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Abstract. Determination of stress strain state components of butt welded joint with a mild inter-
layer at elasto-plastic tension is presented in this paper. Function of normal transverse stresses
distribution on the thickness of mild interlayer and equations for determination of the stress in-
tensity maximum value in hard metal at elasto-plastic deforming are proposed. The longitudinal
stresses of mild and hard metals at elasto-plastic loading are determined from their integral equi-
librium condition to mean value of external load by estimating equality of hard and mild metal
longitudinal strains on their contact plane. Algorithm of stress strain state components calculation
in separate zones of this model is presented. The strength of butt welded joint with a mild inter-
layer and longitudinal strain distribution at static and cyclic elasto-plastic loading on its surface
calculated analytically is verified by the results of experimental investigations.

Key words: model of welded joint, stress strain state, non-uniform strain distribution, mild
interlayer, elasto-plastic tension, function of stress distribution.

1. Introduction

A great number of welded joints show higher or lower heterogeneity of mechanical prop-
erties of their separate zones. In some cases it is formed for constructional and tech-
nological reasons by using base metals and welding materials of different strength. In
other cases it appears during exploitation of the welded structures. The mechanically het-
erogeneous welded joint zone which strength properties are smaller than this of a base
metal is called mild interlayer, in opposite case — hard interlayer. Theoretically and ex-
perimentally is proved that mild interlayer is strongly affecting the strength of welded
joint especially under cyclic elasto-plastic straining. In these solutions hard metal H' is

1Upper indexes H and M denotes stress strain components of hard and mild metals respectively;
* upper index denotes values of the content plane.
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assumed to be absolutely rigid and only in some cases it is absolutely elastic. Experi-
ments and calculations which were performed in our works showed that the life time of
defect less construction calculated by neglecting non-uniform strain distribution and was
found to be 6. .. 10 times longer than the real one. In order to increase reliability of struc-
tures at low cyclic loading the stress and strain state at separate welded joints zones must
be evaluated. The conventional analytical calculation methods of mechanically heteroge-
neous welded joints usually consider the mild interlayer stress state neglecting both the
effect of mild metal M on a hard one and non uniform stress distribution in the thickness
of mild interlayer at elasto-plastic loading. In addition, hardening of material M in the
elasto-plastic zone is not evaluated (Prandtle’s type diagram of deforming material M
is used). Therefore these analytical methods are suitable approximately to evaluate the
ultimate monotonic strength, but they can not to evaluate the strain state of welded joints.

In this paper stress strain state of weld joint with a mild interlayer is determined by
using these refinements:

o the effect of mild metal M to base metal H is evaluated;

M on the thickness of a mild interlayer and stress
ol in the direction of longitudinal axis are proposed;

e deforming diagrams of metal M and H in elasto-plastic zone, approximated lin-
early or by power function, are used;

e stress intensity determination method at the external point of contact plane (fu-
sion line) Jg‘{;‘zl = of1*(1), when material H at this point is deformed elasto-

plastically, is proposed.

e distribution function of stress o

Model of welded joint consist of two materials-base metal H and mild interlayer M
(Fig. 1, a).

For stress strain determination of weld joint with a mild weld was choused mathemat-
ically more correct analytical solution of elasto-plastically deformed thin mild interlayer
(e = h/l < 1) subjected to tension (compression) at plane deformation obtained by
L.Kachanov (1962). This solution was made on dimensionless co-ordinates £ = z/I,
n = y/l (Fig. 1, a). The problem was solved by making use of the theory of small
elasto-plastic deformations by applying the hypothesis of flat cross-sections and assum-
ing that residual stresses are abolished by heat treatment. The modules of elasticity of
both materials are equal each to other (¥ = EM = E)), and the material is not pressed
neither in elastic nor in elasto-plastic zones. Additionally, when solving this problem it
was assumed that the base metal H is ideally elastic and is not influenced by mild metal
(o8 =0) and

n
Y’

M _ _x
Toy = T

ey

where 77, = 7 (£) is unknown function of shear stress distribution on the contact plane.
Shear stress distribution expressed by Eq. 1 is equivalent to presumption (o /1)On. Also
is assumed that tensile curve of mild material M is approximated linearly.

