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THE ANALYSIS OF STRESS STATES IN STEEL RODS SURFACED BY WELDING
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In work is presented a method of calculating elasto-plastic states in thermally loaded rods, which takes into account
phase transformations that occur during surfacing by welding. Kinetics of phase transformations during heating and cooling is
limited by temperature values at the beginning and at the end of austenitic transformation, while the progress of phase trans-
formations during cooling is determined on the basis of TTT-welding diagram, basing on Johnson-Mehl-Avrami-Kolomogorov
law for diffusional transformations and Koistinen-Marburger for martensitic transformation. Stress state of a bar subjected
to thermo-mechanical loads is described assuming the planar cross section hypothesis and using integral equations of stress
equilibrium of a bar as well as simple Hook’s law. Dependence of stresses from strains is assumed on the basis of tensile curves
of particular structures, taking into account the influence of temperature. Computations of strains and stresses are investigated
in a rod made of S235 steel, loaded by thermal fields generated by a point welding heat source of different intensities. The
analysis of origination and development of plastic strains is carried out. In order to verify correctness of the model, experimental
tests are carried out on a rod made of S235 steel surfaced with GMA method with geometry and welding parameters assumed
in numerical simulations. Residual stresses, calculated taking into account phase transformations and for homogenous material

model, are compared with experimental results.
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W pracy przedstawiono sposéb obliczen stanéw sprezysto — plastycznych w pretach obcigzonych cieplnie, z uwzglgdnie-
niem przemian fazowych zachodzacych podczas napawania. Kinetyke przemian fazowych podczas nagrzewania i chlodzenia
limituja wartosci temperatur poczatku i korica austenityzacji, natomiast postgp przemian podczas chlodzenia jest okreslony
w oparciu o spawalniczy wykres cigglego chlodzenia stali (CTP(-S), bazujac na prawach Johnsona-Mehla-Avramiego-Kotomogo-
rova (JMAK) w odniesieniu do przemian dyfuzyjnych i Koistinena-Marburgera dla martenzytycznej. Stan naprgzenia preta
poddanego dziataniu obcigzen cieplno-mechanicznych opisano przyjmujac hipoteze plaskich przekrojéw oraz korzystajac z
catkowych réwnan réwnowagi preta. Zaleznosci naprezen od odksztalcer przyjeto na podstawie krzywych rozciggania po-
szczegblnych struktur z uwzglednieniem wplywu temperatury. Wykonano obliczenia pola temperatury, przemian fazowych,
odksztalcen i naprezeri ptaskownika wykonanego ze stali S235, obcigzonego punktowym spawalniczym Zrédiem ciepta o réz-
nej intensywnosci. Przeprowadzono analiz¢ powstawania i rozwoju odksztalcert plastycznych. W celu weryfikacji poprawnosci
modelu przeprowadzono badania do§wiadczalne ptaskownika wykonanego ze stali S235 napawanego metodg GMA, o geometrii
i parametrach napawania przyjetych w symulacjach numerycznych. Por6wnano naprezenia wlasne obliczone z uwzglednieniem
przemian fazowych oraz dla modelu materiatu jednorodnego z wynikami badan do§wiadczalnych.

1. Introduction

Reasons for existence of residual stresses caused by the
welding process of steel elements are well known. Two of them
are temperature gradients and phase transformations, which
in welding process cause plasticity. Along with temperature
field and phase transformations indirect influence on plastic
state has also change with temperature of thermo-mechanical
properties, especially yield stress of welded material. This is
because these properties change together with temperature and
phase composition of steel.

Therefore, complete description of welding problems
consists of changeable temperature field, phase transforma-
tions as well as stress and strain states connected by consti-

tutive equation. Those fields interact with each other. Com-
plete coupling of thermal, mechanical and material phenom-
ena (phase changes) is often mentioned. Some of these cou-
plings are in fact important for accurate calculations of weld-
ing problems, other have only research purposes.

