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Êîëè÷åñòâåííûé àíàëèç âëèÿíèÿ îñòàòî÷íûõ íàïðÿæåíèé íà óñòàëîñòíóþ

ïðî÷íîñòü ñâàðíûõ ñîåäèíåíèé èç àëþìèíèåâîãî ñïëàâà â ðàìêàõ ïîäõîäà

ëîêàëüíîé ïëîòíîñòè ýíåðãèè äåôîðìàöèè
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à
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à Ôàêóëüòåò ìåíåäæìåíòà è èíæèíèðèíãà, Ïàäóàíñêèé óíèâåðñèòåò, Âè÷åíöà, Èòàëèÿ

á Íîðâåæñêèé óíèâåðñèòåò åñòåñòâåííûõ è òåõíè÷åñêèõ íàóê, Òðîíõåéì, Íîðâåãèÿ

Â ñâàðíûõ ñîåäèíåíèÿõ â çàâèñèìîñòè îò ãðàíè÷íûõ óñëîâèé, ïàðàìåòðîâ ñâàðêè è òîëùèíû

ñâàðèâàåìûõ ïëàñòèí ìîãóò íàáëþäàòüñÿ âûñîêèå ñæèìàþùèå èëè ðàñòÿãèâàþùèå îñòà-

òî÷íûå íàïðÿæåíèÿ, îêàçûâàþùèå ñèëüíîå âëèÿíèå íà óñòàëîñòíóþ ïðî÷íîñòü â ìíîãîöèêëî-

âîé îáëàñòè. Â ñëó÷àå ìîäåëèðîâàíèÿ ñòûêîâîãî ñâàðíîãî ñîåäèíåíèÿ â âèäå îñòðîãî V-îáðàç-

íîãî íàäðåçà ñ íóëåâûì ðàäèóñîì ñêðóãëåíèÿ âåðøèíû ïîëÿ îñòàòî÷íûõ íàïðÿæåíèé ìîæíî

îïèñàòü ñ ïîìîùüþ óïðóãèõ è óïðóãîïëàñòè÷åñêèõ êîýôôèöèåíòîâ èíòåíñèâíîñòè îñòàòî÷-

íûõ íàïðÿæåíèé â íàäðåçå. Ýòî ïîçâîëÿåò ðàñ÷åò÷èêàì îöåíèòü âëèÿíèå îñòàòî÷íûõ íàïðÿ-

æåíèé íà óñòàëîñòíóþ äîëãîâå÷íîñòü ñâàðíûõ ñîåäèíåíèé. Ïðîàíàëèçèðîâàíî âëèÿíèå îñòà-

òî÷íûõ íàïðÿæåíèé íà óñòàëîñòíóþ ïðî÷íîñòü ñòûêîâûõ ñâàðíûõ ñîåäèíåíèé èç àëþìè-

íèåâîãî ñïëàâà â ðàìêàõ ïîäõîäà ëîêàëüíîé ïëîòíîñòè ýíåðãèè äåôîðìàöèè. Óñòàíîâëåíà

òåñíàÿ êîððåëÿöèÿ ìåæäó ïîëó÷åííûìè ðàñ÷åòíûìè çíà÷åíèÿìè óñòàëîñòíîé äîëãîâå÷íîñòè

è èçâåñòíûìè ýêñïåðèìåíòàëüíûìè äàííûìè.

Êëþ÷åâûå ñëîâà: ëîêàëüíàÿ ïëîòíîñòü ýíåðãèè äåôîðìàöèè, îñòàòî÷íûå íàïðÿæåíèÿ,

àëþìèíèåâûé ñïëàâ, óñòàëîñòíàÿ äîëãîâå÷íîñòü, ÷èñëåííîå ìîäåëèðîâàíèå, ñèíãó-

ëÿðíîå ïîëå íàïðÿæåíèé, êîýôôèöèåíòû èíòåíñèâíîñòè îñòàòî÷íûõ íàïðÿæåíèé â

íàäðåçå.