When mild metal is deformed elastically (¢ < o) and Poisson’s ratio v = v, =

0.5 follows that under the plane deformation (e, = 0) stresses 0, = 7,y = 0, 0y = p,
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Fig. 1. Scheme for the calculation of welded joint with a mild interlayer at plane deformation.

o, = 0.5p and 0; = \/gp/ 2 (p is mean stress caused by external load). In this case
strains are distributed uniformly (e, = —e, = 3p/4FE). When p > 20 /\/3, elasto-
plastic deforming begins in all volume of the mild interlayer. But on the contact plane
of metals M and H the mild metal strains are constrained by hard metal H. Shear stress
appears and near the contact plane there is a triaxial stress state. In the mild metal M
tension stress o/ appears. Therefore the effect of contact hardening of mild metal takes
place.
From equation

9y 9%z _ 9Ty ()
Ey —Ex Yy
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which describes condition that directions of stress and strains vectors are the same. By
Eq. 1 written to contact plane (7 = «) and hypothesis of flat sections (% = %g—g =0)
was obtained function

ol . 1- B €+2E{vﬂ’/(@’)

M * .
sz (6) *i[\/g 1+CM*2§2 3 l

Mgl 3

M

where £ is modulus of mild metal hardening at elasto-plastic zone when curve o —

eM is approximated linearly; £ = EM /E; v/ (@) /1 = 3p/(4E).
After integration differential condition of equilibrium it was obtained

1o
O AL @
where (3 is the constant of integration.
Stress
M
oM — oM | 272y (€) )

Y x CM*g

is obtained by condition (2) and hypothesis of flat sections dv/(19€) = 0.
By integral equilibrium condition

1
p= [ o ©)
0
and Eq. 5 is obtained the dependence
wa 1 1 Mx M
1eCM+ T O (1 - 4wa*) (¢ + €1
\/_ 4 * CJW*
Flp— 38 e (1+ G ) — F]

(N

o (1 - EM)

for determining of constant C™M*; where CM = /1 + (CM*)2. For comparison equa-

tions of work (Kachanov, 1962) with presented in this subchapter these expressions are a
. _ M M . M * .
little changed. When EM = EM = ( constant 3 = ‘z;g (g# arcsin %j - C%\,) In this
case stress at the cross-sections 0 < 77 < e can be calculated from condition UZM = oé” .

Because determination of coefficient C* is very complicated EM = 0, 80{]\4 /on =
0, CM* — oo were assumed. Then limit mean stress was determined from formula

p= (T4 40) ®)

From Eq. 8 follows that p,; — co when @ — 0. Limit strength of real welded joint
with a mild interlayer pyt max = oL, when @ < @min and pus min = 0 when @ < @pax
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(@min and @5 values can be determined from Eq. 8 when p = Dyt max and P = Pyt min
respectively).

Because hardening of material M at elasto-plastic zone is not evaluated (E} = 0)
this method is suitable to evaluate approximately the ultimate strength of welded joint
when @iy < @ < @pax but it is not applicable for determination of strain distribution.
For determination lifetime of welded joint at cyclic elasto-plastic loading the separate
zone strain distribution must be known (Bae, 2003; Dexter, 1999; Rudolph, 2001).

From Saint—Venant’e principle follows that with increasing of a relative distance from
the contact plane of M and H materials stress o2/ rapidly decreases.

Therefore the presumption that stresses o2 and aé‘/f at the thickness of interlayer are
distributed uniformly (o2 /0n = 9o /0n = 0) for real mild welds (& > 0.6...0.75)
is not acceptable.

2. Analytical Calculation of Stresses and Strains

Solution presented in this paper made more accurate by estimating influence of metal M
on stress state of hard metal H (c1* < 0), real strength characteristics of M and H de-
termined from their tensile curves and non-uniform o distribution on the direct of lon-
gitudinal axis of welded joint. At elasto-plastic straining of material M (p > 20M /1/3)

when stress o on the contact plane is known in other cross-sections

oM = oM f1(n). 9

Examination of stress distribution in a mild interlayer (Fig. 1, b) shows, that function
f1(n) must have such peculiarities:

lim f1(n) =1,
a&—0

whj%l fi(n) =0,
) = fi(=n),
i (w) =1,
which leads to the equation
1 2
fin)=1— [1 - W} (1 - Z—2> (10)

Function F(@) = 1 + M;je™ increases with increasing of @ and mechanical het-
erogeneity of welded joint. Determination of a function F(e) is described in work
(Brazénas, 1995).

