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ABSTRACT

It was found that a combination of the advantages of ultrasonic testing and electronic speckle-interferometry in the case of
elimination of their disadvantages is the base for development of the method of non-destructive evaluation of residual welding
stresses in full-scale structures. A procedure of non-destructive evaluation of the distribution of residual tensile welding stresses
in the weld zone of a butt welded joint was developed. It is based on a simultaneous application of ultrasonic testing and elec-
tronic speckle-interferometry and fulfillment of the condition of “area equality” of the epures of balanced compressive and ten-
sile residual stresses. The procedure was proposed for the application on specimens of single-pass welded joints of thin-sheet
constructions from metallic materials with a stable structure. The subject of the study is tensile residual welding stresses in a
MIG-welded specimen of a butt joint of structurally stable 1561 aluminium alloy. Residual welding stress 6 component lon-
gitudinal relative to the weld was evaluated in the plate central area. It was found that the discrepancy of the values of residual
welding stresses near the center of the welded joint of 1561 aluminium alloy is equal to approximately 0.1c,, for this material,
which corresponds to the claimed accuracy of the methods. Based on the research results, a range of procedures was proposed
for the non-destructive evaluation of the residual welding stresses in full-scale welded structures, based on a combination of
ultrasonic testing and electronic speckle-interferometry.

KEYWORDS: residual welding stresses, ultrasonic testing (UT), electronic speckle-interferometry (ESPI), butt joint speci-
men, MIG welding, compressive and tensile testing, longitudinal component of stresses, aluminium alloy, procedure of non-de-
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INTRODUCTION.
RELEVANCE AND AIM OF THE WORK

Residual welding stresses (RWS), arising after welding
in structural elements, are one of the factors that deter-
mine the strength, reliability and service life of products.
For engineering practice, the development and improve-
ment of experimental methods for stress determination,
which are divided into two groups — destructive and
non-destructive, are traditionally relevant [1].
Destructive methods are based on the measurement
of deformations occurring when a welded structure
element is completely or partially destroyed. They are
quite common in scientific research. However, the use
of destructive methods is not always appropriate for
high-cost full-scale products and structures being in
operation. Therefore, in engineering practice, non-de-
structive methods for RWS evaluation are used,
during implementation of which, an examined struc-
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ture remains undamaged. This is the main advantage
of non-destructive methods over destructive ones.
Among non-destructive methods, the most famous
are X-ray, magnetic and ultrasonic (UT-method) [2].
The latter is currently used both in the industry of
Ukraine and abroad to measure residual stresses aver-
aged over the thickness of the material [3—5]. Howev-
er, for the correct evaluation of RWS, the UT-method
has certain limitations related to the peculiarities of
welded joint formation. Thus, the zone of tension (ac-
tive) of RWS in the weld and in the area around it is
formed by the field of plastic compression deforma-
tions, the values of which are characterized by a rather
high gradient. A reliable evaluation of components of
the plane stress state when applying the UT method,
based on the propagation of elastic waves in metallic
materials, is possible only in the field of elastic stress-
es [1]. In the zone of tensile RWS, formed as a result
of plastic deformation of the weld metal and near-
weld zone during shrinkage of the deposited metal,
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Table 1. Characteristics of RWS evaluation methods

Thickness
Methpd ?f RWS. of metal Base of Advantages of the Drawbacks of the
Number | determination/Avail- . measur. Accuracy of the method
o with RWS method method
ability of standard B, mm
4, mm
1. It is possibile to regis-
ter RWS on the surface | 1. Local surface damage
| ESPI-method/DSTU - 10 +0.1c,, in all areas of | of metal and membrane. while drilling.
8852:2019 - ’ RWS 2. It is possibile to regis- | 2. Difficulties in drilling
ter RWS on the base of solid materials.
By, = 1 mm.
1. It is impossible to
obtain RWS on the
metal surface.
. 1. There i t .
+0.1c, , in the zones of cre1sno nee(.i ° |2 Averaging of RWS on
L 02 destroy metal during .
joints, where the values RWS registerin the base of measuring
2 UT method/none >3 10.0 of elastic-acoustic coef- . g . £ B, =10 mm.
. . 2. It is possibile to apply ur
ficients were experimen- 3. It is necessary to
. the method on full-scale . :
tally determined determine elastico-
structures. . .
acoustic coefficients of
various zones of welded
joint.

the values of elastic-acoustic coefficients differ from
their values in the elastically-strained metal [6]. This
reduces the reliability of RWS evaluation in the plas-
tically-strained zone of the metal without establishing
their values for this zone [7].