Introduction. Fatigue resistance of welded joints is highly influenced by residual

stresses induced by welding operations, provided the stress ratio is equal to or less than

zero and the lives are greater than one million cycles [1, 2]. Despite first contradictory

results [3–7], which highlighted a poor influence of residual stresses on the fatigue limit of

as-welded joints compared to that of the stress-relieved ones, an increase of the fatigue

resistance over 150% was observed in the stress-relieved steel joints [8]. More recent

papers, then, confirmed the strong influence of residual stresses on fatigue limit of some

types of joints [9, 10].

The Design Codes include the residual stresses effect in reference curves obtained by

elaborating a large amount of experimental data. Due to the presence of high residual

stresses in the real structures, these curves do not depend on the nominal load ratio (R). On
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the other hand, Eurocode 3 allows to increase the category of the welded detail when the

welded joints is ‘stress-relieved.’ In particular, the increment is 33% when the nominal load

ratio changes from R� 0 to R��1.

In welded joints subjected to fatigue loading, cracks systematically initiate and

propagate from the weld toe or weld root where high stress concentration effects are

present. If the weld toe region is modeled as a sharp, zero-radius, V-shaped notch, the

distribution of the stress in the neighborhood of this zone is linear in a log–log scale and its

slope corresponds to the analytical solution by Williams [11], while the intensity of such a

stress distribution is quantified by means of the notch stress intensity factor (NSIF) [12].

The idea of estimating the fatigue strength of welded joints on the basis of the stress

intensity factor (NSIF) is well established and well documented in the literature [13–18].

However, the calculation of the NSIFs is far from easy if the residual stresses induced by

the welding process have to be taken into account. Asymptotic stress fields at the weld toe

induced by the solidification of a fusion zone (FZ) in aluminum alloy butt-welded joints

were first presented in [19]. In that work, the asymptotic nature of the residual stresses near

the weld toe was established and the obtained results were considered a promising starting

point for including the residual stress effect on the fatigue strength estimation of welded

joints by means of the local approaches mentioned above.

Unfortunately, the strong and complex interaction among thermo-mechanical material

properties, clamping conditions, geometry of the workpiece, thermal loads and phase

transformation make the calculation of residual stresses very hard and time consuming. A

complete solution of such complex problem is possible by using only numerical methods

[20]. Reliable models require the implementation of phase transformation effects on the

calculation of residual stresses induced by welding [21]. In a previous work, a consistent

analysis about the effect of phase transformations on residual stresses induced by a welding

operation was carried out [22]. Both volume change and transformation plasticity associated

with phase transformations were found to affect the residual stress field. The asymptotic

residual stress field near a sharp V-notch tip was investigated in [23, 24]. In those works,

authors found that both volume change and transformation plasticity associated with phase

transformations have a great influence on the value of the asymptotic residual stress field

arising near a V-notch tip. According to the specimen geometry, dimension and shape of the

heat affected zone (HAZ), phase transformation effects may change the sign of the singular

residual stress field if compared with that calculated with a simplified single-phase

material, as usually made in the past.

The main drawback of the local stress approach based on NSIFs is that it does not

allow a direct comparison of the fatigue strength of joints having different V-notch opening

angle. This is due to rational exponents in the dimensions of NSIFs, whose value varies

according to the V-notch opening angle [11]. To overcome this limit, the fatigue strength

assessments in the presence of failures from the weld root and the weld toes with different

opening angle can be carried out by using energy-based methods such as the J-integral

approach [25] or by the introduction of the concept of local strain energy density (LSED)

over a control volume [17, 26].

In a recent work [27], a method to quantify the effects of residual stresses on fatigue

strength of welded joints based on the LSED approach was proposed. The method requires

an accurate calculation of the asymptotic residual stress field in terms of NSIF and it is

applied in the high-cycle regime where the redistribution of residual stresses induced by

plastic effects is negligible (small scale yielding hypothesis). However, even if it was

shown the capacity of the model to quantify the effect of residual stresses on fatigue

strength of welded joints, an appropriate validation by means of experimental data is still

not available. The main aim of this work is to fill this gap by taking advantage of some

experimental results taken from literature. In particular, data from the work by Bertini et al.

[28] were used to validate the proposed method. In that work, the influence of the post weld
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treatments on the fatigue behavior of Al-alloy welded joint was investigated in detail.