Equilibrium condition of element &£1*1 of metal M (Fig. 1, b) makes it possible to

calculate mean value of stress o2/ on the thickness of interlayer

1 [® 1 /!
o%n:f/ aﬁfdn:f/ M dE. (11)
(04 0 (14 5
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Then from Eqs. 9-11 is found

1
o = fa(n) /5 M€ dE + Cy, (12)
where
1-[1- L )1-%
f2(77) —3 [ F(e ]( @ ) (13)

@[1+ 7(5]

Constant C; = 0 because 0%5:1 =oM =0.

Shear stress T% in cross-section 77 = const may be calculated from equilibrium con-
dition
oo M
M o
Twy = - a‘L d77 + CQa (14)
o 0¢

where C'> = 0 because 7

_%l =0 = T%C = 0. After designating

n 1—[1- 5] (1 - %)
U F(e@) 32
®(n) =/ fa(n)dn =3— (15)
0 @ 1+ FQ{L,)
from Eqs. 11-15 is calculated shear stress
Toy = ()77 (6)- (16)

Shear stress 7., is determined from condition of interaction materials H and M at
the contact plane. An initial point of material H coordinate system Oy is chosen in a
section which is remote from the contact plane at relative distance 6z in which o ~ 0
(Fig. 1, b). When metal H is deformed elastically the relationship between stress strains

intensities may be expressed by equation

i 3 2 4 1
— 2 _ 2 2
o; \/— (Jf — Uf) + 37’55 =F 5651 + g%% . a7

From Eq. 3 for elastically deformed material H (F1 = E, E, = F /E = 1) was
determined

* 2 * * *
T = §EeycHg =pCr, (18)

where pC' is a parameter of shear stress.
In other cross-sections

Th = ®(nm)pCE. (19)
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Expression of o7 is obtained in the same way as 0¥ calculated by Eq. 9

1
orf = =5 L0m)pCy(1 - €7). (20)

From the hypothesis of flat sections and the generalized Hooke’s law when v = 0.5
follows that on the contact plane

3
Hx __ Hx* Hx\ __
e, = E(Uy — o, ") = const. 21
Stress
2
oll* = —_oH*(0) 4 o H* (22)

y N
may be determined from Eqgs. 17, 21 by estimating that 77, .. _, = 7y (0) = 0.
Functions f2(ng) and ®(ng) are determined from presumption that fo(ng) = f2(n)
and ®(ng) ®(n) when @ = 0p. Therefore fo(ny) and ®(ny) are determined from
Eqgs. 12 and 15 by substituting 07,7y and F'(dy) instead of e, 1y and F'(ce).
Shear stress on the contact plane of materials H and M are equalT% = Tg* =
oy = PCp&. Then from Egs. 9, 10, 12 and 13 follows

1

oM — §fg(w)pC’;(1 — &%), (23)
1

o = S R(mpCy (1 - €7). (24)

From equality of linear strains of metals M and H on the contact plane is determined
stress

a;”*za—y*Jr%a;”*(O)—FM*, (25)
where FM* is a correction function, obtained from equality of linear strains of metals
M and H on the contact plane (efl‘/[ * ef *). Determining of F™* is related with the
considerable mathematical difficulties. From condition eg/[ * qu * and by estimating
that E'M = M /eM and strain e)'* depends on 7}, and this function rapidly decrease
with increasing distance form the contact plane point £* = 1 it may be expressed by
equation

~ e

FM* = DM (1)]¢" = DMpCre™. (26)

Coefficient DM is determined from the condition ef/*(1) = e)/*(1) at an external

point of the contact plane £* = 1 by approaching method. Power index n is calculated

from the condition ef‘ f=05 = egfg*:o_ 5. Then strains ef * and eé”* are equal at the three

points of the contact plane £* = 0; 0.5; 1. At the other points of contact plane the
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Table 1

