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NUMERICAL AND EXPERIMENTAL STUDY OF PHASE TRANSFORMATIONS IN WELDING PROCESSES

BADANIA NUMERYCZNE I DOSWIADCZALNE PRZEMIAN FAZOWYCH W PROCESACH SPAWANIA

The paper concerns the mathematical and numerical modeling of phase transformations in solid state occurring during
welding. The analysis of the influence of heating rate, cooling rate and maximum temperatures of thermal cycles on the
kinetics of phase transformations is presented. On the basis of literature data and experimental studies the evaluation of
classic mathematical and numerical models of phase transformation is presented with respect to the advanced methods of
welding by using a high speed and a high power heat source. The prediction of the structure composition in laser welded
butt-joint made of S460 steel is performed, where phase transformations are calculated on the basis of modified numerical
models. Temperature distributions are determined as well as the shape and size of fusion zone and heat affected zone (HAZ).
Temperature field is obtained by the solution of transient heat transfer equation with convective term and external volumetric
heat source taken into account. Latent heat of fusion, evaporation and heats generated during phase transformations in solid
state are considered in the numerical algorithm due to the large temperature range present in analyzed process. Results of the
numerical prediction of structure composition in HAZ are presented in this work. Obtained results of computer simulations
are compared to experimental research performered on the laser welded joint.
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Praca dotyczy modelowania matematycznego i numerycznego przemian fazowych w stanie stalym w procesie
spawania. Przedstawiono analiz¢ wptywu szybko$ci nagrzewania, szybkosci chtodzenia oraz maksymalnej temperatury
cyklu cieplnego na kinetyke przemian fazowych. W oparciu o dane literaturowe i badania do$wiadczalne przedstawiono
weryfikacje klasycznych modeli matematycznych i numerycznych przemian fazowych w odniesieniu do zaawansowanych
metod spawania szybkobieznym zrédlem ciepta duzej mocy. Na bazie zmodyfikowanych modeli numerycznych przemian
fazowych przedstawiono przyktad prognozowania numerycznego sktadu fazowego doczotowego potaczenia spawanego
wiazka promieniowania laserowego ze stali S460. Wyznaczono rozklad temperatury, okreslono ksztatt i wielkos¢ strefy
przetopienia oraz strefy wpltywu ciepta (HAZ). Pole temperatury uzyskano z rozwigzania rownania przewodzenia ciepla
z cztonem konwekcyjnym z uwzglednieniem objetosciowego zrodla ciepta. Ze wzgledu na szeroki zakres temperatur,
wystepujacych w procesie spawania laserowego w algorytmie uwzgledniono ciepto topnienia, parowania oraz ciepta przemian
fazowych w stanie statym. Podano wyniki prognozowania numerycznego sktadu fazowego w HAZ ztacza spawanego. Wyniki
symulacji komputerowej poréwnano z wynikami badan doswiadczalnych potaczenia spawanego.

1. Introduction

The material in the joint weld and adjacent region is
heated to various temperatures in the welding process. As
a result of different heating and cooling conditions a variety
of structures occur in the joint, having different mechanical
properties. Changes in the structure of heat affected zone
covering phase transformations in solid state are the cause
of significant changes in the properties of this zone in
comparison to base material [1,2]. In the heat affected zone
material is exposed to a very different thermal conditions and
the resulting HAZ structure in welded steel highly depend
on thermal cycle parameters, such as: heating rate, maximal
heating temperature and cooling rate. In the analysis of phase

transformations during welding the attention is mainly focused
on phase transformations during cooling process [3-10]. The
analysis of the kinetics of phase transformation is carried out
by well known mathematical models found in the literature
and Continuous-Cooling Transformations (CCT) diagrams.
The analysis of phase transformations in the heating process in
most cases is carried out for constant Ac, and Ac, temperatures,
whereas the effect of the maximum heating temperature is
substantially omitted [11-16].

The impact of both the heating rate and the maximum
temperature of the thermal cycle on the kinetics of phase
transformations during the welding process should be taken
into account in the case of advanced welding methods by
using a focused high power heat sources, such as: a laser
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beam welding or a laser-arc hybrid welding, where there are
high heating rates as well as very high and various maximum
heating temperatures of steel. Considering above facts, issues
in the modelling of the kinetics of phase transformation in
solid state are presented in this paper in relation to welding
using a high speed and high power heat source. Mathematical
and numerical models of phase transformation are presented
as well as modified numerical models for the prediction of
phase composition in welded joint, developed on the basis
of literature data and experimental research. Presented in this
paper research concerns structure composition of laser butt-
welded joint made of S460 steel.

