s and 0.9 s exhibited the best results
(the average embedded force amounted to 4994 N). As
the welding time increased, the embedded force values
decreased. With the welding duration in the interval
between 1.81 s and 2.61 s, the average embedded force
amounted to 2869bN. Auchet et al. (2010) studied a
comparison between a constant welding speed and a
changing (increasing) welding speed. The welding fre-
quency amounted to 1600 min™'. The highest embed-
ded force (4.7 MPa) was generated at a constant weld-
ing speed of 20 mm/s, whereas the changing welding
speed generated an embedded force of 3 MPa.

The research results (Zupéié et al., 2014) reveal
that beech wood is the best wood species for welding
dowels, regardless of the fibre orientation - parallel or
vertical. Also, research results indicate that the dowel
welded to the beech base retains the largest strength,
whereas the dowel welded to the spruce base reveals
the weakest results. The type of wood affects the em-
bedded force or strength of the joint.

Presumably, the temperature in the joint during
welding is an important factor of the joint strength. It
should also be mentioned that besides rotation frequen-

T,=T,+
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cy, the welding temperature is also influenced by weld-
ing duration, so that the optimum welding duration ob-
tained in previous studies was used in this paper.
Measuring a joint temperature during welding is very
demanding as shown by previous studies. Namely, the
opening of the joint that is welded is certainly not the
best method as the melt cools down suddenly in the sur-
rounding atmosphere so that measured values are of no
relevance. Also, in case of contact temperature measure-
ment, the probe is expected to be very sensitive and not
to be in contact with the rotating dowel, and yet close
enough to enable the measurement of the relative value.
The research results in this paper are different from pre-
vious research. It is, therefore, necessary to connect
measured temperature values with a mathematic model
of theoretical heat transfer. For that purpose, an equation
has been developed, which describes the heat source and
its transfer to the point where the temperature is meas-
ured. The created model is an upgrade of previous heat
transfer models as it also includes the influence of the
z-axis on the measuring point.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Sample preparation
2.1. Priprema uzoraka

Materials required for the testing were taken
from the commercial stack of unknown origin, while
dowels were bought from a distributor of an unknown
origin as well. Scots pine (Pinus sylvestris L.) and
beech (Fagus Sylvatica L.) were used for the research
with the water content of 10 % to 12 %. When making
and preparing samples, techniques were used, such as
sawing, planing, cutting down to final dimensions,
drilling receiver holes on samples for dowel welding
and drilling receiver holes for probes measuring the
welding temperature. The samples of 30 mm x 200 mm
% 30 mm for pine and of 30 mm X 300 mm X 30 mm for
beech were used for the research. On pine elements,
three receiver holes were drilled for dowel welding
with four perpendicular receiver holes of 3 mm in di-
ameter and a mutual distance of 4 mm for each receiver
hole (Figure 1). Four receiver holes were drilled on
beech elements, which is the only difference. Accord-
ingly, four dowels were welded into beech elements

and three into pine elements, while all other parameters
remained the same. The receiver holes into which the
dowel was welded were drilled by a spiral drilling bit
of 8.1 mm in diameter and HSS mark. Probes were put
in the lateral receiver holes for measuring the welding
temperature. All samples had approximately similar
radial-tangential texture.

The dowels used for welding were obtained from
smooth beech sticks of 1000 mm in length and 10 mm
in diameter. As required by the testing, the sticks were
cut down to the length of 120 mm and, subsequently,
their ends were bevelled by 1mm at the angle of 45° to
enable an easier welding start. Prepared in this way, the
dowels and elements (without cracks or visible dam-
age) were conditioned under laboratory conditions for
45 days at (23 £ 2) °C and (55 £ 5) % relative air hu-
midity.

After conditioning, the samples were welded by a
welding machine with the possibility of dowel rotation
and automatic displacement along its longitudinal axis.
The welding was carried out as the dowel rotated at the
set constant rotation frequency with dowel displace-
ment along the longitudinal axis. The rotation frequen-
cy during the welding amounted to 865 min™ or 1520
min” (depending on the sample type) (Table 1). The
time required to weld the dowel into the sample
amounted to 4 s (regardless of the weld penetration),
and the pressure on the dowel after welding (after the
rotation stopped) lasted 3 s to 5 s. The tightness in all
sample types was 2 mm. The weld penetration amount-
ed to 20 mm or 25 mm (Table 1). The element into
which the dowel was welded was static, and the weld-
ing direction of the rotating dowel was perpendicular
to the direction of wood fibres.