Published data regarding microhardness profile, residual stresses measurement, and fatigue

tests of as-welded and stress-relieved joints were found sufficient for the validation of the

proposed method. A good agreement was found between experimental and predicted

results. The present paper is threefold. In the first part of the paper the method based on

LSED is described showing the main analytical developments. In the second part, the

numerical simulations of welding used to calculate the asymptotic residual stress distribution

in Al-alloy welded joints are described in detail. Finally, in the third part, the methodology

based on LSED is directly applied to estimate the influence of residual stresses on the

fatigue strength of as-welded joints.

1. Mathematical Background. Consider the problem of the elastic equilibrium in the

presence of a V-shaped notch with an opening angle 2� (Fig. 1).

If the material is homogeneous and isotropic, under the hypothesis of linear, thermo-

elastic theory and plane-strain conditions, it has been demonstrated [19] that the equations

representing the stress field near the V-notch, are independent of the thermal terms and

match the exact elasto-static solution obtained by Williams [11]. In such conditions,

whatever the load applied (thermal or mechanical), under linear-elastic hypothesis and

plane-stress or plane-strain conditions, the induced stress field near the notch tip (Fig. 1)

(by relating only to the first term of the Williams solution and mode I of V-notch opening),

is described by the following asymptotic equation:

� � �
�ij

th m
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I
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(i j r, ,� �), (1)

where g ij ( )� are the angular functions, � I is the first eigenvalue obtained from Eq. (2),
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,
is the NSIF due to a thermal (th) or mechanical (m) symmetrical load (opening

mode I). According to the Gross–Mendelson definition [29]:
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Fig. 1. Domain � for the sharp V-notch problem.



The first eigenvalue depends only by the V-notch angle (2�) and varies in the range

between 0.5 and 1. The eigenvalue is 0.5 in the crack case (2 0�� ), and increases to 0.674

and 0.757 when the notch opening angles are equal to 135 and 150�, respectively. Then, the

corresponding degrees of singularity of the stress field become 0.5, 0.326, and 0.243.

Since in the linear elastic field the stresses and the strains are linked by the Lame

constitutive equations, it is possible to calculate the strain energy density at each point in

the vicinity of the notch tip and average it in the control volume near the singular zone.

Under plane strain conditions and mode I loading, the strain energy density averaged

in the circular sector of radius RC is [26, 30, 31]:
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where the parameter eI depends on V-notch opening angle (2�), Poisson’s ratio (�) of the

material and failure hypothesis. Under Beltrami failure hypothesis (total strain energy

density) and plane strain conditions, �� 0.34 (aluminum alloy AA 6063) and 2 135�� �,
eI is equal to 0.111. The control radius (RC ) is a material characteristic length that for

Al-alloy welded joints was found to be equal to 0.12 mm [17, 30]. For more details and

application of the SED approach see, e.g., [32–36].

Relating to fatigue problems of welded joints, K m
I [Eq. (4)] is normally the NSIF of

as-welded joints, which would take also into account the presence of pre-existing residual

stresses. However, due to the lacking of information about the residual stress field near the

weld toe induced by welding processes, the contribution due to the residual stress has been

always neglected in the past. Residual stresses have the effect of modifying the local load

ratio (R). As a matter of fact, the following relationships can be written:
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where now K res
I is the R–NSIF which characterizes the residual stress field, and R m and

R correspond to the local load ratio of the nominal and real cycle, respectively.

Starting from Eqs. (4)–(6), for R� 0, the following equation is obtained (details about

the analytical frame employed are published in [27]):
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where �� n is the nominal stress range. Similarly, for R�0 the following relationship is

obtained:

110 ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2016, ¹ 3

P. Ferro and F. Berto



�

�

max

( )
/

( )
( )

( )
L

res
m

m C

z

K
R E

R e
R

C

N
�

�
�

�

�

�
�

�

�
 �

I

I

I2 2 1
1

1

1

�

�
�
�

�

�
 
 

�
�

�� �

1 2

1 1
1 1

/

( ) ( )
,

k t R

K

k t Rm

res

m
I

I

I
I I� �

(8)

where C is a constant and z is the slope of the fatigue data expressed in terms of local

strain energy density experimentally calculated (z N N W WD D D D� log( / ) / log( / )
1 2 2 1

� � ),

subscripts D1 and D2 indicate two points of the curve �W N( ), k I is a non-dimensional

coefficient, similar to the shape functions of cracked components calculated by using the

following equation:

K k hm
nI I

I� �� �1
, (9)

where � n is the remotely applied stress, and h is a geometrical parameter of the plate,

according to Lazzarin and Tovo [12]. Equations (7) and (8) are applied in high-cycle

fatigue regime where the redistribution of the pre-existing residual stresses are considered

negligible [27].