2. Phase transformations in heating and cooling processes

The analysis of phase transformations in continuous
heating and cooling is carried out on the basis of models for
non-isothermal disintegration of base phase as well as various
analytical models [17-22]. A volumetric fraction of forming
austenite during heating is described by Johnson-Mehl-Avrami
(JMA) model, expressed as follows [23]:

n4(T,1)=n(1-exp(-bt") (1

where 7)is a sum of volumetric fractions of base material
phase composition (77=1), coefficients b=b(T) and n=n(T) are
determined by start (7 =0.01) and final (77f=0.99) conditions for
phase transformations:

In(z7, )
)"’

n(T) _ ln(ln(ﬂf )/ ln(ns ))

Infe, /1, )

t/(Tf.A) are start and finish
and T, are corresponding

b(T)=—

2

where ¢ is a time, =¢(7,) and
times of a phase transformation,
start and finish temperatures.
Phase fractions forming during the cooling process
are determined by the temperature and cooling rate

(Vg/s = (80000— SOOOC)/ tg/5) in the temperature range
[800+500]°C, where ¢, is a cooling time. A fraction of
the new phase like: ferrite, pearlite and bainite (diffusive
transformations) are determined on the basis of JMA formula
taking into account already existing phase fractions:

tf:
T

sA4

0o (T,0) =577, (L - expl=b((T))")) 77A=1—;f7k 3)

where p/% is the maximum fraction for determined cooling

rate, estimated on the basis of microstructure analysis of
examined steel, 77, is austenite fraction due to heating process,
1, is a phase fraction formed earlier in the cooling process,
coefficients » and » are also determined using formula (2), in
which b=5b(T(vys)) and n=n(T(vgs)).

Volumetric fraction of martensite (7M) below M,
temperature is estimated according to the following Koistinen-
Marburger (KM) equation [24]:

n (T)=ni3(1—exp(-k(M, -T)) Te[m, M,] @

Coefficient k£ depends on martensite phase start and final
temperatures (M and M, ) determined also basing on CCT
diagram:

In()  In(0.01)
M, -M, M -M,

k=~ (&)

The heating rate significantly affects the temperature of
austenite formation. As a result of high heating rates up to the
maximum temperature in the process (reaching hundred of K/s
in submerged arc welding and several thousands K/s in laser
or laser-arc hybrid welding) austenitization temperatures Ac,
and Ac;, significantly increase, wherein Ac, temperature grows
more significantly (Fig. 1-3). This is confirmed by results of
dilatometric studies on S460 steel and data from the literature
[25]. Samples of 10mm length were used in all performed
dilatometric tests.
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Fig. 1. Dilatometric curves for steel heated using different heating
rates

The influence of heating rate on the increase of start
and finish temperatures of the transformation a—y may be
different for different steels. It was found that temperatures
Ac (t) and Ac (t) for a group of weldable high strength steels are
rising at high temperatures on average 95+110°C (4c (1)) and
130+180°C (Ac (1)). Temperature increase (44c,)as a function
of heating rate for different weldable steels is illustrated in Fig.
2 [25]. Fig. 3 shows the change in temperatures 4c, and Ac, in
S460 steel depending on the heating rate.
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Fig. 2. The influence of heating rate  Fig. 3. The increase of Ac; and
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steel [25]

The analysis of the kinetics of the austenite during heating
is usually performed on the basis of dilatometric research. The
influence of heating rates on Ac, and Ac, temperatures are



presented in Continuous-Heating-Transformation diagrams
(CHT) for continuous heating at various rates (Fig. 4).
However, this requires costly and time consuming experimental
research. Authors of [26] developed CHT diagram for higher-
strength steel heated at different rates. Further, by the use of
equations of the kinetics of phase transformations and results
of the experiment they gave a formula for temperature changes
during heating in the function of heating rates:

ACl,s(t) =Ac +v, -t (6)

where Ac; ; are equilibrium temperatures (Ac; and Ac;), vy is
a heating rate, ¢ is a time above static Ac, and Ac, temperatures.