During the welding, the temperature was meas-
ured in the rotation zone by measuring probes, and
software was developed and created at the Faculty of
Forestry and Wood Technology (Figure 2a). The tem-
perature was measured by four probes placed into the
receiver hols perpendicular to the dowel welding direc-
tion (Figure 1). The distance between probes was 4
mm; the first probe measured the temperature at 4 mm,
the fourth at 16 mm from the upper edge of the re-
ceiver hole into which the dowel was welded. The soft-
ware recorded the current temperature and wrote it
down in the form of a graph in real time. Due to the
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Figure 1 Orthogonal projection of pine elements with measuring probes positions
Slika 1. Ortogonalna projekcija elemenata borovine s pozicijama mjernih sondi
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Table 1 Type of samples with designations
Tablica 1. Vrste uzoraka s oznakama

Sample designation Wood type Rotation frequency, min™! Weld penetration, mm
Oznaka uzorka Vrsta drva Frekvencija vrtnje, min’! Dubina zavarivanja, mm
BO_865_20_x Pine 865 20
BO_ 1520 20 x Pine 1520 20
BO_865 25 x Pine 865 25
BO_1520 25 x Pine 1520 25
BU 865 20 x Beech 865 20
BU_1520 20 _x Beech 1520 20
BU 865 25 x Beech 865 25
BU_ 1520 25 x Beech 1520 25

x — indicates the ordinal number of welded dowel (1-30) / x — oznacava broj zavarenog mozdanika (1-30)

software deficiency, maximum temperature values
were red by Acrobat Reader DC with the possible read-
ing error of +£1.5 °C. PT1000 temperature probes were
used for the testing with the temperature range between
-70 °C and +550 °C. The probes were of class B with a
possible error of 0.3 %. Welded samples were condi-
tioned for seven days under laboratory conditions.

The average water content (HRN ISO 13061-
1:2015) of beech samples amounted to 9.33 % (the min-
imum water content amounted to 8.89 %, and the maxi-
mum water content to 11.11 %), the average density
(HRN ISO 13061-2:2015) amounted to 0.547 g/cm? (the
minimum density amounted to 0.544 g/cm?, and the
maximum 0.556 g/cm®). The average water content
(HRN ISO 13061-1:2015) of pine samples amounted to
11.37 % (the minimum water content amounted to
9.67 %, and the maximum water content to 11.48 %), the

<l

frereT TSI
v v b

A
A

%
1
3
1
1

a

average density (HRN ISO 13061-2:2015) amounted to
0.503 g/cm? (the minimum density amounted to 0.496
g/cm?, and the maximum 0.504 g/cm?3).

2.2 Testing method
2.2. Metoda ispitivanja

The welded samples were conditioned for seven
days and then tested on the universal testing machine.
The sample testing was carried out on a computer-con-
trolled Shimadzu AG-X universal testing machine. The
testing speed was 5 mm/min. The samples were tested
by articulation gripping jaws, which enabled their pre-
cise positioning (Figure 2b). Embedded force and dis-
placement measurements were done by computer, so
that all values were measured exactly and precisely. A
total of 239 samples were used for the testing, all of
them properly welded, so that there were no visible er-

Figure 2 Positioning of a) device with probes during welding temperature measurement, b) samples during embedded force

testing

Slika 2. Pozicioniranje a) sondi za mjerenje temperature zavarivanja, b) uzorka tijekom ispitivanja izvla¢ne sile
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rors or damages on the samples. The dowel welding
temperature and embedded force were measured for all
welded samples.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Contact measurement of welding temperature
3.1. Kontaktno mjerenje temperature zavarivanja

