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Abstract

The paper presents the models of temperature field, phase transformation kinetics, the calculation of thermal
and structural strains in a steel element during multi-pass Gas Metal Arc Weld surfacing. The temperature
field is described analytically assuming a bimodal volumetric model of heat source and a semi-infinite body
model of the surfaced (rebuilt) workpiece. The electric arc is treated physically as one heat source. Part of
the heat is transferred by the direct impact of the electric arc, while another part of the heat is transferred to
the weld by the melted material of the electrode. The temperature increments caused by overlaying
consecutive welding sequences and self-cooling of previously heated areas are considered in the
description. Kinetics of phase transformations during heating is limited by temperature values at the
beginning and at the end of austenitic transformation, while the progress of phase transformations during
cooling is determined on the basis of TTT-welding diagram and Johnson-Mehl-Avrami and Kolomogorov law
for diffusive transformations, and Koistinen-Marburger for martensitic transformation. Total strains result from
strain history in subsequent cycles of heating and cooling (as the result of the passage of the welding head)
and are equal to the sum of thermal and structural strains induced by phase transformations in these cycles.
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1. INTRODUCTION

Modeling of thermomechanical states in the surfacing or rebuilding by welding requires the determination of
temperature field, the calculation of the shares of structural elements when taking into account their changes
that occur as result of phase transformations and the determination of temporary and residual stresses. In
order to calculate the strains one has to know not only the temperature and structures determining
mechanical properties of the material, but also thermal and structural strains.

In case of multi-pass surfacing, the application of subsequent welds causes previous welds to heat up and
melt. During subsequent thermal cycles the material in a heat affected zone can undergo multiple phase
transformations leading to the diversification of the structure between welds and in the heat affected zone
also results in diversified thermal and structural strains.

2. THE MODEL OF TEMPERATURE FIELD

Many researchers have tried to obtain a solution, which would be closest to the real temperature distribution,
using analytical methods as well as FEM. With reference to temperature field analysis during multi-pass
welding, works concern mainly FEM [1 — 6]. In majority of existing solutions for temperature field only direct
effects of electric arc heat on the material of welded or surfaced object are taken into account. Analyses of
metallographic specimens of surfaced elements [7] indicate that fusion lines have more irregular shapes. In
the description, the bimodal heat source model of the temperature field is presented. The electric arc was
treated physically as one heat source, whose heat was divided: part of the heat is transferred by the direct
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impact of the electric arc, but another part of the heat is transferred to the weld by the melted material of the
electrode. This allows for the formulation of the temperature field in the form:

T(xy,zt)-T, =T,(x,y,zt)+T,(x,y,zt) (1)

where Tu(x,y,z,t) and Tu(x,y,zt) are temperature fields caused respectively by the heat of direct impact of an
electric arc and by the heat of the weld reinforcement (consumed to melt the electrode). Analytical
description of the temperature field caused by the direct impact of the electric arc with Gaussian heat
distribution is shown in [8], whereas considering the heat stored in the liquid metal imposed on the surface is
presented in [9]. In the temperature field modeling during multi-pass surfacing it is necessary to take into
account temperature increments, caused by overlaying consecutive welding sequences and the self-cooling
of areas previously heated and weld overlaps. The temperature field during the application of k-th weld is
then described by the relationship:

k-1
T(x,y,z,t)-Ty = X ATS + AT/, 2)

j=1

where: AT¢ denotes the increment of temperature caused by already applied (cooling) j-th weld, while AT/
the increment of temperature during application of k-th weld. Whereas temperature field after application of
all welds is described by:

T(x,y,zt)-T, = iATjC (3
=

The algorithm for the temperature field calculation during the multipass surfacing by welding is presented in
[10], whereas analytical description of the temperature field taking into account the heat of the weld is
presented in [9].

3. KINETICS OF PHASE TRANSFORMATION IN SOLID STATE

Kinetics of diffusion transformation are described by Johnson-Mehl-Avrami's and Kolomogorov’'s (JMAK)
rules [11]. The amount of austenite ¢4 created during heating of the ferrite-pearlitic steel is therefore defined
according to the formula:

oa(T)= St -expl-, (k") of @

where ¢ constitutes initial share of ferrite (j=F), pearlite (j=P) and bainite (j=B), ¢ denotes the amount of
residual austenite remaining from the previous welding thermal cycle, while constants b; and n; are
determined using conditions at the beginning and the end of transformation:

n, =In(In(0.99))]/ In(A, / A;) (5)

b; =0.01n; / A, (6)

In welding processes the volume fractions of particular phases during cooling depend on the temperature,
cooling rate, and the share of austenite (in the zone of incomplete conversion 0<@a<1). In quantitative
perspective the progress of phase transformation during cooling is estimated by using additivity rule by
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volumetric fraction ¢ of created phase what can be expressed analogically to Avrami's formula [12] by
equation:

Q; (T! t) = (pA@/I‘TBX {1 - eXP[b/ (T)tnj (T)]}‘*‘ (PJQ (7)

where ¢? is volumetric participation of j-th structural component, which has not been converted during the
austenitization, ¢/ is the maximum volumetric fraction of phase j for the determined cooling rate estimated
on the basis of the continuous cooling diagram (Fig. 2) while the integral volumetric fraction equals:

Q; =1 (8)

-
M=
T

and k denotes the number of structural participations.