In the Figure 1 has been presented the scheme of those
couplings, where solid lines with marked arrows indicate
relevant couplings, considered in this work, while dashed
lines indicate couplings which have been omitted in this
work as less important. Dotted line presents strain and stress
state with temperature coupling, which in practice does not
have significant meaning. Transformations caused by plas-
tic strain of welding joints were discussed i.a. in works
[1-11].
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Fig. 1. Scheme of couplings

After welding, plastic strains and residual stresses have
essential influence on the characteristics of welded steel prod-
uct during its exploitation. In this range, scientific interests are
concentrated on the following topics: simplified models, dis-
tribution of strains and stresses (especially in typical welded
joints), the modelling states of stresses and strains in weld-
ing (taking into account phase transitions) and experimental
analysis of detailed stress patterns (for the specified method
of welding, types of connections and materials).

Intensive research into residual stresses was started in a
half of the last century [12]. The simplified estimation meth-
ods of residual stress distribution for the typical welded joint
were introduced, among others [13, 14].

A quantitative description of the changes in strains and
stresses during welding is difficult and needs taking into ac-
count the complicated thermal processes and the dependence
of thermo-mechanical properties on temperature [15]. Thus,
the analysis of plasticity zones, formation and development
of welding stresses, stays in the area of interest. Analytical
methods are useful to analyse the formation and development
of plastic strain and stress as well as to build the simplified
schemes of residual stress distributions because they allow
to evaluate quickly the stress field and influence of plasticity
zones on the residual stresses.

2. Phase transforamations in solid state

Many works are devoted to the description and numer-
ical modeling of steel phase transformations. The review of
this kind of works is presented in [16]. The kinetics of phase
transformation for diffusional transformations in the processes
of heating and cooling are described by Johnson’s and Mehl’s,
Avrami’s and Kolomogorov’s rules [17]. According to that, the
amount of austenite 14 created during heating ferrite-pearlitic
steel is defined according to the formula:

na = Zn? (1 — exp (=b;t")) (1)

where 17? constitute initial fraction of ferrite (i = F), pearlite
(i = P) and bainite (i = B), while constants b; and n; are
determined using conditions of beginning and end of the trans-
formation.

In quantitative perspective the progress of phase transfor-
mation during cooling is estimated, using additivity rule, by
voluminal fraction 7; of created phase what can be expressed
analogically to Avrami’s formula [18] — by equation [19]:

i = nan™ (1 — exp (=b;it")) ()

where 777"*" is the maximum voluminal fraction of phase 7 (Fig.
2) while the integral voluminal fraction equals to:

~.

D=1 3)

During regeneration surfaced areas first heat up and then
cool down. As long as maximum temperature of heating ex-
ceeds temperature of initial austenitic transformation A; but
does not exceed Aj, partial austenitic transformation occurs. If
maximum temperature exceeds temperature Az original (ini-
tial) structure undergoes complete transformation in austen-
ite. These transformations are described like for continuous
process.
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Fig. 2. Scheme of phase changes of overcooled austenite depending
on cooling velocity within temperature range 800-500°C

In order to make quantitative description of de-
pendence of structure and material quality on temper-
ature and transformation time of austenite overcooled
during surfacing, it is acceptable to use welding dia-
gram time-temperature-transformation at continuous cooling
(TTT-welding diagram). Description is made working on the
assumption that cooling speed within 800-500°C temperature
range is constant. These diagrams bind cooling fg/5 (time of
staying within temperature range between 500°C and 800°C)
or speed of cooling (vg5s =(800-500)/tg/5) and temperature with
the progress of phase transformation (Fig. 2).

In quantitative perspective the progress of phase transfor-
mation is estimated by voluminal fraction 5, of created phase,
where i could mean ferrite (i = F), pearlite (i = P), bainite
(i = B) or martensite (I = M). Voluminal fraction 5, of created
phase is expressed on the basis of formula (2), replacing time
t with new independent variable which is temperature 7' [20]:

mi=n" (1 —exp(=b;T™)) “
where:
-
ln[l—f(‘]]
In -
{-)
n= - )
Ti
ln T_,f
In(1-%)
b= ——"1 6)
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where T} = Tj(vgs) and Tf = T{ (vgss) are respectively ini-
tial and final temperature of phase transformation i while 77?
denotes complete share of phase i in the whole blend.