The features of the welded joint were determined
by measuring the welding temperature and embedded
force of the dowel welded into pine or beech. The
probe closest to the surface (probe 1) recorded an aver-
age temperature of 184 °C in pine samples and 180 ° in
beech samples. Slightly higher temperature values
were recorded at probe 2 for pine and beech samples. A
decrease in the welding temperature was measured at
probe 3, although not significant statistically. Probe 4,
16 mm from the surface, exhibited the lowest tempera-
tures because the dowel diameter decreased due to fric-
tion so that the tightness was smaller as well, which
had a direct impact on the friction between the rotating
dowel and the static base. The average temperature of
probe 4 was 68 °C for pine and 69.4 °C for beech (Fig-
ures 3 and 4). Such welding temperature distribution
was expected. The friction is the highest at the begin-
ning of welding because of the maximum tightness, so
that the highest welding temperatures are reached. As
the weld penetration or welding duration increase (by
dowel displacement along the longitudinal axis), the
tightness decreases, as well as the welding tempera-
ture. Therefore, the dowel top is not welded, but the
accumulation of the melt (lignin) appears between fi-
bres in very small quantities. The melt did not form the
weld that would achieve certain strength (Figure 5).
The optimum weld penetration for a 2 mm tightness is
20 mm. By increasing weld penetration by 5 mm, em-
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Figure 3 Distribution temperatures by probes in pine wood
sample (BO_1520_20)

Slika 3. Raspodjela temperature po sondama u uzorku
borovine (BO_1520_20)
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Figure 4 Distribution temperatures by probes in beech
wood sample (BU_1520 20)

Slika 4. Raspodjela temperature po sondama u uzorku
borovine (BU_1520 20)

bedded force increases slightly, but the joint strength
decreases (Zup&i¢, 2010).

The analysis of research results showed that the
welding temperature in pine and beech samples de-
pends on rotation frequency (Table 2 and 3, and Figure
6 and 7). Samples welded at a frequency of 1520 min!
exhibited higher temperature values (significant statis-
tically, Scheffe test p<0.050) with the rotation frequen-
cy of 865 min' in pine and beech. In percentages, there
is a 21 % increase in the welding temperature at the
weld penetration of 20 mm for pine, and an 18 % in-
crease for beech. At the weld penetration of 25 mm,
there is a 24 % increase in the welding temperature for
pine and 22 % for beech. The welding temperature
slightly increases (statistically not significantly, Schef-
fe test p<0.050) as weld penetration increases for
beech, indicating that the observed weld penetration
has no impact on the welding temperature.

DET: SE Detector
DATE: 05/22/09
Device: TS5130

SEM MAG: 500 x
HV: 15.0kV
VAC: HiVac

Vega ®Tescan
Katedra niuky o dreve - DF TU Zvolen

Figure 5 Wear of dowel tip (Zup¢i¢, 2010)
Slika 5. Prikaz istro$enosti vrha mozdanika (Zup¢i¢, 2010.)

173



Zupcié, Zulj, Grbac, Radmanovié: Dependence of Dowel Joint Strength on Welding... «eeeee.

Table 2 Descriptive statistics of welding temperature results depending on weld penetration and rotation frequency in pine wood
Tablica 2. Deskriptivna statistika rezultata temperature zavarivanja borovine ovisno o dubini zavarivanja i frekvenciji vrtnje

Breakdown table of descriptive statistics / Pregledna tablica deskriptivne statistike
Code N=118

Oznaka Mean, °C Sample number | Std. Min, | Max, | Q25, |Median,| Q75,

Srednja vrijednost, °C |  Broj uzoraka |Dev,°C| °C °C °C °C °C

BO 865 20 144 29 26,59 83 179 128 156 165
BO_865 25 148.93 29 22,65 91 178 136 157 165
BO 1520 20 190.07 30 10,96 167 217 181 191 199
BO 1520 25 187.27 30 17,16 158 222 174 187 201
All groups / Sve grupe 167.92 118 29,12 83 222 157 170 190

Table 3 Descriptive statistics of welding temperature results depending on weld penetration and rotation frequency in beech wood
Tablica 3. Deskriptivna statistika rezultata temperature zavarivanja bukovine ovisno o dubini zavarivanja i frekvenciji vrtnje

Breakdown table of descriptive statistics / Pregledna tablica deskriptivne statistike
Code N=120
Oznaka Mean, °C Sample number Std. Min, | Max, | Q25, |Median,| Q75,
Srednja vrijednost, °C |  Broj uzoraka Dev,°C | °C °C °C °C °C
BU 865 20 174.13 30 3,59 167 181 171 175 177
BU_865 25 176.77 30 4,25 171 192 173 177 179
BU_1520_20 186.97 30 13,42 165 213 175 187 198
BU 1520 25 194.67 30 8,76 171 212 190 195 200
All groups / Sve grupe 183.13 120 11,75 165 213 175 179 194

Weld penetration is an important factor influenc-
ing the embedded force and strength of the welded joint.
The strength of the welded joint increases, as weld pen-
etration increases up to 20 mm and then decreases to the
weld penetration of 30 mm (Zupéi¢ 2010). Due to dowel
wear, friction decreases so that there is no welding. To
mitigate the wear problem concerning the dowel tip, the
receiver hole should be drilled with different diameter
(smaller than the inlet diameter) or the conus hole
(Zup&i¢ et al., 2008; Zupéic, 2010).

