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Abstract. In work the model of stress calculation and analysis of stress field during
single-pass SAW (Submerged Arc Welding) surfacing have been presented. In the
temperature field solution, influence heat of melted electrode and heat of direct impact of
electric arc have been taken into consideration. The phase change kinetics according to
the laws of Johnson-Mehl-Avrami-Kolmogorov and Koistinen-Marburger were
determined. The temperatures of the beginning and the end of the changes were
determined by the A, and A; temperatures during heating and on the basis of the time-
temperature-transformation welding diagram for cooling. The stress state of thermal
loaded flat has been described assuming planar section hypothesis and simple Hooke’s
law and using integral equations of stress equilibrium. The stress-strain curves were
modeled as the curves of the mixture of individual material phases depending on
temperature. The analysis of stress state has been presented for SAW surfacing S355
steel plate.
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1 Introduction

In modeling of thermo-mechanical phenomena in welding processes it is necessary to take
into account the action of the temperature field and the impact of phase transformations.
Temperature changes cause thermal strains, and depending on the temperature and type of
material, they lead to phase transformations. The phase changes effect is structure changes and
related to them material property changes. The change of the structure type is accompanied by
structural strain associated with different densities of austenite, ferrite, bainite, martensite and
pearlite. Finally, determining the magnitude of thermal strains and strains from phase
transformations enable the determination of temporary and residual stresses.
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2 Temperature field

For the theoretical determination of the temperature field in welding processes, two
calculation methods are used: analytical (semi-analytical) [1-5] and numerical [6 - 11].
Solutions are developed for specific welding methods and for a particular type of connection.
Most solutions use a single-distributed source model. In this work, in the calculation of the
temperature field the bimodal heat source model has been adopted [12]. The heat density
distribution of this source is the sum of the heat distributions caused by the following models:
the heat source model of melted electrode and the heat source model of heat induced by direct
action of electric arc. The total amount of heat generated in the process is the sum of heat
transferred through the molten electrode and emitted by an electric arc, which can be recorded
as follows:

T(x,y,2,t)-T, =T, (x,y,2,t)+T,(X,y,z,t) (1)

where: T,(X,y,z,t) — the temperature increase caused by heat emitted by an electric arc,
Tw(X,y,z,t) — the temperature increase caused by the heat transferred through molten electrode
to reinforcement.

A detailed description of the bimodal heat source model and the analytical differential solution
for the heat conduction equation, which is the basis for the description of the temperature

field, is contained in [13].

3 Phase transformation kinetics

In quantification, the progress of phase transformations in steel during thermal welding
cycle is described by Johnson-Mehl-Avrami's and Kolmogorov's (JMAK) formula [14, 15] for
diffusive transformation and Koistinen-Marburger (KM) rule for martensitic transformation
[16]. During heating, the phase transformations of the initial structure into austenite occur
after exceeding the critical temperature A;, and end at the temperature As;. The volume
participation of austenite ¢, created during heating is the temperature of the process in relation
to the temperatures A; and A;. Amount of created austenite is defined by JIMAK rule [14]:

oa(T)= Y 03l ep(-by(x"") 2)

where gojo denotes initial volumetric share (j=F — ferrite, j=P — pearlite, j=B - bainite). The
constant b; and n; are determined depending on the values A; and A
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To describe the kinetics of the transformation of austenite into ferrite, perlite or bainite
during cooling, the principle of additivity can be applied, and then the volume fraction of the
newly formed phase ¢ is expressed by [15]:
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where: ¢° is volume share of j-th structural component, which has not been transformed
during the austenitization, T;* = T;%(vgs) and Tj' = Tj'(v8,5) are respectively begin and end
temperature of phase transformation of j component.

The volume share of martensite ¢ formed from austenite for process temperature T
below M (initial temperature of martensitic transformation) is calculated using the Koistinen-
Marburger rule [16]:

ou (T)=papi™ L—exp[- u(M, -T)]} (7)
=g )1(M, —M, ) (8)

where: M - temperature of the end of martensitic transformation, g™ =0.1.