Given by authors of [26] formula (6) for the determination
of temperatures Ac, and Ac, depending on the heating rates
determines these temperatures with a good approximation. This
is confirmed by the comparison of results of the experiment on
S460 steel and temperatures obtained by formula (6) for lower
heating rates (100 < K/s) as well as for a high heating rates
(100 > K/s) (Fig. 4).
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Fig. 4. Numerical and experimental CHT diagram of S460 steel

The type of phase transformations in the cooling
process and the consequent changes in the specific volume,
and in result the properties of HAZ, depend on cooling
rates (Fig. 5a). The analysis of phase transformations during
cooling in numerical solutions is carried out on the basis of
mathematical models and CCT diagrams. The assessment of
phase composition is obtained on the basis on the analysis of
the microstructure, hardness testing of a set of samples and the
analysis of dilatometric curves (Fig. 5b). CCT diagrams are
used together with final fractions of phases corresponding to
given cooling rates (Fig. 6), wherein cooling times (ty;s) and
cooling rates (vgs) are values determined in the temperature
range of [800+500]°C.
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Fig. 5. Dilatometric curves a) for various cooling rates and b)
quantitative interpretation of the phase composition of steel during
continuous cooling by the analysis of dilatometric curve (vss=20 K/s)
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Fig. 6. CCT diagram of S460 steel and final fractions of microstructure
constituents

A good approximation of start and final temperatures of
phase transformations and the content of each phase can be
achieved with the use of CCT diagram and phase composition
corresponding to determined cooling rates. However, the
determination of the kinetics of phase transformation according
to applied mathematical models requires information about
thermal dilatations of phases and the size of the volume
changes during the transformations from one phase to another
depending on cooling rates for particular steel. Reliable
determination of structural transformations is obtained on
the basis of experimental verification (Figs. 7-10). Simulated
dilatometric curves for determined parameters of heating
and cooling are compared with obtained experimentally
dilatometric curves (Fig. 7 and Fig. 8).
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Fig. 7. Dilatometric curves a) and corresponding kinetics of phase
transformations in S460 steel b) (v; =100 K/s and vg;s = 100 K/s)
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Fig. 10. Microstructure
of S460 steel,
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Thermal expansion coefficients (a;=0;(1)) for different

structural constituents and structural strains (g(’jf) induced
by phase transformations are determined on the basis of
experimental verification results. Values for S460 steel are
given in Table 1.

3. The influence of austenitization temperature on phase
transformations

The maximum temperature of steel heating has important

impact on the kinetics of phase transformations occurring
during cooling. Performed research has shown that higher
heating temperatures result in lower temperatures of phases’
initialization (Fig. 11).
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Fig. 11. Dilatometric curves of S460 steel at various austenitization
temperatures

Such dependency is also shown in results of dilatometric
tests conducted by authors of [27] for higher-strength steels and
different heating temperatures, at assumed constant conditions
of heating and cooling. A comparison of CCT diagrams shows
that start and finish times of phase transformations in cooling
process (Z,,) are moving in the direction of shorter cooling
times with lowering temperature of austenitization, identified
with the maximum temperature of thermal cycle.

As a result, for various heating temperatures with the
same cooling times () different structures are obtained. CCT
diagram determined for only one austenitization temperature
limits the analysis of structural changes in HAZ, especially
in the case when very different heating temperatures are
present. Only a creation of series of CCT diagrams, differing
in maximum temperatures of thermal cycles allows for more
accurate analysis of phase transformations in the entire area
of HAZ.

On the basis of research conducted on the effects of
maximum temperatures of thermal cycles on the kinetics of
phase transformations it is possible to build CCT diagrams,
showing changes in star times of each phase transformation
in a function of the maximum temperature of thermal cycle

TABLE 1
Thermal expansion coefficients and structural strains
Structure constituent Austenite Ferrite Pearlite Bainite Martensite
Thermal ei‘ll’gﬂs[ifzg]‘“fﬁdem’ =220 ar=14.7 ar=14.0 a=13.5 =120
Isotropic Stﬁ((:)t-?ral strains, e 5},:2.7 e £h=3.0 P £h=3 0 P l;;h=3 P P zﬁfh=5 5




during welding which is called Maximum-Temperature-
Cooling-Time diagram (Fig. 12). [27,28].
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Fig. 12. Changes in start times of phase transformations in a function
of maximum temperatures of thermal cycle in welding of low carbon
steel, 1 - according to [27], 2 - according to [28]