The fraction of martensite formed below the tempera-
ture M is calculated using the Koistinen-Marburger formula
[21-23]:

= namy - (1 —exp(—u (M —T)")), )

In (5" = 0.1))

, 10
M, — M, (10)

H=-
where: m is the constant, chosen by means of experiment;
whereas u is calculated basing on the condition that the trans-
formation ends at temperature M.

3. Thermal and phase transformations strains

Total strain during single-pass surfacing represents the
sum of thermal strains caused by phase transformation during
heating and cooling:

el x,y,2,1) = et 4 &€

Y

where & and £° — denote respectively thermal and phase

transformation strains during heating and cooling.

Heating leads to the increased volume of material, while
transformation of the initial structure (ferritic, pearlitic or
bainitic) into austenite causes shrinkage connected with differ-
ent densities of given structures. Then strains during heating
are equal to:

H Th Trh (12)
where " is the strain caused by thermal expansion of the
material:

STh - Z
i=A,P,F,B,
+aini (T —Ta)H(Ta, —T)H (T —Ta,)+

+a g (T - TAZ)H(T - TA}))

M(aimo (T —=To)H(Ts, - T)+
(13)

Trh

while &' is the phase transformation strain during heating:

gl = Z niYia

i=P,F.B.M

(14)

where: y;4 — structural strain of i-th structure in austenite, 77
— initial temperature, @; — linear thermal expansion coefficient
of i-th structure, and H(x) is the function defined as follows:

1 forx>0
Hx)=4 0.5 forx=0 (15)
0 forx<0

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

EC — STC + STrc

(16)

where £7¢ is the strain caused by thermal shrinkage of mate-
rial:

e’ = s (T —Tso ) H(T —T) +

+aa(Ts = Tsor)H (Ty = T) +

+ Z a;n; (T - Txi) H (Tsi - T)
i=A,P,F,.B.M

a7

while &7 the strain caused by phase transformation during

cooling,
Trc
g’ = Z 1Y Ai
i=P,F.B.M

(18)

where Tsop is solidus temperature, 7y — initial temperature
of phase transformation, 7y — initial temperature of austen-
ite transformation in i-th structure, y4; — structural strain of
austenite in i-th structure. In addition, due to the limit on solid
state of material:

el =0 for T > TsoL (19)

4. Stress states

4.1. Theoretical model

Temperature field 7 = T(x;,t) generates thermal strain
aT. Temporary states of strains and stresses correspond to
thermal strain. If during temperature changes of considered
element, stresses do not exceed the yield stress R.(T), then
after leveling the temperature to the ambient temperature, the
state of stress vanishes and the considered element comes back
to its primary. When stresses, induced by heterogeneous tem-
perature field, exceed the yield stress R.(7T) of element mate-
rial, the plastic strains &,; are being formed inside it (they are
equivalent to permanent strain &). After self-cooling (T = 0)
the element does not return to its primary shape. The state of
residual stresses corresponds to the formed state of permanent
strain.

The considered rod of rectangular section is subjected to
mechanical loads characterized by internal forces N = N(x)
and M, = M,(x) for the individual cross-sections. It is also
subjected to symmetric action in relation to axis z in a slow-
ly changing temperature field 7 = T'(x,y,z) = T(x,-y,z). This
field is characterized by low temperature gradient in relation
to a variable x. The state of stress of the rod is characterized
by single dimensional state of stress o, = o,(x,z,¢) (Fig. 3),
which fulfils integral conditions of equilibrium:

[ odA =N (x)
[ ouzdA = =M, (x)
(4)
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N(x)

Fig. 3. Scheme of the rod subjected to loads

Area of the cross-section of the rod (in the solid state)
changes due to weld penetration and solidification of the
padding weld. Then, the position of the main axis of inertia
is changing. Taking into account variability of the modulus of
longitudinal elasticity in relation to coordinates of heteroge-
neous material of the rod, or Young’s modulus dependent on
temperature, and applying Hook’s law o, = Ee&,, the solution
is the following state of stress [24]:

o= W(]f(N(x)+NT)+SyE(M(x)—MyT)+
—(AF (M (x) - M) + SE(N (x) + NT))2) - Esy — £TE
2D
where: E = E(x, y, z, T)— Young’s modulus [MPa], o0 =
o(x,y,z,T),