4 Thermal and structural strains

Total strain during single-pass surfacing is the sum of thermal and structural strains
during heating (") and cooling (£°):

e(x,y,zt)=¢e" +&° 9)
Then strains during heating is equal to:

oo _:Agiﬁi(pm(T “TOH(T, T )+ (T =T, H(T, —TH{T =T, )+ )
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where: %a — structural strain of i-th structure in austenite, T, — initial temperature, «; - linear
thermal expansion coefficient of i-th structure, and H(x) is the function defined as follows:

1 forx>0
H(x)=105 for x=0 (11)
0 forx<0



During cooling, the strain can be described by the relation:

& = ‘ZA(T —TsoL )H (T _Ts)+ aA(Ts ~Tso )H (Ts _T)+
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(12)

where Tso, - solidus temperature, T — initial of phase transformation , y; and T - austenite
phase transformation strain and initial temperature of its transformation in j-th structure, y,; —
structural strain of austenite in j-th hardening structure.

From the condition of preserving the solid state of the material:

g(x,y,z,t)=0 for T>Tg (13)

5 Model of stress calculation

A thermally and mechanically loaded element is considered. The dimensions of the cross-
section of the element are significantly small compared to its length. The cross-section shape
of the element is unchanged over its entire length. In consideration of the stress state, the
internal forces N = N(x) and M, = M(x) were taken into account. It has been assumed that
there is no M, = M,(x) load and transverse forces T, = T,(x), T, = T,(x) are omitted as
negligibly small. The temperature field is symmetrical with respect to the x axis, which is
characteristic for the welding process. One-dimensional stress state is considered in the cross-
section of the element (Fig. 1). Because the thermal load is symmetrical with respect to the x
axis, the stress state is also symmetrical with respect to this axis: oy = oy(x,2,t) = ox(X,-y,z,t).

Fig. 1. Scheme of rod subjected to mechanical and thermal loads.

The stress formula for the above described load condition was derived assuming the
hypothesis of a planar cross-section (for moderately small strains) and using Cauchy’s
relations. According to the technical theory of bent bars, in considered case of stress state
differential equations of equilibrium were not used.

Instead, integral conditions of equilibrium using simple Hooke’s law oy = Eg are applied
[17]. For a heterogeneous material and modulus of longitudinal elasticity dependent on



temperature, the stress in the cross-section subjected to thermal-mechanical loads described
above will be expressed as follows:

0= —ere e DENG) N )+ SEM(x)- M )

ATIE (S ) (14)
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where:

j'EdA SE = jEsz JE = jEzsz

j aETdA |v| ’ j aETZdA (15)

The stress in the elasto-plastic range was determmed by iteration using the elastic solution
method with respect to the stretching curves modeled for each cross-section point [18]. The
stress-strain curves are modeled as the curves of the mixture of individual structural tensile
curves depending on temperature.

6 Example of calculation

Calculations of the temporary temperature field for a square steel element with the side
length 0,2 m and thickness of the plate 0,03 m made from steels S355J2G3 have been
conducted. Thermal properties of welded subject material and electrode have been determined
by a=28-10°mé/s, C, = 670 J/kg K, p=7 800 kg/m® and L = 268 ki/kg.

Numerical simulation has been conducted for the welding heat source of power 3 500 W,
which corresponds to welding parameters (U = 30V, | = 400 A, n = 0,95). In calculations
there were assumed welding velocity v = 0,007 m/s, electrode wire diameter d = 3,5 mm, wire
feed speed v, = 0,031 m/s and bead dimensions h,, = 2,5 mm and w,, = 22 mm (d, = 0). The
initial value of temperature of electrode T, = 100 °C (a temperature of contact tip with the
welding head). Computations have been made for middle cross-section of the surfaced
element.

In Figure 2 maximum temperature distribution in cross section has been presented. The
calculated isotherm 1 493 °C determines the fusion line and isotherms A; and A; determine the
partial and full austenitization zones (Fig. 3). In the Figure 3, the selected cross section points
were marked, for which an stress analysis were performed. The temperatures Az = 920 °C and
A; = 748 °C have been calculated taking into account the effect of heating rate on these
temperatures [19].

The phase transformations kinetics during heating is limited by the temperatures A; of the
beginning and A; the end of the austenite transformation, while the progress of phase
transformations during cooling was determined on the basis of TTT-welding diagram for S355
steel shown in Fig. 4 [20].
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Fig. 2. Maximum temperature field. Fig. 3. Calculated heat affected zones.
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Fig. 4. TTT-welding diagram for S355 steel.