As the maximum temperature increase in the thermal
cycle during welding, start and finish times alternately move
towards greater cooling times. Increasing the temperature
above the austenitization temperature of 1300 °C wont affect
significantly start and finish times of phase transformations.
The amount of offset of start and finish times of phase
transformations in the function of maximum temperatures
of thermal cycles can be predicted using shifted CCT
diagrams obtained for different austenitization temperatures.
Unfortunately, these diagrams are very rare, mainly because of
the cost of the research. Such studies are very time consuming
and expensive, so they can not be universally useful. Most of
CCT diagrams in welding that are used for the development
of welding technology, is built for one heating temperature.
This leads to certain approximations in predicting the structure
composition in welded joints.

This work presents modelling of discrete CCT diagrams
created on the basis of dilatometric research on S460 steel
with the effect of austenitization temperature on the position
of CCT diagram and thus the structural composition of
analyzed steel taken into account. The mutual offset of two
CCT diagrams for different austenitization temperatures is
determined using experimentally obtained two CCT diagrams
(Fig. 13) created by dilatometric research performed for two
different austenitization temperatures (1100°C and 1200°C).
A linear approximation of CCT diagrams offset is assumed
along the time axis for different maximum temperatures
of thermal cycles 7 =T  in the range of 1000°C+1300°C
using determined offset of CCT diagrams for austenitization
temperatures 1100°C and 1200°C. The offset is described as
follows:

t,(T

max

t.(T,

max

) =1,(1100)+ Aty (T,
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~1100) /100 ™
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Fig. 13. The impact of austenitization temperatures on the location of
CCT diagrams in S460 steel

The above analysis allowed the determination of a discrete
form of the real CCT diagrams for arbitrary maximum
temperatures of thermal cycles (model (7)). Different start
and finish times of phase transformations are obtained for
determined cooling rate (v, in welding, as a result of diagram
offset with the maximum heating temperatures. However,
presented approach requires a large number of dilatometric
tests and this form can not be used as universal one.

In the numerical modelling of welding processes the
approach requires an assurance that the model reflects real
process conditions as much as it is possible, on the other
hand developed models should be inexpensive and flexible.
Therefore, simplified linear numerical model can be used for
the consideration of the impact of austenitization temperature
on the offset of CCT diagram (model (8)), considering
a constant cooling rate (Fig. 14). This model assumes that
relative linear offset of two graphs is proportional to the
difference of austenitization temperatures corresponding
to these diagrams. CCT diagram can be determined for any

temperature 7, = Tnﬁx by the use of experimentally prepared
or taken from the literature CCT diagram determined for one

chosen austenitization temperature (e.g. 7, = Tﬂﬁx =1200 °C
compare to Fig. 14), i.e. start and finish temperatures of ferrite
and bainite transformations in a function of time ((7,,(¢;) r )

after assuming that (7,(¢;) . =(T,(t,) ¢, are expressed as:

(T =T, N (T =T)
(T =T, (t,))

(L) r s = )

where T, is a start temperature of a phase transformation.
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Fig. 14. Simplified model (model (8)) for the offset of CCT diagrams
at different austenitization temperatures

Model (8) (Fig. 14) strikes an appropriate trends in offset
of CCT diagrams with maximum temperatures of thermal
cycles and it is possible to apply it for different steels having
similar CCT diagrams. However, the use of linear simplified
model (8) of diagram offset along time axis over the entire
range of cooling rates for other steels with a greater diversity
of structures requires further experimental verification.