AP = AP (x) = f EdA, S} =S (x)= f EzdA,
(A (4)

JE=TF(x) = f EZ*dA,
(4)

N =N"(x)= f g"EdA, M) =M] (x) = f &' EzdA.
(A) (A)

Only in the case of thermal stress the equation (21) is different:

E

_ ExT EagT EaqT EnT T
g = AEJE—_(SEZ(JYN _Sy M), +(A My —S),N )2)—¢& E)
y y

(22)

4.2. The analysis of physical nonlinearity of rod’s
material

Stresses in elasto-plastic state are determined by iteration,
using method of elastic solutions at the variable modulus of
longitudinal elasticity conditioned by the stress-strain curve
[25]. Function o = f(e) applied in the iteration is obtained re-
producing tension and compression curves. The border, below
which unloading does not leave permanent strains is denoted
by R.. The first solution, which is the beginning of iteration
for the determined external load and given permanent strain,
is obtained on the basis of (23). If the obtained stress for the

Young’s modulus is in the plastic range (ol')
then the change in modulus E must be done.

> R, — (Fig. 4),

Z
;

\4

€
(r)

Fig. 4. Iteration of elasto-plastic states
The stress g') corresponds to strain:

eE=0/E

23
@ @M @ @3)

Stresses o (1) are determined from the stress-strain curve for
the strain (f)’ on the basis of which Young’s modulus is de-

fined:

E=0c)/e& (24)
(2) (1)

In every consecutive step k, the modulus E is iterated by mod-
ulus

E=c(k-1/ e (25)

The stresses g’) (the n-th iteration step) are the final solution
n

in the elasto-plastic range. They must fulfill the condition:

< Ao (26)

o —o (n)
(n)

where Ao is the complex accuracy of solution. Then the plas-
tic strain (permanent) is equal to:

gp =0 (n)/ (nE) -0/ (113) 27

5. The examples of computations and the results of
experiment

Computations of temperature field and stress states, and
measurement of residual stresses are carried out for the rectan-
gular elements of dimensions (4 X gx[) 60x8x600 mm made
of S235 steel and surfaced by welding with GMA method.
Computations and measurement of stresses are made for three
values of welding current intensity (110, 124 and 151 A) at
U =65V and v =0.01 m/s.



5.1. Computations of temperature field, phase
transformations and stresses

Temperature field is determined by the Rykalin’s relation-
ship [26] for the point model of a heat source:

n.UI e_(%w) (28)

where: a — thermal diffusivity, cp — thermal capacity, @, —
surface heat transfer coefficient, n, — arc efficiency and

2,
cpg

bl = (29)

The following properties of S235 steel: cp = 5225376 J/Km?,
a= 810" m%s, o, = 31,4 W/Km?, 1. = 0,65, initial temper-
ature 7y = 0°C and solidus temperature 1493°C are assumed.

The detailed analysis of thermo-plastic states is carried
out in the middle cross-section of the rod surfaced by welding
at the current intensity 124 A.

Kinetics of phase transformations during heating is lim-
ited by the initial and final temperature of austenitic trans-
formation, which are equal to A; = 720°C and A; = 835°C
respectively. Temperature of solidus 1493°C determines fusion
line. Maximum temperatures during surfacing in connection
with temperatures A;, A3 and solidus determine characteristic
heat affected zones (HAZ) for fusion, full and partial trans-
formation as well as parent material. The progress of phase
transformations during cooling is determined on a basis of
TTT-welding diagram for S235 steel [27] presented in Fig. 5.

For examined steel in Eq. (10) is assumed m = 1 and u =
0.012 for M, = 410°C, My = 220°C.