Values of longitudinal strains on the contact plane of welded joint when v, = Uf / aé\/l =12, @ = 0.8,
mdf =0.102, mfl = 0.125, p/o? = 1.4, when precision of calculations is 1%

Strains are equal at three points of Strains are equal at two points of
contact plane £ = 0.0; 0.5; 1.0 contact plane £ = 0.0; 1.0
p/od =1.398; e} (0)/eM = 1.684; p/o =1.390; e} (0)/e} =1.621;
yn = 1.187; pCj /oM =0.161; v =1.186; pCj /o =0.159;
DM = —0.738; DH = —1.234; DM = —0.726; DH = —1.020;
n = 1.987; the total count of iterations: 142 n = 2.000; the total count of iterations: 94
3 % Eé:jél) disagreement, % % céju(l) disagreement, %
0.0 1.458 1.458 0.000 1.404 1.404 0.000
0.1 1.477 1.477 0.000 1.421 1.421 0.000
0.2 1.534 1.535 0.065 1.474 1.474 0.000
0.3 1.634 1.635 0.061 1.567 1.567 0.000
0.4 1.782 1.783 0.056 1.705 1.705 0.000
0.5 1.990 1.990 0.000 1.897 1.898 0.053
0.6 227 2.271 0.044 2.156 2.159 0.139
0.7 2.645 2.644 0.038 2.501 2.506 0.200
0.8 3.14 3.138 0.064 2.955 2.965 0.337
0.9 3.795 3.791 0.106 3.553 3.571 0.504
1.0 4.661 4.655 0.129 4.339 4.370 0.709

condition e is content approximately (Table 1). But determination of n is more

complicated. Therefore it is recommended to determinate n at strain loading for making

Hx
Yy

_ M=+

more accurate determination of mean longitudinal strain e,,,. At first approaching is

assumed n = 2. In this case strains e}'* and e))/* are equal at the two points of the
contact plane £* = 0; 1.
In cross-sections 1 < @
M_ v, 2 M
o, =0, +—=0; (0) — () F™r. 27

V3

For determining of stress strain state components of A/ and I metals the strain inten-
sity e (0) at the centre of the contact plane and coefficient of mechanical heterogeneity
yn = af*(0)/oM*(0) must be known (Fig. 1, c).

Stress intensity of metal H on the contact plane is calculated from Eq. 17 by estimat-
ing (18) and (22). Then

ot = \/[oH*(0)] + 3(pC56)2. (28)
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The largest it value is at external point of contact plane {* = 1, maximum stress
intensity of elastically deformed metal

oM e = o = 0T (1) = [ [oH7(0)]” + 8(p.C5)? = o, (29)

Where o/!*(0) and p.C;, are values of o/7*(0) and pC'; which corresponds to o//*(1) =
oH . Their values is determined from condition (28) by approaching method.

When o/7*(0) > o1*(0) metal H at the contact plane point £&* = 1 is deformed
elasto-plastically (o7*(1) > o). Stress state near this point and stress concentration
zone under elasto-plastic loadmg is similar. Therefore strain eH * near of the point £* = 1
increases and hypothesis of plane section is not valid.

Stress intensity o/7*(1)scz at the stress concentration zone, caused by interaction of
materials H and M, under elasto-plastic loading is determined from equation

[67(1))% = 51 (1) 50z - € (1), (30)

where UI}*( ) is fictitious stress intensity at the point £* = 1, when material [ is ideally
elastic; 51*(1) = o/1*(1) /ol 6/ (V) soz = of*(V)scz/olls e (1) = ef* (1) /el

This equation was used for determlnation of &; max 1IN stress concentration zone at
elasto-plastic straining (Neuber, 1961). When tensile curve of material H at elasto-plastic
loading is approximated by power function

Hx

* [ = H* 2 +1
O'i (1)5’02 — O'é:] [0_1}]10 (1)] mq /(mo ), (31)
where m{! is power index of material H hardening at elasto-plastic zone.
When tensile curve of material H in elasto-plastic zone is approximated linearly
1-EH 1—EH\2 _ ol (1)

Hx Hx 1 1 H_if

T (1) g0z = ( ) +E . 32
;i "(V)scz =0, [ 2 +\/ 2 + B o ] (32)