Figures 8 and 9 show the impact of temperature
on embedded force depending on rotation frequency
and weld penetration for pine and beech samples. In

pine samples, the embedded force of the welded dowel
increases as the welding temperature increases. The
welding temperature increases as rotation frequency
increases. In beech samples, an increase in the welding
temperature leads to a slight increase in the embedded
force of the welded dowel. An increase in rotation fre-
quency does not result in a significant welding tem-
perature increase. The reason for this is the melt emerg-
ing around the measuring probe and influencing the
process of temperature measurement. Besides that, the
portion of the late growth ring of the wood may also
influence the welding temperature so that it should be
further looked into. According to results, embedded
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Figure 6 Comparison of welding temperature in pine wood
Slika 6. Usporedba temperatura zavarivanja borovine
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Figure 7 Comparison of welding temperature in beech wood
Slika 7. Usporedba temperatura zavarivanja bukovine
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Figure 8 Impact of temperature on embedded force in pine wood samples depending on rotation frequency and weld
penetration
Slika 8. Utjecaj temperature na izvlacnu silu na borovim uzorcima ovisno o frekvenciji vrtnje i dubini zavarivanja
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Figure 9 Impact of temperature on embedded force in beech wood samples depending on rotation frequency and weld
penetration
Slika 9. Utjecaj temperature na izvla¢nu silu na bukovim uzorcima ovisno o frekvenciji vrtnje i dubini zavarivanja
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Figure 10 Wood welding in a three-dimensional rectangular coordination system (A — point at which temperature is measured)
Slika 10. Zavarivanje drva u trodimenzionalnom pravokutnom koordinatnom sustavu (A — tocka u kojoj se mjeri temperatura)

force of the joints of pine wood is depending more on
welding temperature than beech wood (need to be in-
vestigated in more detail). Between pine wood and
beech wood, there is a difference in wood density,
properties of wood and wood structure.

3.2 Theoretical research into heat transfer
3.2. Teorijsko istrazivanje prijenosa topline

The wood welding process is shown in a three-
dimensional rectangular coordinate system, where
welding is done along the y-axis (Figure 10). During
the process, the dowel is in dynamic contact with each
point along the y-axis, represented by 0 <y <y’. For
that reason, these points become heat sources. As the
time intervals over which the dowel is in contact with
every single point along the y-axis differ, so does the
intensity of the heat sources.

50

Around point A, the infinitesimal volume dV =
dx-dy-dz is isolated, where dx, dy and dz are the di-
mensions of the sides of the infinitesimal volume. Ac-
cording to the first law of thermodynamics, the change
in the internal energy (dU) of the marked volume is:

dU =060, - oW, @)

Where:

6Q, — total heat,

OW — work done.

Work may be done if the observed medium
changes its volume, and since wood does not signifi-
cantly change its volume in the given temperature
range, the work done may be neglected. After neglect-
ing the work done, there follows:

dU=60. 3)
Il avad\
4 @
o d 50
dx z (BQZ+dZ X +dx

z

Figure 11 Change in internal energy during wood welding (A — point at which temperature is measured)
Slika 11. Promjena unutarnje energije tijekom procesa zavarivanja drva (A — tocka u kojoj se mjeri temperatura)
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According to Eq. 3, the change in the internal en-
ergy of the observed volume is equal to the total change
in the heat of that volume, which may be recorded as a
difference between supplied (6Q, ) and transferred
(6Q,,,) heat and source heat (60, ):

d0,=0Q,,, —0Q,, 700, )
5QduvA:5Qx+5Qy+5Qz (5)
5Qodv. :5Qx+dx +5Qy+dy+5Qz+dz' (6)

In general, heat may be defined by way of heat

flux density (Galovi¢, 2002):
00=q-dS-dt. (7)

Where:

q — heat flux density,

dS — surface through which heat flux is observed,

dt — time interval.