4. Examples of numerical prediction of structure compo-
sition in welded joint

The temperature field in analyzed welding process is
obtained on the basis of the numerical solution into transient
heat transfer equation with convective term, taking into account
heating of the workpiece by a laser beam volumetric heat
source, phase transformations due to material state changes
and phase transformations in solid state. Numerical analysis
of laser but-welding without additional material is performed
as a three-dimensional problem (Fig. 15a), assuming perfect
contact between joined sheets. Analyzed domain with
dimensions: L=250 mm, b=50 mm and g=5 mm is considered
as a half of the joint to the plane of symmetry and discretized
by differential grid with a constant spatial step of 0.01 mm in
x direction and linearly decreasing spatial step in y direction
(Fig. 15b) from 0.05 mm in the heat source activity zone,
where large temperature gradients are present, up to 2 mm
in lower temperatures. Following technological parameters
are assumed in the analysis: laser beam power Q,=3800 W,
welding speed v=0.7 m/min, beam radius »,=1 mm.

plane of symmetry

Fig. 15. Sketch of considered system: a) laser butt-welding process, b)
difference element mesh used in calculations

Transient heat transfer equation in analyzed process is
described in the following form:

oT ~
V-(AVT) :Cef(at+VT-Vj—Q )

where A=A(T) is
temperature, C - is effective heat capacity, é is a volumetric
heat source and v = v(x,,z,f) is a vector determined by welding
speed, T(x,y,z,¢) is a temperature and ¢ is time.

Equation (9) is completed by the initial condition
t=0: T = T; and boundary conditions of Dirichlet, Neumann
and Newton type, taking into account a heat loss due to
convection and radiation [12]:

thermal conductivity dependent on

T
2 g atr], <Dy reo T (0
n

where a is a convective coefficient (assumed as average value
0=50 W/m’K), ¢=0.5 is a radiation coefficient, ¢ is Stefan-
Boltzmann constant and g=q(,0) is the heat flux towards the
top surface of welded workpiece (z=0) in the source activity
zone, T,=293 K is an ambient temperature.

Effective heat capacity is defined assuming linear
approximation of solid fraction in the mushy zone and
liquid fraction in liquid-gas region as well as the increase of
a volumetric fraction of i-th phase in the solid state:

pscs+ D psH dzl’;T) for T e[ S’;;T;;]
PsCs for Té(Tyi;T;;)UT<TS
Cef(T): PsiCsy T Ps T LT for TE[TS;TL] (11)
L~ 4s
Pier for Te [TL;Tb]
chL + T::: —bTh for Te [T;J;T;nax]

where subscripts S and L denote solid and liquid state, ¢ is
a specific heat (¢;=650 J/kgK, ¢, =840 J/kgK), p is density
(p=7800 kg/m®, p,=6800 kg/m?), T, and T ;, are start and finish
temperatures of each phase transformation in solid state, H"
is a latent heat of i-th phase transformation, 77 is a volumetric
fraction of i-th phase, 7,=1750 K and 7,=1800 K are solidus
and liquidus temperatures respectively, //,=270x10° J/kg is
a latent heat of fusion, 7,=3010 K is the boiling point of steel,
T . is the maximum temperature of thermal cycle, H,=76x10°
J/kg is a latent heat of evaporation. The product of density
and specific heat in the mushy zone depends linearly on solid
fraction pg ¢y, = pgcs fs +p,c, (1= fi ), where fg €[0:1] is
the solid fraction.

Latent heats H," [J/kg] of the transformation of austenite
into ferrite, pearlite and bainite in welded low carbon steel
(according to authors of [29]) are approximated by the
following square functions:



H, . (T)=-0.50315T7 +388.32T +39652
H, ,,(T)=-0.42990T" +283.51T +86588
H, ,(T)=-0.40676T" +264.28T + 86860
H, (T)=H,,,(T)

Gaussian heat source power distribution is developed
for mushroom-shape welds (obtained during laser welding
experiment). At the deep of penetration a_d heat source power
is decreasing in a shape of a truncated cone. Remaining
laser power distribution is constant in a shape of a cylinder.
Heat source power distribution in truncated cone volume is
expressed as follows [30]:

/3| P PO
O(r,z)= ” exp [1 rZZJ(l dj

where Q, is a laser beam power [W], 77 is efficiency, d is

a total penetration depth, r=./x>+y”is a current beam

radius [m] and ze[O;azd] is a current penetration [m],

(13)

V= m(rjz(liaz}riaz(rf +r0raz)] is a volume of the heat

source [m’]. 7, is a total laser beam radius along penetration

direction [m], defined as: r, = r{2)= 1z, - (1, - r‘”‘)TZd , where r, is
a radius of laser beam spot at the top surface of the workpiece
(z=0) and r,_ is a radius of the beam at the deep of penetration
z=a.d,a, e [0;1] is experimentally defined coefficient
depending on the welding speed.