Intensity of fictitious elastic stress o/ ;" (1), which corresponds to €; (0), may be cal-
culated from Eq. 30 when material H is absolutely elastic and £* = 1, then

ol (1) = \Jo (02 + 3(0sC; )2, (33)
where O'lf *(0) = AnfoM*(0) is intensity of fictitious elastic stress on the centre
of contact plane. Fictitious coefficient of mechanical heterogeneity yny = 7., when

Hx(0) < el and vy = €M*(0) when e *(0) > e!!. Parameter prC, is calculated by
substituting s instead of yy.
At elasto-plastic deforming of material H the same expression of Jf as in mild metal

aé” is accepted. On the contact plane
Hx H* 2 H* Hx
o, =0, \/_ o;*(0) - F (34)
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and in other cross-sections

2
H _ _H H Hx*
Oy =0, + ﬁcri (0) - (I)(UH)F , 35)

where F* = DHpCr¢2. When o/ (1) > of D" is calculated from dependency

2{of*(0) = \/loF* (1)scz]? - 3(pC;)2}
H _
D" = \/ng; . (36)

Mean stress p is calculated from equilibrium condition (6) by estimating (25) or (34)
equation, i.e.:

3DM}

p= 70" (0) + 390} [ fal@) - 2

ﬁ K2
2
p= 75l 0)— PG A6 + 0"

Parameter of shear stress pCy; is determined from equality of these equations, then

or

2V3(yw — DaM*(0)
f2(0m) + fa(@) = (3DM/(n + 1) — DH)’

pC, =

Stress intensity o (0) at the cross-section 0 < 1 < @ is determined from Eq. 6 by
estimating dependence (27). Analogically when 0 < gy < dg from Eq. 6 by estimating
Eq. 35 is determined o (0). When material H is deformed elastically (o/7*(1) < off)
in equations of af , pC;, and K must be accepted DT = .

Coefficient of the contact hardening of mild metal can be determined by equation

p

Ke T Ko (37
where K, = p/ UﬁnH _o 1s shape coefficient which depends on stress state triaxiality on
the cross-section of hard metal, which is remote from contact plane at relative distance
more than . At the plane deformation K, = 2/ V3 and K, = 1 at axial symmetrical
deformation. K is found due to interaction of materials H and M. This coefficient is
determined by estimating that 0} = oM _ (0) = oM (0), then

i max Uz’\n:O

1
Ke= 17 £ (=) ‘ (38)
Fo5a D7 -+ o @)~ D]

When it is necessary to obtain mean stresses p = p(c ) maximum value of co-
efficient K must be determined by Eqs. 37 and 38 by evaluatingo = = 0. Then

7 max
ultimate strength of welded joint with the mild flat interlayer

put = oM Ko, Kep. (39)
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In the first approaching may be assumed vy ~ o /oM — (ol joM — oH |oM)
and D ~ ~, DM,

Distribution of stresses 7], 71 o2 and o' in longitudinal direction of joint depends
on F(e). Function F'(e) was obtained by presumption that it depends on coefficient of
mechanical heterogeneity -y, relative thicknesses @, 4 and for materials M and H is
the same. Also it was assumed that F'(@) does not depend on cross-section of welded
joint when & = §p. These presumptions were verified by the results of experimental
investigations of mechanically heterogeneous welded specimens with rectangular, disk
and ring shape cross-sections. From results of theoretical and experimental investigations

(Brazénas, 1995) where obtained
F(e) =1+ Me™ and F(ég) =1+ Mo},

where M; = 6.23 + 0.758(yy — 1) and ny = 2.53 — 0.15(ynx — 1). The values of
contact hardening coefficient Kp = \/§p/(20é‘/1), when vy > 2and 0.2 < @ < 0.8,
calculated from Eq. 8 showed a good agreement with the experimental data (Bakshi,
1965). Expression of F'(e), upper value of M; and lower value of ny were determined
by conditions (8) and (38) when yn = 3.33 (Brazénas, 1995). Also from this condition
f2(0g) = 2.13 and 0y = 1.2 are determined. This value of 7 showed a good agreement
with results obtained by FEM.