Supplied and transferred heat may be recorded
with regard to the dependence on the axes of the three-
dimensional coordinate system:

00 =q dy-dz-dt (8)
00,=q, dx"dz"dt 9
00 =q,dx-dy-dt (10)
00, .=, 1q Ay -dz-dt (11)
00,.4,=G, g, dx"dz"dt (12)
00,..,=4,.q," dx dy-dt (13)

Heat flux densities of transferred heat (g, , Dyay i

q,.,,) may be developed in the Taylor series so that,
while neglecting higher derivation orders, there follows:
o
qx+dx =qx+&dx (14)
ox
— qY d
Gyrgy =4t 5y ly (15)
o
Qi =4, (16)
oy

The combination of Eq. 8 — 16 determines the
equation for the total heat depending on the coordinate
axes:

dQu = 5Qdov. - 5Qodv. =

P
5 dx-dy-dz - di -
oy

é;* dx-dy-dz-dt—

X

?Z dx-dy-dz-dt= (17)

z

Heat (dQ, ) generated by the source along y-axis
may be defined by the heat flux of the source (¢, )

dQ, =p, dx-dy-dz-dt (18)

The change in the internal energy in Eq. 3 may be
defined as follows:

dU=dm-c-d0=p-c-dx-dy-dz-db (19)

Where:
dm — change in mass
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¢ — specific heat capacity

p — density

df — temperature change

By inserting Eq. 17 and 18 in Eq. 4, and after ab-
breviations, there follows:

.40 _ da, 94, dq, (20)

dt Sx Oy Oz

Heat flux density may be defined by the thermal
conductivity coefficient (1) in the following way
(Galovi¢, 2002):

80,

=1 21

G=Ae (21
50

q, =2, dyy (22)
00

=4 == 23

9. =4 (23)

By inserting Eq. 21, 22 and 23 in Eq. 20, and
while neglecting the change in the thermal condu-

ctivity coefficient along the coordinate axes
oA, oA, S

5—;, 5—;15—; = 0), there follows:

a9__ & 80, A 5O A 5O, e (24)

dt pc dx’ _p-c & p-c dt  pec

According to Eq. 24, the temperature measured

at point A depends on time (7‘9), heat source intensity
t
(h) and the ability of material to transfer heat en-
-c

ergy from the source to the measuring point

lx 52 Qx ﬂy JZQY /,i’z 52 Qz)

4 CONCLUSIONS
4. ZAKLJUCAK

Research results show that embedded force val-
ues (joint strength) depend on the welding temperature,
which is confirmed by the research of Kanazawa et al.
(2005) and Rodriguez et al. (2010).

It was found that pine samples are welded at a
higher rotation frequency (1520 min') and achieve
higher embedded force values on average.

It was also found that the welding temperature
depends on rotation frequency, or that samples welded
at the frequency of 1520 min"' reach higher tempera-
ture values as compared to samples welded at the rota-
tion frequency of 865 min'. According to the results,
there is no statistically significant temperature differ-
ence between samples of the same frequency regard-
less of weld penetration. However, there is a statisti-
cally significant difference between samples with
different rotation frequencies.

The maximum temperature in pine samples
welded at the rotation frequency of 1520 min’!
(BO_1520 20 and BO_1520_25) amounts to 220 °C,
and in samples welded at the rotation frequency of 865
min"' (BO 865 20 and BO 865 25) to 180 °C. The
average welding temperature at 865 min' regardless of
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weld penetration amounts to around 143 °C, and at
1520 min'to 189 °C.

The maximum temperature in beech samples
welded at the rotation frequency of 865 min’!
(BU 865 20and BU 865 25) amounts to 210 °C, and
in samples welded at the rotation frequency of 1520
min' (BU_1520 20iBU_1520 25)to 187 °C. The av-
erage welding temperature at 865 minis 175 °C, and
at 1520 min™ 190 °C.

With regard to difficulties arising from contact
measurement of temperature, the heat transfer model
was made to obtain more exact welding temperature
results related to annul time, heat source intensity and
the ability of material when transferring heat energy
from the source to the measuring point.

o __ A &0, A FO, 4, &9,
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