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Abstract. The aim of this paper is the analysis levels of residual stress created by the welding
process. The paper focuses on the evaluation of residual stresses. Residual stresses in welded
structures affect the quality of the structure and therefore their quantification plays an important
role. We can improve the mechanical properties of structures with the proper method of
evaluation and with the help of suitable technology of removing residual stresses in welded
joints, which can lead to increased durability and reliability of the structure. The residual
stresses were evaluated using the hole drilling method with strain gauge rosettes, as well as the
optical Photostress method using photosensitive coatings and digital image correlation (DIC).

Introduction

Among the most commonly used method for the permanent joining of materials is welding. It
is widely used and is currently one of the preferred methods. Welded joints in structures present
a certain risk because they can act as stress concentrators. The residual stresses introduced into
the materials have a negative effect on the quality of the whole construction. At present, there
IS a great effort to evaluate residual stresses. The most common source of residual stresses is
the machining of materials. Almost all machining technologies cause residual stresses in the
workpiece. Another source of residual stresses may be the modification of the mechanical
elements of the mechanism during its operation. In other cases, they may arise during
installation of the element, assembly of the structure, occasional loading. According to its
origin, the ways of residual stress formation can be divided into three categories, i.e.
mechanical, temperature and metallurgical ones [1,2].

The cause may be one of these factors, or their combination, which results in residual stress.
For example, during grinding, all three factors are combined (Fig. 1). The residual stresses in
the structures can reach relatively high values. Especially if they are close to cracks, welds,
cavities, etc. In these cases, residual stresses are difficult to observe and can cause damage at a
lower load than the maximum permissible load. [3].

( R
Tensile | ™
stress ‘ Grinding
’ ——
. Weld - o
Compressive | ! Compressive Tensile
stress [ ‘ stress stress

a) b)
Fig. 1: Residual stress created by a) welding and b) grinding [3]
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Fastening technology is a very important part of the industry. Welding of metals is the best
known and most commonly used connection technology [4]. During welding three distinct areas
are formed, i.e.: the weld metal to be melted, the heat affected area that undergoes the thermal
cycle of the welding process, and the parent metal that is unaffected during the operation. By
applying post-weld heat treatment, the material properties can be adjusted to the desired, but
the temperature changes induced by the welding result in undesirable effects on the original
microstructure, meaning a deviation of the mechanical properties in and around the weld from
the material not affected by welding (Fig. 2). This represents a number of possibilities in terms
of the generation of undesirable residual stress [4].
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Fig. 2: Distribution of residual stresses created by welding

Welding is a process that is based on local heat generation by a moving heat source. The
material to be welded reaches the melting point very quickly and then cools down rapidly
causing microstructural and mechanical changes in properties and creating residual stresses [5].

The residual stresses present in the workpiece are the result of uneven expansion and
compression of the weld and the base material due to the uneven heat distribution during the
welding process. Usually, the residual stresses recorded in the weld joints are tensile and have
a negative effect on the welded components. On the other hand, the residual compressive
stresses can have beneficial effects on welded material. Tensile residual stresses can cause
cracks, while compressive stresses can improve component quality. Tensile stresses are
generated as a result of material shrinkage, while compressive stresses are generated by
hardening and phase transformation. Both types of stresses exist in the weld joint, but their
distribution depends on the position of the weld. The properties of a welded joint structure can
be improved by applying specific processing to a particular location depending on residual
stress distribution data. Fort that reason it is important to identify the weld residual stresses and
their distribution to improve the quality and reduce the negative effects in the welded
components [5].

Evaluation of Residual Stresses

Detecting and measuring residual stresses is important in predicting the life of a component or
structure, analysing deformations and detecting failure reasons. All measurement techniques
are divided into non-destructive, semi-destructive and destructive (see Table 1). The choice of
a measurement method depends largely on the information we need to obtain about the
specimen. An important aspect of such measurements is the knowledge of each measurement
technique, their possibilities and limitations [6].

In practice, the determination of residual stresses in structures and machine components is
usually based on the hole-drilling method. This method has the advantages of high accuracy
and reliability, a standardized measurement process and appropriate practical application. This



Is a semi-destructive method because in most cases the drilled hole is very small in comparison
to the specimen size. The drilled hole is often also repairable or negligible [7]. Strain gauge
rosettes are used for recording relaxed deformations by hole drilling from which residual
stresses are calculated [8].

Table 1: Distribution of methods by the destruction

Non-destructive method Semi-destructive method Destructive method
Barghausen noise Hole drilling method Partitioning method
RTG diffraction Ring-Core method Contour method

Neutron diffraction
Ultrasonic method

The strain gauge rosette differs from the classical strain gauge in that it has three measuring
grids. Their position and rotation relative to each other on the rosette are precisely defined.
Using a conventional drilling method, a hole is drilled into the centre of the rosette and
deformations are measured in the material around. By the Ring-Core method, deformations are
measured at the centre of the strain gauge while drilling is carried out around the rosette, where
the annular groove is drilled. In Fig. 3, these methods are schematically illustrated, where Dg is
the diameter of the drilled hole and D is the mean diameter of the rosette [5]. A expresses the
maximum hole depth if the measurement is still quantifiable, and ¢,, &,, &, represent the

relaxed deformations on the strain gauge sensors [8].

The Ring-Core method has the advantage of greater relaxed deformations. Nevertheless, in
most cases, the conventional hole drilling method is used because of ease use and less damage
to the specimen during drilling [7].
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Fig. 3: Methods for measuring residual stresses with strain gauges, a) conventional hole
drilling method, b) Ring-Core method

The scheme for investigating the released strains at any point of plane stress is shown in
Fig. 4 [9].