Solution presented in this paper makes it possible to calculate strains in each point of
welded joint. Longitudinal strains of the base metal H

3(0’H — o
H H H H
el = —ell = %, when o} <o,
3(cH — o)
H H Y z H H
ey = —€, = 4_E—/H7 when g; > O¢ (40)

3(0y — 03")

g AEM @

where E'H = o JeH and E'M = oM /eM are secant modules of tensile curves.
Strain intensity at plane deformation

4 1
e =4/ gei + gvgy

Cyclic stresses and strains of separate zones of welded joint are calculated referring to
V. Moskvitin theorem. In simple loading they can be calculated from the dependence of
static loading by substituting the parameters of cyclic loading diagrams instead of static
loading characteristics (Moskvitin, 1965).

At strain loading a mean longitudinal strain ey, (e, ) on the relative base of defor-
mation L = L/l must be known. Because solution of the problem is approximate mean
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longitudinal strain at the base deformation L is calculated at the longitudinal section
& = £, = 0.5. Under plane deformation a mean longitudinal strain

14
M
€yle=0.5 d”] :

when L > @ + &,

1 1.2 @ _
eym = 7 { / eyle—o.5 dnm + / €yle=0.5 d??} when L <@+oy, (42)
1.24+@®—-L 0

1 - Om
Cym = f{eﬁ(L—(E—(SH)—F/O 65520‘5 dnH—|—/0

where 65 is strain of metal H at the section in which disappears interaction between M
and H materials (c7 = 0). These integrals were calculated by numerical method.

3. Analytical Calculation of Stresses and Strains Distribution

For determination of stress strain state in welded joint the mechanical properties of M
and H materials at elasto-plastic deformation, e} (0), e, 057 and precision of calculations
must be known. Sufficient precision of calculations for practical requirements is 1. ..3%.

The basic parameters of calculations are vy, pCp, DM D™ and n. When these pa-
rameters are known the stress strain state at any point of welded joint can be determined
by changing £ and n(or g ) in (16), (19), (20), (24), (27), (35), (40) and (41) equations.

When welded joint is subjected to tension may be two cases of loading: stress load-
ing (p = const) strain loading (ey,, = const). Therefore the approaching method for
determination of stress strain state in welded joint must be used.

Algorithm for determination of welded joint stress strain state components under
stress or strain loading is presented in Fig. 2. Where and in Fig. 3 algorithm the function
f describes dependency between stress intensity o; and strain intensity e; at elasto-plastic
deforming. For materials approximated by power function

o; = f(ei) = e E, when o; < oo,
o; = flei) = Ue(:—i)mo, when o; > o,

and
e; = f(oi) = %, when e; < e,
e;, = f(O'l) = ee(%)l/m07 when €; > €,

and for materials approximated linearly

o; = f(ei) = e F, when o; < o,
o; = f(e;) = 0e + Er(e; — e.), when o; > o,
and

e; = f(oi) = %, when ¢; < e,
ei = f(0i) = ec + T2, when ¢; > e,

where my and Ep are material hardening parameters under elasto-plastic loading for
power and linear approximation respectively.
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The strain intensity e (0) of first approaching in Fig. 2 item 5 may be calculate in this
manner:

for stress loading

oM (0) = p[ﬁ (= Dale)

2 f2(On) + N fa()

1. BEGIN

13. For stress loading

2. Input E oll; o Ap=100% (p. = p)/p;
for strain loading
II
p(ore\m) mg' (or Ef Ap=100% e, s —€, /e, n
(Or EM) y m ca y y

precision of calculatlon A
M _ oM / E-

3. e‘{’ = O'(,"/E e, IYES

} and €} (0) = f(a*(0));

e

vw=v,=0c"[c?; A=0; i=0
I 20. Output yy, pC i D" D" and n

4. /7 (0) (see Fig. 3) \_/r/"’_

l* 21. Calculation and
| 5. ¢/(0) | output of 0, 0, %y, G,
e, and ¢; at different
- - oints of welded joint
6. 6/°(0)=f(c(0)); - —
ol (0)=1(e0) ) 2. PND
=00/ (0)

| 16. Apu=Ap; i=1; ¢! (0

i

! /0. =f(a,"‘(o>),
Ae=075e(0),, — € (0)];