Thermal conductivity coefficient changing with
temperature is assumed in theoretical model (Fig. 16). In solid
state A=A(T) is defined according to data form the literature [12].
Much higher value of A(7) is assumed at high temperatures,
which corresponds to the motion of liquid material in the
welding pool. Effective heat capacity in solid state for chosen
points at the top surface of the joint is shown in Fig. 17. It
can be noticed that various effective heat capacity is obtained
depending on the kinetics of phase transformations in solid
state and different start and final temperatures determined for
each cooling rate in the weld and HAZ.
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Fig. 16. Thermal conductivity Fig. 17. Effective heat capacity
assumed in calculations for kinetics calculated for two
chosen thermal cycles

Temperature field in the simulation of laser butt-welded
steel sheets is obtained by the numerical solution of heat
transfer equation (9) using finite difference method in forward
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Euler’s time integration scheme. For the stabilization of
solution algorithms Péclet number is implemented directly
into central difference quotients. Numerical prediction of
structure composition in the heat affected zone of welded joint
is performed on the basis of the solution of equations (1), (3)
and (4), using dynamic CCT diagrams (Fig. 13) according
to model (7). In order to assess the suitability of model (8)
comparative calculations using this model are also performed
(Fig. 14).

If the maximum temperature 7 _of thermal cycle is found
between [Ac +Ac,] the case of incomplete austenitization is
considered, assuming that the fraction of formed austenite
equals:

14 = (Tax = Ay (1) (A5 (1) = Acy (1)) (14)

Remaining structure (1-7,) =7, is a sum of volumetric
fraction of base structure untransformed into austenite. In this
case the summary fractions of phases arising during cooling
are determined as a sum of fractions of given phases resulting
from austenite and a fraction of this phase untransformed into
austenite.

Figure 18 shows temperature distribution for chosen
points at the top surface of the joint (z=0) and in a distance
y=1 mm from the centre of laser beam heat source, where
solidus, liquidus and boiling temperatures are marked as well

as temperature range [800" C;500° C] where cooling rates are
determined for analysis of phase transformations in solid state.

In this figure maximum temperatures are observed
in the centre of heat source activity zone. At this point
temperature exceeds the boiling point of steel (7)), leading to
the evaporation and creation of the keyhole. When maximum
temperature exceeds austenitization temperature (7° g), structural
transformations appear (HAZ). Below austenitization
temperature welded material is treated as untransformed base
material.
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Fig. 18. Temperature distribution for chosen points: a) at the top
surface of the weld and b) along direction material penetration, in a
distance y=1 mm from the centre of laser beam heat source

In order to verify the correctness of elaborated models,
CO, laser welding experiment is performed at Welding
Institute in Gliwice. Laser butt-welding of sheets made of
S460 steel is performed using TRUMPH Lasercell 1005 with
CO, laser generator (Q,=3800 W). Steel sheets dimensions are
set to: 250x50x5 mm. Joined elements are arranged along the
longest side without a gap (perfect contact). Welding speed is
set to 0.7 m/min.
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Figure 19a shows the comparison of experimentally
obtained weld with numerically estimated melted zone and
heat affected zone geometries. Microstructure at the junction
of the weld and HAZ and in HAZ is presented in Fig. 19b and
Fig. 19c. Figure 20 presents hardness distribution in the joint
with corresponding measurement points.

Fig. 19. Results of analysis: a) the comparison of numerically
predicted melted zone and HAZ geometry with weld obtained by the
experiment, b) microstructure of transition zone joint-HAZ and c)
microstructure in HAZ

a) 450 b)
—@— line A "
400 == line B E
€
_ 123\ 450\ 789 Ao 12/13 15"
s 350 \ line A \ / 1 14
300 / AN line B .
4\ 3
—tg “
250

123 456 7 8 9101112131415
measuring points

Fig. 20. Hardness in the cross section of the joint: a), scheme of the
arrangement of hardness measurement points in the weld b) (v=0.7
m/min)