For engineering practice, it is relevant to obtain
reliable values of tensile RWS, which (in contrast to
compressive RWS) have a negative effect on the ser-
vice life of welded structures. In addition, the values
of RWS when using the UT-method are averaged on
the measuring base B, of the UT-waves transducer,
which is 10 mm. The half-width of tensile RWS distri-
bution in the weld zone, which have a high gradient, is
comparable to the value of B . Therefore, the use of
the UT-method does not allow setting the peak values
of RWS in the center of the weld and close to it. How-
ever, the determination of RWS by the UT-method in
the reactive compression zone, which is character-
ized by an insignificant stress gradient, the absence of
plastic deformations and shrinkage of the weld metal,
is implemented with satisfactory accuracy (Table 1).

In modern studies, to determine RWS, the method
of electronic speckle interferometry (ESPI-method) is
used, which is based on the elastic unloading of RWS
as a result of drilling holes with a diameter d, and a
depth /2, of 1 mm on the surfaces of examined areas of
a welded joint, and can be considered as conditionally
non-destructive [8]. Tensile RWS when measured by
the ESPI method are averaged on the base B, = d,.
This implements a localized determination of RWS,
i.e. minimizes their averaging due to a small measure-
ment base, which results in a high reliability of eval-
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uating the peak stress values in the center of the weld
(in contrast to the UT-method).

The characteristics, advantages and disadvantages
of both methods of RWS evaluation are summarized
in Table 1, from the data of which it can be seen that
the combination of advantages of both methods while
excluding their disadvantages will allow improving
the reliability of non-destructive determination of
RWS in full-scale welded structures.

THE AIM OF

the work is the development of RWS evaluation pro-
cedure, which is based on the combination of advan-
tages of UT- and ESPI-methods.

PROCEDURE, OBJECT AND SUBJECT
OF RESEARCH

As an object, the processes of RWS determination in
a butt joint specimen were studied using the UT- and
ESPI- methods.

RWS were studied in welded joints of aluminium
alloy with a stable structure, during welding of which
no microstructural phase transformations occur in the
melting zone and HAZ, which are associated with the
volume effects and can lead to a change in residual
stresses from tensile to compressive.

Consideration of the residual stress state of the
welded joint when comparing membrane and surface
stresses is correct for small thicknesses and in a sin-
gle-pass welding. Therefore, the subject of the research
was RWS in a plate of a structurally stable 1561 alu-
minium alloy with the dimensions of 320%205x5 mm
with a longitudinal butt weld (Figure 1, a), produced
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Figure 1. Specimen of butt joint of 1561 alloy: « — outer appear-
ance of butt joint specimen, where a solid arrow shows the direc-
tion of o _action, a dotted line — the direction of stress registration
by the UT and ESPI methods; » — macrosection of welded joint
by a single-pass MIG welding. The appearance of the
macrosection of the welded joint is shown in Figure 1,
b. MIG welding mode, residual longitudinal f £, and
transverse A , A, deflections of the plate after welding
are presented in Table 2.

It can be seen that the values f,-f, and A, A, are
insignificant and do not exceed 1.5 mm, which ex-
cludes considerable differences between the values of
membrane RWS and on the plate surfaces.

Diagnostics of the longitudinal (along the weld) o
component of RWS in the central part of the plate was
carried out using the ESPI- and UT-methods [8, 9].
The choice of 6 component (Figure 1) for evaluat-
ing RWS is predetermined by its larger values in the
tension area (compared to the transverse component
G,). The consequence of this is a more significant in-
fluence of 6_(compared to c,) on the characteristics of
the loads of the joints in operating conditions.

When registering the values of o stresses using
the UT-method, the UT-waves transducer was moved
along the surface of the plate on the side of the weld
root along its central cross-section in the directions
indicated by the dotted arrows in Figure 1, a.

When applying the ESPI-method, the stress values o
on the surface of the specimen were registered on both
sides of the plate in the weld center and at a distance of
7 mm from it in the directions indicated by the dotted
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Figure 2. ¢_stresses in the central cross-section of welded joint
specimen of 1561 alloy (Figure 1), obtained by the UT-method
(curve 7) and the ESPI-method (point D), where 2 is a straight
line, showing the gradient of growing tensile RWS, S1 is the area
of the compression epure, S2 is the area of the tension epure
arrow (Figure 1, a). The values of membrane 6_ were ob-
tained by averaging the values of stresses over the thick-
ness on the surface of the specimen on the corresponding
areas of the outer and back surfaces of the plate.

RESULTS OF EXPERIMENTS
AND THEIR DISCUSSION

Figure 2 shows o_stress distributions (curve /) in the
central cross-section of the welded joint specimen
(Figure 1), produced by the UT-method. The straight
line 2 shows the gradient of growing tensile RWS in
the active zone.