17. sign(A poa) # sign(A p N
YES

9. ywss pCpys o7y (1);
ain(l)S‘(/ ; D O'H*(O)

O

I 10. D" (see Fig. 4) | |

| | 18. Ae=-05A¢ |

| | 11. » (see Fig. 5) | | ’q—J
: 19. ¢ (0)=c. (0)+ de;

| 12. Peal s €ymcal | Apu[d Ap

® U

Fig. 2. Algorithm for determination of stress strain state components in welded joint at stress or strain loading.
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. . ¥ Gyweym L
for st load . = :
or strain loading e} (0) ABIL — @) — 0] + 2n (@ + 011) + 12 (3 — 071

Algorithm for determination of oZ7*(0), i.e. loading state when hard base metal H is
deformed only elastically, is presented in Fig. 3. For cyclic loading may be taken D¥ = 0
(BraZénas, 1995). The stress intensity o7*(0) of first approaching in Fig. 3 item 4.2 may
be calculate in this manner:

N VA S Pt ) ril
Tie (0)\/( &) 12[f2(5H)+f2(5€) '

Algorithm for determination of parametre D™ is presented in Fig. 4. The AD of
Fig. 4 item 10.9 may be calculate in this manner:

_ 2(0]"(0) — 2e[ (M EM(1)/(V3yw)] .
AD = \/ng;e sign (Ae™).

( 4.1. BEGIN ) °
|
42. D"=0; D"=0; NO
AD=0; A=0; A,=0;

o/ (0); YES
¢.(0)= (0! (0)) A8 40075 Ao
oold — Ho

43. 0" (0)= (e, 00));
o/ (0)=0/(0)
|
4.4. D (see Fig. 4)

|
45, o (); 4.10. A,=—-0.5 Ay

4o = O—,Hs (1)_ 0—:’ > H* H*
40, =100% 4c]” 4.11. o/7(0)=0/""(0)+ 4, ;
‘ ‘ Am:ld: Aa;

¢.0)=r(a/(0))

Fig. 3. Algorithm for determination of stress intensity O'ilg *(0).
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Algorithm for determination of parametre n is presented in Fig. 5. The An of Fig. 5
item 11.8 may be calculate in this manner:

20*(0)/v3—ell*(0.5)E"(0.5)
lg [ pCy DM ]

lg0.5

An=n—

Values of longitudinal strains in ' and M materials on the contact plane of welded
joint, calculated by method presented in this work, are shown in Table 1. More accurate
solution, for the same calculation precision, is then longitudinal strains are smoothed in
three points. But in this case calculations are more complex and take more time. Therefore
it is recommended to use the constant value of parameter n (n = 2).

Distribution of stresses and longitudinal strains in A and M materials on the contact
plane of welded joint, calculated analytically, are shown in Fig. 6.

Analogical solution, when o, = 0, is obtained for welded joint with the mild in-
terlayer at axial symmetrical deformation. In this case co-ordinate « must be changed
by 7,y — by z and differ dependencies which are connected with shape of welded joint
(Brazénas, 1995). Algorithm of calculation at plane and axial symmetrical deformation
is the same.

( 10.1. BEGIN
|
| 10.2. AD=0

103. 7y =0/"(0)/c"(0):
rC,
T
104. oM (1); & (1)
EM(); e (1)
1
10.5. o°(1); ¢ (1)

£ (1);| o ) | 10.11. AD=~0.5AD |
10.6. de=e)"(1)-e"(1); fe———
4e" =100% defe™ (1) 10.12. DV=D"+ AD;
de,y =4e"; 0" (0)

10.10. sign(de),, )# NO
#sign(de’)

2

Fig. 4. Algorithm for determination of D,
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C 11.1. BEGIN ) °
|
| 11.2. n=2; 4n=90 | @ NO

11.3. ¢°(0.5); ¢M"(0.5) YES
E™(0.5); €M(0.5) | 11.8. An; de,,; = A¢" |
I
11.4. o/7(0.5); " (0.5)
E"(0.5); ell"(0.5)
I
115, de=e)"(0.5)-¢/"(0.5);

de” =100% 4efe]” (0.5) | 11.10. An=—0.5 An |

11.9. sign(4e., )7 NO
# sign(de”)