900
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300 5

N
[=]
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100 =

T T T T T T T
02 04 0608 20 40 6080 200
1.0 10.0

T T T
400 60.080.0
100

o
o

Colling time tyy5, » S
Fig. 5. TTT-welding diagram for S235 steel

In Figs. 6-8 are presented temperature changes and partic-
ular phase volume fractions at selected points of cross-section.
At points z = 0.03 m (Fig. 6) from the fusion zone and points
z =0.027 m (Fig. 7) from full transformation zone, maximum
temperatures exceed temperature As, full austenitic transfor-
mation occurs, while from overcooled austenite are created
ca. 44% bainite, 39% ferrite and 17% pearlite. At points z =
0.0261 m (Fig. 8) from partial transformation zone during
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heating in austenite ca. 80% of parent structure transform.
As a result of phase transformations of cooling, final phase
fraction contains 36% bainite, 45% ferrite and 19% pearlite.
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Fig. 6. Thermal cycle and particular phase volume fractions at points
z = 0.03 m of the rod’s cross section
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Fig. 7. Thermal cycle and particular phase volume fractions at points
z = 0.027 m of the rod’s cross section
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Fig. 8. Thermal cycle and particular phase volume fractions at points
z = 0.0261 m of the rod’s cross section
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In computations of strains are assumed [28]: 300
— linear thermal expansion coefficients of ferrite and 0°C
pearlite, ar = ap = 1.534-107 1/K, bainite ap = o
1.171-107° 1/K, austenite a4 = 2.178-10° 1/K and
martensite a4 = 2.178-107 1/K,
— structural strains of austenite into ferrite, pearlite and 200 200 °C
. . . .. . ©
bainte as well as ferrite, pearlite, bainite and marteniste % 100 °C
into austenite yar-yap = Yra = ypa = 3.0551073, & 150 / 400 °C
Yag = Vga = 41073, yap = 6.85-1073 respectively. o 300°C 500°C
73
100
0
200 — 600 °C
1 0
i L 50 700 °C
7 100 °C 800 °C
150 — 200 °C 0 1492 °C
] 200 ° g8 5 2 & & 3
. 400°C = e = S = e
= Strain
@ 100 — 500 °C Fig. 11. The strain-stress curves of ferrite in relation to temperature
g 1 600 °C
@ | 700 °C
1 1200
l 800 °C
50 — 1100
] 1000
900
1492 °C
0 T ‘ i ‘ T 1 1 ‘ T T i T T T 800
@
e 3 b 2 8 & 8 o 700
S o =] o = o =
o o o »
Strain @ 600
. . . . . (]
Fig. 9. The strain-stress curves of austenite in relation to temperature & 500
400
300
200
900 100
0°C
o P 0% 0 B
0
383:8 ° g 5 £ & 8 8
700 00 € 3 © 3 < 3 =
700%¢ Strain
600 Fig. 12. The strain-stress curves of martensite in relation to temper-
o ature
S 500
@ 700 —
2 400 -
2] ] 0°C
300 600
200 ]
500 —
100 §
s - 200 °C
0 : 1492 °C s 400 ] / 100 °C
°c 8 5 © 8§ 8§ 8 g - o done
S o = o = S D 390 300°C 500 °C
o =} o = i
Strain » 7
Fig. 10. The strain-stress curves of bainite in relation to temperature
200 — 600 °C
. . . 100 — 700 °C
Tensile curves of ferrite and pearlite are assumed on the l/—/ P
basis of works [29, 30]. In case of austenite, bainite and 1492 °C
martensite on the basis of data from works [31, 32] are de- L L B I N L
termined tensile curves according to Swift law [33, 34]. The ° g § 2 § g8 §
o =

strain-stress curves for particulars structures in relation to tem- Sirain
perature are presented in Fig. 11-15. Fig. 13. The strain-stress curves of pearlite in relation to temperature