Figs. 21-22 present exemplary numerical results of
the kinetics of phase transformation in welded joint. It is
assumed on the basis of microscopic examinations that the
base structure (parent material) is bainitic - ferritic structure,
containing 60% of bainite and 40% of ferrite. The kinetics of
phase transformation in HAZ at the distance y=1.5 mm from
the heat source centre, respectively for the middle and lower
surfaces of the joint is shown in Fig. 21. In the middle surface,
for the same distance form the centre of the heat source (y=1.5
mm), a full transformation form base structure into austenite
takes place (Fig. 21a), whereas in the lower surface (Fig. 21b)
- only partial transformation (incomplete austenitization).
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Fig. 21. Kinetics of phase transformations a) in the middle surface and
b) lower surface of welded joint
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Fig. 22. Calculated dilatometric curves corresponding to the kinetics
of phase transformations: 1 - Fig. 21a, 2 — Fig. 21b

Fig. 22 shows calculated dilatometric curves
corresponding to the kinetics of phase transformations during
heating and cooling (shown in Fig. 21). In this figure selected
start and finish temperatures of phase transformations are
marked, which were calculated on the basis of CHT and CCT
diagrams for specified heating and cooling rates. The impact of
austenitization temperature (model (7)) on the position of CCT
diagram (diagram offset) is taken into account. Linearly offset
of CCT diagrams correspond to different heating temperatures
(1257°C and 881°C, see. Fig. 22). There are significant
differences in the kinetics and the final structure for relatively
small differences in the cooling rates, which is partly the result
of diagram offset. The numerical prediction of the structure
composition in the cross section of welded joint in the form
of isolines of volume fractions of phases is shown in Fig. 23.
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Used in this work model of CCT diagram offset along
the time axis (model (7)) requires experimental confirmation.
Simpler model (8) can be used with a good approximation
and does not require additional research. Calculations made
by these two models do not give significant differences in
obtained results for analyzed cooling rate (Fig.24).

z=0 mm
0.8+ A
model (7)
S o6 = = = = model (8) .
S 0.6+t S
B B g
g o
‘; P - «
17} 1 ©
8 04 P ¥ §
o o
F
0.0 T 1 —T £ T T - T
0 2 4 6 8 10 12 14 16 1.0 1.5 20 25 3.0
Time, s y, mm

Fig. 24. Comparison of the Fig. 25. Comparison of changes
kinetics of phase transformations in the structure composition for
in HAZ. Model (7) and model (8) used models

The structure of HAZ is determined in order to demonstrate
the effect of austenitization temperature and heating rate on
the kinetics of phase transformations during cooling. The
prediction is performed according to three options: model A -
using CCT diagram for one austenitic temperature 7=1300°C
and constant 4, and 4, temperatures; model B - using CCT
diagram for one austenitization temperature of 1300°C and
changing 4_(t) and 4_(t) temperatures; model C - using the
model including the effect of austenitization temperature on the
position of CCT diagram along the time axis (model (7), see.
curves A-C in Fig. 25). The use of CCT diagram determined
for one temperature (1300°C) gives a little various structures
and inflated values of martensite. Consideration of different
austenitization temperatures in the analysis of the kinetics of
phase transformations leads to the reduction of the content of
hardening structures in calculations and the offset of hardened
zone.

5. Conclusions

Welding of steel using a single laser beam or laser-arc
hybrid methods, in which large heating and cooling rates occur
as well as greatly different maximum heating temperatures,
require a modified approach to numerical modelling of
phase transformations. The analysis of the kinetics of phase
transformation during heating process should be carried out
using CHT diagram, as shown by the experimental research
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and studies of the literature. The use of static CCT diagrams
in some cases may lead to large differences in the predicted
structure composition of the joint in comparison to the real
weld. A closer specification of structure composition in the
numerical modelling of cooling process is obtained on the
basis of Maximum-Temperature-Cooling-Time diagram.
Good quality results are achieved by the use of dynamic,
discrete CCT diagrams. Models (7) and (8) proposed in
this work cover the offset of the diagram along the time
axis. Numerically estimated structure composition by using
discrete “movable” diagrams for any maximum temperature
of the thermal cycle with corresponding phase composition
in welded joint, together with the interpretation of hardness
distribution shows that consideration of the effect of different
austenitization temperatures in the modelling of the kinetics of
phase transformations in solid state has a great importance in
the prediction of structural changes.
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