The quantitative description of the dependence of material's structure and quality of temperature and
transformation time of over-cooled austenite during surfacing is made in accordance with the time-
temperature-transformation diagram during continuous cooling, which binds the time of cooling fgs (time
when material stays within the range of temperature between 500 [°C] and 800 [°C], or the velocity of cooling
(vers = (800-500)/ts5) and the temperature with the progress of phase transformation (Fig. 2). Those diagrams
are called TTT—welding diagrams.
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Fig. 2 Scheme of phase changes of overcooled austenite depending on cooling velocity within temperature
range 800-500°C

In quantitative perspective the progress of phase transformation is estimated by volumetric fraction ¢ of
created phase, where i can denote ferrite (j=F), pearlite (j=P), bainite (j=B) or martensite (j=M). Volumetric
fraction ¢ of created phase can be expressed using formula (7), in which time f is replaced with new
independent variable — temperature T [13]:

@ = Pap]™ (1—exp(—bj(vs/s)T”f(VB/S)))+ 0! 9

where
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n, = [nln(1- ¢ )/ (= o! )]/ n(Ts 7 77) (10)
b, =n,(1-¢)/T; (1)

Ts = TS(ves) and Tf = Tf(vgss) are respectively initial and final temperature of the phase transformation of this
component, ¢ denotes the maximal contribution of the phase i, which is then created from the cooled
austenite.

The fraction of martensite formed below the temperature M;s is calculated using the Koistinen-Marburger
formula [14,15]:

0u(T) = a0 A—expl— M, TV}, 1=Inlgg™ =0.0))/(M, -M,) (12)

where ¢n denotes volumetric fraction of martensite, Ms and M denote initial and final temperature of
martensite transformation respectively, T the current temperature of process.

4, THERMAL AND STRUCTURAL STRAINS

In the case of multiple reactions of the heat source the total distortion is the sum of thermical distortions and
distortions caused by phasic changes in the following heating and cooling processes which result from the
passage of electrode (a welding head) [10]. The total strain during single-pass surfacing represents the sum
of thermal strains g and ¢ caused by phase transformation during heating and cooling respectively:

g(x,y,z,t)=igj(x,y,z,t) (13)
=l

where:

gi(xy.zt)=el' +&f (14)

& and ¢C denote the thermal and structural strains during heating and cooling respectively while carrying the
j-th bead.

Heating leads to the increase in the material’'s volume, while transformation of the initial structure (ferritic,
pearlitic or bainitic) in austenite causes shrinkage connected to different density levels of given structures.
Then strains during heating are equal to:

el =g _ g (15)

where g'" is a strain caused by thermal expansion of the material [10]:

‘917'77 = ) (aiqoio (T —To; )H(TA1 - T)+ a,; (TA1 -T, )H(T —Ty, )+
i=APF.BM (16)

+a,; (T - Tﬁ;1 )H(TA3 - T)H(T - TA1 )"‘ \ur (T - TA1 )LI(T - TA1 )L’(T - TA3 ))

while ¢ is a phase transformation strain during heating:

,‘Trh = z¢)i7/iA (17)

i=P,F.B,.M

&

where: ya — structural strain of i-th structure in austenite, To — initial temperature, o - linear thermal
expansion coefficient of i-th structure, and H(x) is the Heaviside step function defined as follows:
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1 for x>0
H(x)=1405 for x =0 (18)
0 for x<0

Cooling of the material causes its shrinkage, while transformation of austenite in cooling structures in turn
causes the increase of its volume. It leads to complicated changes of strains dependent not only on current
temperature of material during cooling but also on the initial and the final temperature of transformation of
austenite into ferrite, pearlite, bainite or martensite as well as on volumetric shares of given structural
constituents (including austenite). The strain during cooling can be described by relation:

H _ T Th
&l =¢; +¢ (19)

where £7¢ is the strain caused by thermal shrinkage of material [10]:

e = ay(T=Too H(T =T,) 4 ay(T, ~Teo H(T, =T+ Sa,0,(T =T, H(T, -T) (20)

J .
i=A,P,F,B,

while g™ is the structural strain caused by phase transformation during cooling:

1

&= —P;BIW/N &

where Tso. denotes solidus temperature, Ts — the initial temperature of phase transformation, T - the initial
temperature of austenite transformation in i-th structure, Ts = max {Tsr, Tsp, Tse, Tsm }, yai — structural strain
of austenite in i-th structure. In addition, due to the limit on solid state of material:

e, y,zt)=0 for T>Tgy (22)

CONCLUSION

The presented analytical approaches allow for the computation of the temperature field, the volumetric
participation of the structural phases and thermal and structural strains in multipass GMAW surfacing or
rebuilding steel or cast steel elements.

Consequent it allow for: the determination of HAZ (including full and partial transformation zones, fusion
zone), welding thermal cycles, the change of volume phase participations of the structural components and
the strains caused by the temperature field and the phase transformations, the size and the structural
composition of the material in HAZ, the effect of the temperature field and the structural composition on the
formation and development of strains during the deposition process at any point of GMAW surfaced object.
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