The detailed analysis of thermo-plastic states is carried
out in the middle cross-section of the rod surfaced by welding
at the current intensity 124 A, which is illustrated in Fig. 14
at selected points in time. In the initial phase, the zone of
plastic weld penetration determined by temperature equal to
1493°C deepens due to propagation of heat supplied by elec-
trode and reaches the depth of 0.002 m (Fig. 14a) 0.2 s after
the passage of electrode. In this time compressive stresses are
present in an adjacent region to the weld penetration, which
leads to considerable plastic strains at the low yield point in-
duced by temperature. Till 0.32 s — Fig. 14b, temperature drops
in a liquid zone while solid zone heats up without changes
in the boundary of weld penetration. By then, the materi-
al starts self-cooling process. Together with temperature de-
crease, the liquid zone solidifies and the consecutive layers of
solidifying metal “stick” to the rod (Fig. 14c). The contraction
of self-cooling material results in tensile stresses and plastic
strains. Between solidus and 800°C a small increase in stresses
accompanies considerable plastic strains due to the low yield
point of material in this range of temperature. Solidification
finishes at 0.7 s (Fig. 14d). A distinct drop in plastic strains
chart at a height of cross-section between 0.0258 and 0.028
m (heat affected zone) is caused by transformation strains of
overcooled austenite. Solidified layer after cooling contracts,
while phase transformation strains cause compressive stresses
in melted layer.

a) time 0.2 s b) time 0.32 s
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g8 8 8 8 8 2 8 8 8 8 8
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Fig. 14.(a-d) Temperatures, plastic strains and stresses in rod cross-
wise section during surfacing

At the same time, negative plastic strains are reduced
in the zone, which does not undergo plastic flow and tensile
stresses zone is deepened (Fig. 14e).

Due to the maintenance of equilibrium of internal forces
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in the cross-section, an increase in region and in values of
tensile stresses in the solidified layer and the zone of plastic
strains created during heating, directly adherent to this layer,
is accompanied by a reduction in tensile stresses in the middle
part of the bar and by the decay of compressive stresses in the
bottom part of the bar and then development of tensile stress-
es. In the final stage of solidification (Fig. 14f) changes in
the stress field in the elastic range induced by thermal strains
(shrinkage of the self-cooling material) can be observed. In
heat affected zone values of tensile stresses on the surface
of rod are low — 62 MPa (z = 0.03 m) and rise together
with the depth to 380 MPa (z = 0.026 m). Then, in partial
transformation zone, values slump to 238 MPa. The reason
for this is the change of material structure. The yield stress
of bainitic-ferritic-pearlitic structure is higher than of parent
material, which does not undergo phase transformations.

e)time 5 s f) time 7200 s

Temperature, °C Temperature, °C
s g 3 g
g 8 8 3 8 8

1500
1750
2000

3 g
8 8
& 8
L L

£ 2500
£ 1500
1750
2000

8 8 &
R e ¢
1 L

£ 250
£ 500

8 8 &
R e ¢
L |

' 2250
2500
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Plastic strain
Stress

Hight of cross section, m

Height of cross section, m
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‘‘‘‘ [T T T N T
-0.024 -0.018 -0.012 -0.006 0 0.006 0.012 0.018 0.024
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i T B Y e P
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Fig. 14. (e-f) Temperatures, plastic strains and stresses in rod cross-
wise section during surfacing

The history of these changes can be traced for select-
ed points of cross-section. The point in the upper surface of
rod (Fig. 15a), where heat source is applied, stays in the lig-
uid phase to 0.7 s, and after this time the solidified material
undergoes positive plastic strains and the tensile stresses are
formed. Phase transformations of cooling cause a slight reduc-
tion of plastic strains and compressive stresses, which during
further cooling transforms into tensile. At the point 2 mm
(fusion line) from the surface — Fig. 15b, an intensive heating
leads into plastic strains due to exceeding the yield point and
compressive stresses which are caused by thermal extension
of the material. Structural strains during heating cause a slight
reduction of plastic strains and create tensile stresses, which
then decrease as a result of further heating. Material reaches
melting point after 0.2s. After solidification, positive plastic
strains and tensile stresses occur. Phase transformations dur-
ing cooling, first of austenite into ferrite and pearlite, and
then of austenite into bainite, cause stresses to slump and the
change of their sign. During further cooling tensile stresses
occur. Their final reduction results from stress equilibrium
in the cross-section. At a point in partial transformation zone
(Fig. 15c¢) initial increase of tensile stresses is caused by stress
equilibrium in the cross-section. Temperature increase causes
creation of tensile stresses and negative plastic strains. Phase
transformations cause sudden change of sign of stresses. This
process stops when temperature reaches its maximum. Dur-
ing cooling tensile stresses slightly increase and plastic strains
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are reduced. Phase transformations during cooling cause the
sign of stress to change twice. Then further cooling causes
the increase of tensile stresses. At a distance 10 mm from
heated surface (Fig. 15d) initial increase of tensile stresses
results from stress equilibrium in the cross-section, while as
a result of thermal expansion of metal, and thereby intensive
temperature increase, compressive stresses occur.
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Fig. 15. Temperatures, plastic strains and stresses in selected points
of rod crosswise section