Taking into account the fact that the application of
the UT-method excludes the determination of stresses
in the center of the weld, the value of 6 in this area
was performed by the ESPI-method (point D in Fig-
ure 2). Epures of tensile and compressive RWS should
have equal areas, i.e. be “balanced”. Thus, the area S1
of the curvilinear surface between the 0—Y axis and
the curve 4B (compression zone) should be equal to
the area S2 of the quadrilateral BCDO (tension zone)
(Figure 2). However, in this quadrilateral, the position
of the point C remains undefined on the straight line 2,
since the UT-method does not allow measuring tensile
o_stresses in the area close to the weld metal.

Table 2. MIG welding modes and deflections of butt joint specimen from 1561 alloy

Welding speed V,, | Welding current | Welding voltage | Grade/diameter of U mm AJ/A,, G,,» MPa
mm/s I,A U,V filler d, mm 12y mm (for BM)
10 240 26.5 ER5356/1.6 1.0/1.5/1.2 1.5/1.5 180

Note. f, and f; are the deflections of longitudinal edges of the plate; f is the longitudinal deflection of the plate along the weld; A, and A, are
the deflections of transverse edges of the plate, respectively, at the beginning and end of the weld; BM is the base metal.
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Figure 3. Residual o_stresses in the central cross-section of
welded joint specimen of 1561 alloy (Figure 1), obtained by the
UT-method (curve /) and the ESPI-method (curve 2)

In the quadrilateral BCDO, the length of the side
BO (the size of the width of the tensile stress zone)
and the length of the side DO near the right angle,
which in the selected scale of the ordinate axis cor-
responds to the value of the tensile 6_ stresses in the
center of the weld produced by the ESPI method, are
unchanged. Thus, the condition of equality of the ar-
eas S1 = 82 is set by the position of the point C on
the straight line 2 (Figure 2). The coordinate of this
point C on the ordinate axis (if the condition S1 = §2
is fulfilled) determines the value of 6_ stresses in the
area near the weld, and the center of the weld on the
abscissa 0—Y axis. Thus, the fulfillment of the condi-
tion S1 = §2 determines the position of the point C on
the straight line 2 (Figure 2).

The distribution of o stresses in the central
cross-section of the plate (UT—method) which was ex-

Ox
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Figure 4. Epure of membrane RWS obtained using the procedure
according to variant 1, where S3 and $4 are the areas of the ten-
sion and compression epures, respectively, points D and E are the
values of RWS in the weld center and in the fusion zone
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tended to the point C, is shown in Figure 3 (curve 7).
The coordinates of the point C were determined under
the condition that the corresponding areas of the ten-
sion and compression epures are equal. With the use
of the ESPI method, the values of membrane _in the
center of the weld (point D) and near it (pomt Cl)
were obtained, which are shown by the straight line 2.
It should be noted that obtaining reliable values of 6_
in the region C1-D by the UT-method is impossible.

When comparing the values of _at the points C and
C1 (Figure 3), obtained by the UT- and ESPI-methods,
respectively, it can be seen that their difference does
not exceed 18 MPa, i.e., it is close to 0.1c, for 1561
alloy (Table 2), which corresponds to the claimed ac-
curacy (Table 1).

Based on the abovementioned results, the proce-
dure of diagnosing RWS in thin-sheet full-scale struc-
tures with single-pass welds, which is based on the
combined application of UT- and ESPI-methods, is
promising. However, it should be noted that the pro-
posed procedure has certain limitations. Thus, with
significant thicknesses and multipass welding, there is
always a non-uniform distribution of residual stresses
over the thickness, even with a change of sign, and the
determination of the averaged stresses over the thick-
ness is not of interest. Eliminating these limitations
is the direction of further research, including using
methods based on other physical principles.

§3 =54

h . 2 Fhol

Figure 5. Procedure of RWS evaluation according to variant 2:
a — epure of membrane RWS, where areas S3, S4, points D and
E are similar to Figure 4; b — location of holes / and 2 for stress
evaluation by the ESPI-method, respectively, on the outer and
back surfaces of the weld
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Figure 6. Procedure of RWS evaluation according to variant 3: « — curve / — epure of membrane RWS obtained by the ESPI-method
on the witness specimen; curve 2 — epure of membrane RWS, obtained by the UT-method in the reactive compression zone of the
witness specimen; b — 1 — area of the epure of membrane compression RWS, obtained by the UT-method on the structure; 2 — area
of the epure of membrane tensile RWS, constructed by the method of analogies

It is possible to use the procedure in three variants.

VARIANT 1

(Figure 4) is the express-evaluation of RWS by the
UT-method, which allows a quick non-destructive de-
termination of the general level of tensile stresses in
the active zone on a full-scale structure. When apply-
ing the procedure, the condition of equal stresses in
the center of the weld (point D) and near it (point F)
is accepted. At the same time, the geometric shape of
the tension epure is taken in the form of a trapezoid
(Figure 4). This excludes the determination of the fea-
tures of RWS formation in the central part of the joint,
which is a disadvantage of this procedure despite its
advantages such as speed and ease of implementation.