11.11. n=n+An;
Ae:,d =4 pC;

11.12. END

O=
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Fig. 6. Distribution of stresses and longitudinal strains on the contact plane of welded joint calculated analyti-
cally, when v = 1.2, @ = 0.8, m}! = 0.102, m{f = 0.125,p/c} =1.4,n =2.
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4. Verification of Obtained Dependencies

Because this solution is approximate the stress state components of considered welded
joint calculated by using method presented in this paper were compared with the data of
experimental investigations. Longitudinal strain distribution in its separate zones at static

2.0 |
5 _c]p Ay © k=0
2 S el
‘Q 2. A — — k=100
=4 T
lmo ‘S oé__.‘;:“:“ L=22
° o \\"' A
\--._ b AN
05 (o] \\
c\ L
0 % N A
1 2 e(1), (1), % 4

Fig. 7. Analytically calculated (curves) and experimentally obtained (points) longitudinal static (¢ = 0) and
cyclic (k > 0) strains on the surface of the welded joint at axial symmetrical deformation when vy = 1.31,
e = 0.82 and mean longitudinal strain e, = 0.55%. k is number of semi-cycle.

3.5 T T T T T T T T
O_M O,II o_ll -
P Curve| 4 | 5 | o
M\ o, o, o, |
O—e
\ o|1]1.38]1.40(1.70 [
3.1 2| 1.71 ] 1.68 | 1.29 |
\ w (3] 1.71[1.98]1.50 |7
2.9 \ o|4(210]2.15]1.41 |7
2.7 \
2.5\
\NE\NRE
239% (1%
. A"
l\ ] \\ - =]
2.1 = -
(=]
NPE
1.9 N
g\ o]
2 o o
17 ‘\". [~ 2 -
\
BEENNEE
L]
1.3 L

0 04 08 12 16 20 e 2.8

Fig. 8. Strength comparison of welded joint with a mild interlayer calculated analytically and determined ex-
perimentally at axial symmetrical deformation. Experimental data were taken from (Bakshi, 1966).
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and cyclic elasto-plastic loading (Fig. 7) and strength of welded joint with the flat mild
interlayer (Fig. 8) calculated analytically and determined experimentally by photo elastic
coatings method showed a good agreement.

5. Conclusions

1. Solution presented in this paper enables calculate stresses and strains in the separate
zones of butt welded joint with plane mild interlayer subjected to elasto-plastic
tension (compression).

2. The strength of considered welded joint and strain distribution in its separate zones
calculated analytically by using obtained dependencies showed a good agreement
with the results of experimental investigations at static and cyclic elasto-plastic
loading. It means that functions of stress distribution and way of calculation in this
solution are chosen enough correctly.
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Itempimu deformaciju buvio komponenciu nustatymas sandurinéje
suvirintoje jungtyje su minkstu tarpsluoksniu esant tampriai
plastiniam tempimui

Algis BRAZENAS, Dainius VAICIULIS, Vytautas KLEIZA

Straipsnyje aprasSyta itempimu deformaciju biivio komponenciy nustatymo metodika sandi-
rinéje suvirintoje jungtyje su minkstu ploksciu tarpsluoksniu esant tampriai plastiniam tempimui.
Pasitlyta skersiniy itempimuy pasiskirstymo funkcija iSilgai minkSto tarpsluoksnio bei pateikta tam-
priai plastiskai deformuoto kieto pagrindinio metalo didZiausiy itempimy intensyvumo apskaicia-
vimo iSraiS$ka. Kietos ir minkStos medZiagy iSilginiai itempimai, esant tampriai plastiniam defor-
mavimui, apskaic¢iuojami i$ ju pusiausvyros salygos vidutinei iSorinei apkrovai, ivertinant minksto
ir kieto metaly iSilginiy deformaciju lygybe jungties kontakto plokstumoje. Pateiktas itempimuy de-
formacijy buvio komponenciy atskirose jungties zonose apskai¢iavimo algoritmas ir gauti skaicia-
vimo rezultatai. AnalitiSkai apskaiCiuotas sandirinés suvirintos jungties su minkStu tarpsluoksniu
stiprumas ir i§ilginiu deformacijy pasiskirstymas patikrinti eksperimentiniais tyrimais.