After exceeding yield stress, negative plastic strains in-
crease and compressive stresses are reduced. This lasts until
temperature reaches its maximum. Then, during cooling com-
pressive stresses decrease and tensile stresses occur. Slight
drops on stresses chart are caused by structural strains of phas-
es in the remaining part of cross-section, which are reflected
in stress state of complete cross-section.

5.2. Experimental verification of the state of stress

Nine flat strength samples are made from the materi-
al used for cuboidal elements. For these samples the yield
stress R, =288 MPa is determined from the tested series. The
Young’s modulus is assumed at E = 2:10~> MPa for this ma-
terial.

On side surface of surfaced elements were stuck exten-
someters at spots shown in Fig. 16 and Table 1. Then, parts of
samples with stuck extensometers were cut out. A difference
between the final and initial indications is the strain caused
by “releasing” residual stresses, which are determined by an
equation:

g; = —Egl' (30)

%

T 1% |

Fig. 16. The location of strain gauges

X

The stresses determined according to Eq. (28) are pre-
sented in Table 1. Residual stresses, calculated taking into
account phase transformations and for homogenous material
model [25], compared with experimental results are present-
ed in Fig. 17. Diagrams of stresses are similar in shape for
three calculated examples, but different as far as the depth of
deposition of thermoplastic strains is concerned, due to the
depth of penetration of heat source and the values of stresses
in elastic range.
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Fig. 17. Juxtaposition of the results of stress measurement with the-
oretical values for: a) series 1 (I = 110 A), b) series 2 (I = 124
A), ¢) series 3 (I = 151 A). Solid line marks theoretical distribution,
which takes into account phase transformations, dashed line marks
theoretical distribution, which does not take into account phase trans-
formations (comp. Table 1)
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TABLE 1
The experimentally obtained results of stresses for the tested cuboidal elements
Series No 1 Series No 2 Series No 3
I=110[A], d = 3.25 [mm] I =124 [A], d = 4 [mm] I=151[A],d =5 [mm]
5, |® _ T, | | ®,|® _
z | Z S| g |27 |2 T | g |27 |2 SIS
1 1 55 116 4 1 5 - 7 1 55 92
1 2 16 8 4 2 14 20 7 2 16 -14
1 3 325 -96 4 3 24 -52 7 3 265 | -96
1 4 47.5 -54 4 4 39 | -144 7 4 36 -94
1 5 - - 4 5 47 74 7 5 43 16
2 1 5 128 5 1 4.5 116 8 1 5 108
2 2 16 -12 5 2 15.5 8 8 2 15 -10
2 3 28 -121 5 3 255 | -124 8 3 255 | -108
2 4 39 -144 5 4 355 | -166 8 4 35 | -152
2 5 46 0 5 5 48 44 8 5 46 70
3 1 6 92 6 1 5 85 9 1 6 104
3 2 17 19 6 2 16.5 | 26 9 2 15.5 15
3 3 325 -51 6 3 26 -84 9 3 26.5 | -118
3 4 45 -128 6 4 41.5 | -135 9 4 36.5 | -142
3 5 - - 6 5 49 61 9 5 45 60
d — diameter of elektrode.
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