2. Numerical Welding Simulation. By using the experimental data found in [28],

6063 Al-alloy sheets welding was simulated by means of Sysweld® numerical code. Plates

were welded in the double V-configuration using the GMAW technique and the ER4043

alloy as filler metal. Geometry of the specimens is shown in Fig. 2. The weld toe is

modelled as a sharp V-notch with 2 135�� �.

The V-notch angle was chosen on the basis of several analyses of aluminum welded

joints [17] and the geometry of the numerical model provided in [28].

Thermo-mechanical materials properties of the base metal were taken from Sysweld®

database. The dependence of thermal properties with respect to the temperature was found

not to have a significant influence on temperature and residual-stress distributions [37–39].

Here, for the sake of simplicity, room temperature thermal properties were employed (see

Table 1) [37–39]; on the other hand, residual-stress distributions are strongly dependent on

the variation of the mechanical properties with temperature, so that the yield stress range

was taken into account [37–39]. In this work, the isotropic strain-hardening model is used

and true stress–strain curve of the welded metal (ER4043) is taken from [40] where data

from microtraction tests are available.

In order to simulate the softening effect induced by welding in the HAZ, dissolution

of !!� (Mg2Si) precipitates is taken into account by means of the following reversion model

[41]:
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Fig. 2. Schematic representation of cross sectional area of the butt-welded joint and polar coordinate

system centred on the singular point. (V-notch angle = 135�.)
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where f is the dissolution fraction of precipitates, t is the time, T is the temperature (K),

R g is the constant of a perfect gas, t r
* (900 s) is the time necessary for the total dissolution

of precipitates at a given temperature Tr (330�C), Qs is the enthalpy of metastable solvus

(434.6 J/mol), Qd is the energy for activation of diffusion process of one of alloy elements

(the less mobile) (1883.8 J/mol) and, finally, n is a parameter which depends on f [n f( )�
� �05. ,af b with a� 0.3948 and b� 0.2669). The values of parameters in Eq. (10) were

taken from the Sysweld® database. The yield stress in the HAZ has been calculated by

using the following linear mixture law:

� � �Y Y
SHT

Y
Tf f� � �( ) ,1 6

(11)

where �Y
SHT and �Y

T 6 are the yield stresses of the material at solution heat treated (SHT)

and T6 condition (solution heat treated and then artificially aged), respectively. Due to the

great number of nodes necessary to capture the asymptotic stress field near the weld toe, a

2D model under generalized plane-strain conditions has been used (for more details about

the use of 2D models for the welding process simulation, see [42–44]).

By taking advantage of the double symmetry, only one half of the joint was modelled

and analysed with about 5500 parabolic isoparametric elements (Fig. 3). At the notch tip,

the minimum size of the elements was about 5 10 4" � mm. Finally, an uncoupled, thermo-

mechanical analysis was carried out. The mesh was fitted only in the bottom side of the

joint where tensile stresses were applied during the four-point bending fatigue test.

Preliminary analyses have shown that the R–NSIF (K res
I ) in both sides of the joint is

negative but it is higher (in absolute value) in the bottom side compared to the top side.
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T a b l e 1

Thermal Properties of Aluminum Alloy AA-6063 at Room Temperature

Thermal conductivity

(W/(m"K))

Thermal capacity

(J/(kg"�C))

Density

(kg/m3)

Solidus temperature

(°C)

200 900 2700 616

Fig. 3. FE mesh of the specimen.