Table 1. Structural strains () and thermal () expansion coefficients of phases [20]
a[l/°C] 4
Austenite 2.178:10° | Yepson 1.986-10°
Ferrite 1.534-10°  |vg,a 1.440-10°
Pearlite 1.534-10°  [ya,ep 3.055-10°
Bainite 1.17110°  [ya.s 4.010°
Martensite 1.36-10°

In strain calculations there were assumed thermal linear expansion coefficients of
particular structural elements and structural strains (Tab. 1) determined on the basis of the
author's own dilatometric research [21].

Tensile curves of ferrite and pearlite are assumed on the basis of works [22, 23]. In case
of austenite, bainite and martensite on the basis of data from works [24, 25] tensile curves are
determined according to Swift law [26].
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Fig. 5. Distribution of normal residual stresses after weld surfacing in the cross section of plate.
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Fig. 6. Distribution on normal residual stresses in the middle part-area of cross section of plate.

Distribution of normal residual stresses distribution in the whole cross-section of the weld
surface flat has been presented in Fig. 5, while for the middle cross section at the distance
between —0.02 m and 0.02 m from the weld axis has been presented in Fig. 6.

The stress history at selected points of cross section (cf. Fig 3). has been presented
inFigs. 7 — 8. At point 1 from reinforcement area (Fig. 7a), the stresses are zero to
solidification the weld material. When point 1 is already in solid state, due to shrinkage caused
by further cooling, tensile stresses increase. Structural strains accompanying the phase
transformations create compressive stresses. Further cooling of the material causes the
material to undergo tensile stress, which after completely cooling the stress reaches 618 MPa.
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Fig. 7. Normal stresses at points 1 (a) and 2 (b) during weld surfacing.

At point 2 (Fig. 7b) located outside the fusion zone, during the welding thermal cycle full
phase transformation takes place. During heating, the thermal expansion of the material leads
to the development of compressive stresses. During cooling, the compressive stress decreases
and then the tensile stresses increase. Phase transformations are shown in the form of the
characteristic breakdowns of graph (decreases in the value of tensile stresses). Further cooling
of the material causes increases tensile stress, which after completely cooling stress reaches



the level of almost 700 MPa. Maximum temperature at point 3 (Fig. 8a) did not exceed As,
therefore a partial transformation occurs at this point. Similarly to point 2, during heating, the
thermal expansion of the material leads to the development of compressive stresses and next
during cooling the compressive stress decreases and then the tensile stresses increase.
Decreases in the value of tensile stresses induced by phase transformations (smaller structural
strains) are visible in the graph in the form of smaller breakdowns. It causes that after
completely cooling the stress reaches the level of over 600 MPa. The maximum temperature in
point 4 (Fig. 8b) did not exceed the temperature A;, so there was no phase transformation at
this point. The stress state is determined by the thermal expansion of the material, the yield
stress depending on the temperature and stress equilibrium of the cross-section. During the
heating, the compressive stresses increase, and during cooling they change the mark and go
into tensile stresses reaching 318 MPa.

a) b)

700 700

600 - 600

500 500

400 400
& &
= 300 = 300 —
7] 3
3 200 g 200
“ 100 ? 100

0 0
-100 -100
-200 -200
5 10 15 20 25 50 500 5000 5 10 15 20 25 50 500 5000
Time, s Time, s Time, s Time, s

Fig. 9. Normal stresses at points 3 (a) and 4 (b) during weld surfacing.

6 Conclusion

Presented model allows analysing and interpreting the influence of temperature field and
phase transformations on strains and stresses caused by welding process using SAW method.
Calculated temperature field, volume fractions of phases and stresses in longitudinally
surfaced elements enable:

(i) determination of heat affected zone, including areas of full and partial phase
transformation, as well fusion zone,
(ii) analysis o welding thermal cycle, volume share of structure, strain and stress in selected
point of surfaced element,
(iii) analysis of stresses during weld surfacing and residual stresses distribution in any cross-
section after Submerged Arc Weld surfacing.

Calculated residual stresses have a distribution confirmed by experimental research and
numerical calculations of other authors [27. 28]. This distribution is characterized by high
values of tensile stresses in the reinforcement, fusion and heat affected zone. In the area of the
parent material (outside the heat affected zone), in the upper part of the welded plate occur



compressive stresses. They decrease linearly downwards so that at the lower part of the plate,
then undergo into tensile stress of a small value.
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