1. Stages of RWS evaluation according to variant 1:

1.1. Distribution of RWS in the reactive zone
(compression) is determined by the UT-method.

1.2. The area of the compression epure $4 is calcu-
lated (Figure 4).

1.3. Under the condition S3 = $4, the height of the
trapezoid with the area S3 of the tensile stresses epure
(Figure 4) is calculated, which on the ordinate axis
determines the value of RWS at the points D (weld
center) and £ (fusion zone).

VARIANT 2

is the evaluation of RWS (Figure 5) by a combination
of ESPI- and UT-methods, which allows obtaining the
values of tensile RWS in the active zone on a full-
scale structure with minimal mechanical impact on
the surface of the weld metal.

The minimization of the impact is achieved due to
the application of the ESPI-method for determination
of RWS (in Figure 5, a, point D) exclusively on the
areas of root reinforcement in the weld center (on the
condition of free access to them). At the same time,
the heights of the reinforcement 4, and the root &,
of the weld should be greater than 4, as is shown in

Figure 5, b. After the determination of RWS values on
both surfaces of the weld, the holes for stress regis-
teration can be (if necessary) removed by mechanical
methods of metal layers from the mentioned surfaces,
provided that the thickness 6 of the working cross-sec-
tion of the base metal is preserved.

2. Stages of RWS evaluation according to variant 2:

2.1. The value of membrane RWS in the weld cen-
ter is determined by the ESPI-method (in Figure 5, a,
point D).

2.2. The UT-method determines the distribution of
RWS in the reactive (compression) zone.

2.3. The area of compressive stresses $4 is calcu-
lated (Figure 5, a).

2.4. Under the condition S3 = 5S4, where S3 is the
area of the tensile stress epure, the coordinates of the
point £ and the relative value of RWS (Figure 5, a)
are calculated similarly to the method corresponding
to Figure 2.

VARIANT 3

is the non-destructive evaluation of RWS (Figure 6)
in full-scale structures by combining the ESPI and UT
methods with the simultaneous use of a witness spec-
imen from a similar material. Basing on the method
of analogies, the procedure allows obtaining values
of membrane tensile RWS in the specimen, which are
equal to the stresses in a full-scale structure. The er-
ror between the distributions of compression RWS in
the specimen and the structure should not exceed the
claimed accuracy of the methods (Table 1). This is
achieved by the equivalence of such components of the
criterion of similarity of the specimen and structure as
their geometric characteristics and welding modes.

3. Stages of RWS evaluation according to vari-
ant 3 (Figure 6):

3.1. The ESPI-method is used to determine the dis-
tribution of membrane RWS in the witness specimen
(Figure 6, a, curve ).
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3.2. The UT-method is used to determine the distri-
bution of RWS in the reactive zone (compression) in
the witness specimen (in Figure 6, a, curve 2).

3.3. The UT-method is used to determine the distri-
bution of RWS in the reactive zone (compression) in a
full-scale structure (in Figure 6, b, area I).

3.4. The characteristics of the compressive stress
epures of the specimen and structure are compared
according to the curve 2 (Figure 6, a) and the curve
in the area / (Figure 6, b) and their identity within the
accepted measurement error is established.

3.5. Taking into account the results of the item 3.4
(identity of the compressive stress epures of the spec-
imen and structure), the distribution of tensile RWS
in the structure is constructed by the method of analo-
gies (in Figure 6, b, area 2).

Analyzing the abovementioned results, it should
be noted that a combined application of the UT- and
ESPI-methods allows minimizing their disadvantages
(Table 1) while combining their advantages. This cre-
ates prerequisites for the development of a number of
procedures for the non-destructive determination of
stress states in full-scale welded structures.

CONCLUSIONS

1. It was established that the combination of the ad-
vantages of the UT- and ESPI-methods while elimi-
nating their drawbacks is the basis for developing a
method for non-destructive determination of RWS in
full-scale structures.

2. It was established that the difference in the val-
ues of tensile RWS in the butt joint weld zone of 1561
aluminium alloy, obtained by the UT- and ESPI-meth-
ods, is close to the index 0.1c, , for this material, which
corresponds to the claimed accuracy of the methods.

3. A procedure for the non-destructive determina-
tion of peak values and distribution of tensile RWS
in the butt joint weld zone was developed, which is
based on the combined application of the UT- and
ESPI-methods and compliance with the condition of
“equal areas” of the epures of balanced tensile and
compressive residual stresses.

4. Based on the results of the research, three types
of procedures for the non-destructive determination
of RWS in full-scale welded structures were proposed
based on the combination of UT- and ESPI-methods.
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