The two-pass arc welding process was simulated by means of Goldak’s source [45]

shown in Fig. 4. By using the original symbols present in Goldak’s paper, the heat source is

described for a 2D model by the following equation:

q x y t
f Q

abc
e e eg

x a y b v t
( , , )

,

,

/ / [ (� � � � �6 3 1 2

1 2

3 3 32 2 2 2


 

# )] / , .

2
1 2c

(12)

The meaning of symbols in Eq. (12) and their values are summarized in Table 2.
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T a b l e 2

Goldak’s Source Parameters

Q* Power input [W] 2860

$ Efficiency 0.64

Q Absorbed power [W], with Q Q�$ * 1830

a

Molten pool dimensions [mm]

4.0

b 1.5

c1 2.3

c2 7.9

f1 Constants for the energy distribution of the heat flux
0.6

f2 1.4

v Welding speed [mm/s] 11

# Total time spent by the welding source to be over the transverse cross

section of the plate [s]

35

Fig. 4. Two double ellipsoid heat sources configuration together with the power distribution function

along the % axis of the moving coordinate system (x y, , %). The transformation relating the fixed and

moving coordinate system is % #� � �z v t( ).



Due to the absence of information about the source parameters used in [28], a

calibration was possible by using the microhardness profile published in that work. As a

matter of fact, the hardness near the weld bead is a function of the thermal and

metallurgical history induced by the welding source in that zone. The microhardness profile

has been estimated by using the following linear mixture law:

HV fHV f HVSHT T� � �( ) ,1 6
(13)

where HV T 6 and HV SHT are the Vickers hardness of the material in the T6 (85 HV) and

solution heat treated (50 HV) condition, respectively. Finally, fusion zones were modelled

by element birth method.

3. Results and Discussion. Figure 5 shows the comparison between the experimental

and numerical microhardness, together with the peak temperature (Tp ), as a function of the

distance from the fusion line. Figure 5 is the result of the welding parameters calibration

(Table 2) obtained by means of different numerical simulations. A good correlation can be

observed between the calculated and measured HAZ extension. Discrepancies in the

microhardness numerical and experimental values for distances less then 4 mm (where the

minimum hardness value was measured), are due to the effect of natural ageing [41], not

taken into account here for sake of simplicity.

Figure 6 shows the distribution of phase f (corresponding to the aluminum alloy at

the solution heat treated state) at room temperature and the temperature distribution at the

instant of maximum FZ extension.

The asymptotic distribution of residual stresses near the weld toe of the bottom side of

the joint is shown in Fig. 7 (since negative residual stresses were calculated, their absolute

value is plotted in the log-log diagram). A good correlation is found between the numerical

and analytical elastic solution [see Eq. (1)]. Due to the mixed mode loading, the analytical

solution contains also the mode II component that is not singular for the analysed V-notch

opening angle. However, the first term (mode I) dominates up to about 0.15 mm from the

notch. Since the Rc value for aluminum alloys welded joints is 0.12 mm [17], the use of

only the first term (mode I) for the calculation of the strain energy density [see Eq. (4)] is
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Fig. 5. Numerical and experimental microhardness profiles and peak temperature Tp as a function of

the distance from the notch tip.



fully justified. In particular, the intensity of the asymptotic residual stress field is expressed

by a value of K res
I equal to �83. MPa mm" 0 3264. .

Now, by using the plate thickness (5 mm) as reference dimension (h), k I [see Eq. (9)]

is easily found to be equal to 0.976. Fatigue data of stress-relieved samples published in

[28] are used to calculate the fatigue curve expressed in terms of local strain energy density

by means of Eq. (7) with K res
I equal to 0. Results obtained are collected in Table 3.

Finally, by using Eq. (7) with K res
I equal to �83. MPa mm" 0 3264. , the influence of

residual stresses on fatigue strength of welded joints has been estimated. Figure 8 shows

the fatigue curves of stress-relieved and as-welded joints with a comparison between the

experimental and predicted results obtained with the proposed method. The correlation

between predicted and experimental results can be considered good in the high-cycle
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Fig. 6. Fraction f of completely dissolved precipitates at room temperature and temperature

distribution at the instants of maximum FZ extension.

Fig. 7. Absolute value of the residual stress distribution (�� component) at � � �22 5. (K res
I �

�� "8 3 0 3264. ,.MPa mm K res
II � 5 MPa mm" �0 3021. ).



regime where the redistribution of residual stresses induced by local plastic deformation

can be neglected. However, it is clearly seen that in the short life region the experimental

curves overlap due to the redistribution of residual stresses induced by local plastic

deformation, as demonstrated in a previous work [27]. It is useful to observe that cracks

were always observed to nucleate at the weld root [28] were the local strain energy density

has been calculated.

Finally, it is worth mentioning that in real welded joints, a coupled effect arises among

modes I, II, and III, which can be captured only by means of 3D models [46, 47]. A model

improvement should thus be expected by means of 3D numerical welding simulations. It is

also important to underline that the present paper refers to traditional arc-welding process

and the critical radius should be re-calculated if laser beam welding [48] is considered.

C o n c l u s i o n s

1. An attempt was made to validate a recent model based on LSDE approach that

estimates the influence of residual stress on fatigue strength of welded joints. Experimental

results about fatigue strength of Al-alloy welded joints were taken from literature.

2. The proposed method requires an accurate calculation of the asymptotic residual

stress field in terms of NSIFs and it is applied in the high-cycle regime where the

redistribution of residual stress induced by plastic effects is negligible (small scale yielding

hypothesis).

3. By using information from microhardness profile across the HAZ, the source

parameters were calibrated.
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T a b l e 3

Fatigue Curve Parameters Expressed in Terms of Local Strain Energy Density

Life region z C , MPa z

Short life region 2.275 4470

Long life region

(from 2 106" cycles)

8.5 2 41 10 4. " �

Fig. 8. Comparison between the P50 fatigue curves of as-welded and stress-relieved joints.



4. The calculated asymptotic residual stress field showed a good correlation with the

elastic solution by Williams. In particular, a negative value of the R-NSIF was found. An

improvement of fatigue strength is thus expected for the as-welded joints compared to the

stress-relieved ones.

5. Fatigue curves predicted by the model confirmed this phenomenon and showed a

good correlation with experimental fatigue tests. This can be considered a good starting

point for further validations of the model by using experimental data related also to steel

welded joints and more accurate 3D numerical analyses.

Ð å ç þ ì å

Ó çâàðíèõ ç’ºäíàííÿõ ó çàëåæíîñò³ â³ä ãðàíè÷íèõ óìîâ, ïàðàìåòð³â çâàðþâàííÿ ³

òîâùèíè çâàðþâàíèõ ïëàñòèí ìîæóòü ìàòè ì³ñöå âèñîê³ ñòèñêàëüí³ àáî ðîçòÿæí³

çàëèøêîâ³ íàïðóæåííÿ, ÿê³ ìàþòü ñèëüíèé âïëèâ íà ì³öí³ñòü â³ä óòîìëåíîñò³ ó

áàãàòîöèêëîâ³é îáëàñò³. Ïðè ìîäåëþâàíí³ ñòèêîâîãî çâàðíîãî ç’ºäíàííÿ ó âèãëÿä³

ãîñòðîãî V-ïîä³áíîãî íàäð³çó ç íóëüîâèì ðàä³óñîì ñêðóãëåííÿ âåðøèíè ïîëÿ çàëèø-

êîâèõ íàïðóæåíü ìîæíà îïèñàòè çà äîïîìîãîþ ïðóæíèõ ³ ïðóæíî-ïëàñòè÷íèõ êîåô³-

ö³ºíò³â ³íòåíñèâíîñò³ çàëèøêîâèõ íàïðóæåíü ó íàäð³ç³. Öå äîçâîëÿº ðîçðàõîâóâà÷àì

îö³íèòè âïëèâ çàëèøêîâèõ íàïðóæåíü íà óòîìíó äîâãîâ³÷í³ñòü çâàðíèõ ç’ºäíàíü.

Ïðîàíàë³çîâàíî âïëèâ çàëèøêîâèõ íàïðóæåíü íà ì³öí³ñòü â³ä óòîìëåíîñò³ ñòèêîâèõ

çâàðíèõ ç’ºäíàíü ç àëþì³í³ºâîãî ñïëàâó â ðàìêàõ ï³äõîäó ëîêàëüíî¿ ù³ëüíîñò³ åíåðã³¿

äåôîðìàö³¿. Óñòàíîâëåíî ò³ñíó êîðåëÿö³þ ì³æ îòðèìàíèìè ðîçðàõóíêîâèìè çíà÷åí-

íÿìè óòîìíî¿ äîâãîâ³÷íîñò³ òà â³äîìèìè åêñïåðèìåíòàëüíèìè äàíèìè.
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