Fig. 4: Investigation of relaxed deformations at any point of plane stress



The general expression for the released relative radial deformation at the point, in the case
of biaxial residual stress, can be expressed by

& = (A + Bcos2B)omax + (A — Bcos2)Omin (1)

where ¢, is the represents the released deformation in the radial direction registered by the
strain gauge centered at point P, 4, B are the calibration coefficients, g is the angle measured
counterclockwise from the direction of the strain gauge to the direction op,.x, Omax IS the
maximum normal stress at the hole before drilling, o,y is the minimal principal normal stress
at the hole before drilling, D is the mean diameter of the strain gauge rosette and Dy, is the hole
diameter [10].

The coefficients A, B are obtained empirically, it is by experimental calibration or numerical
modelling using FEM. When introducing another independent variable - dimensionless hole
depth, the generalized form of functions for coefficients can be expressed by

Iﬂ_:fA(E,,Ll,T,Z/D)
B :fB(E,M,T,Z/D).

The procedure for measuring and evaluating the residual stresses have been described in
standard ASTM E837-13a [11]. In the drilling method, it is necessary to recognise what type
of specimen we use. We distinguish between “thin” and “thick” specimens. A specimen can be
considered “thick” if its thickness is at least 1.2 D. When drilling such a specimen, the blind
hole principle is applied, the drilling is performed in-depth increments. After each measurement
step the strain gauge sensor records the relaxed deformations &1, €2, €3. According to standard
ASTM E 837-13a, the measurement should be performed to a maximum depth corresponding
to a ratio Z/D = 0.4, where the constant Z represents the depth of the hole and the constant D
represents the mean diameter of the strain gauge rosette. A specimen of less than 0.4 D thick is
considered to be 'thin'. In this case, the measurement is performed simultaneously, without
increments. This rule for the through-hole applies, which means that the specimen is drilled in
one step and only one strain relief value is obtained from all strain gauge sensors ¢,, &,, &

13].

Experimental determination of residual stresses near welded joints

The experimental part was focused on the verification of residual stresses near the weld joint
by using optical methods as well as the hole drilling method. The aim was to compare residual
stresses at individual sites of the test specimen, close and outside of the weld joint. This
comparison determined the distribution of residual stresses at individual locations near and
outside the weld joint.

First of all, the chemical composition of the specimen was determined, and based on the
obtained data it was determined that the material was S235J2 with a thickness of 13 mm. The
material characteristics required for the experiment are determined by the elastic modulus E =
200 GPa, Poisson’s ratio x = 0.3, ultimate strength Rm = 360-510 MPa and upper yield point
Ren = 235 MPa. The weld joint was made by electric arc welding with a melting electrode E-R
117 (Fig. 5).



Fig. 5: Tested specimen

Fig. 6 shows the locations of the measurement points on the evaluated specimen.
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Fig. 6: Locations of the measurement points

As can be seen in Fig. 1, high tensile stresses are located 10 to 20 mm from the center of the
weld joint. For this reason, the distance from the center of the weld joint was 10 mm
(approximately 5 mm from the weld edge). Eight measurement points were selected for
comparison (Fig. 6). Two of them (I and II) using strain gauges near the weld edge, each 50
mm from the ends of the weld joint and two photosensitive coatings between them with drilled
holes (IV to VI1), which were evaluated by Photostress. The hole V111 was drilled near the weld
joint 60 mm from the edge of the specimen and evaluated by the DIC method. Location 111 was
selected outside of the affected area to compare drilling data without interfering residual
stresses generated by welding to the results. Three drilling devices were used in the experiment.
It was a high-speed drilling device SINT MTS 3000 (Fig. 7), a high-speed and low-speed
drilling device RS-200 (Fig. 8). Finally, a prototype of a device enabling the evaluation of
released strains in individual steps of drilling by optical methods was also tested (DIC,
Photostress) (Fig. 9). The P3 data bus was used for RS-200 measurements. The P3 reads the
strain values during the RS-200 measurement at low speed, high-speed drilling.

Fig. 7: Drilling device SINT MTS 3000 a) whole view b) detail of the measured point



a) b)
Fig. 8: RS-200 drilling device and P3 data bus a) whole view b) detail of the measured point
After drilling the specimen at eight measuring points, we obtained the values of released
deformations, from which were evaluated the residual stresses in selected locations. The
residual stress values obtained by drilling with SINT MTS 3000 and RS-200 are given in
settes (see Fig. 6).

Fig. 9: Drilling device using Photostress and DIC methods to quantify residual stresses by
standard ASTM E 837-13a, where 1 couple of DIC cameras with high definition, 2 drilling
device, 3 specimen, 4 control unit, 5 measuring and evaluating device a) whole view b) detail
of the measured point

Table 2: The values of residual stresses reached by the hole drilling method
Hole Drilling Method

Location omin [MPa] omax [MPa] a[°]
I 145,67 563,37 -45,33

I 169 388 -51

"I 15 10 -79

The SINT MTS 3000, RS 200 and the newly designed drilling device were used to compare
the measurements near the weld joint. For measurements near the weld joint was used the strain
gauges type RY61 from the manufacturer HBM. From the measured deformations, it is possible
to assume tensile residual stress at the places near the weld joint, because the values of released
strains were negative. For reference measurements outside the weld area, the measurement was
performed with the RS-200 hand drilling device and the strain gauge type RY21. The measured
deformations at this point were positive, indicating that there were compressive residual stresses
at the drilling point.

Because the workplace has extensive experience using experimental methods in practical
tasks, the results of experimental measurements of residual stress determination by drilling
method were verified by optical methods Photostress and DIC. It should be noted that the use
of optical methods (DIC, ESPI) in combination with drilling is solved by several authors [12-
16]. The advantage of these non-contact methods is, among other things, the possibility of full-
field analysis in the research area.



The experimental measurement procedure for the Photostress method was used to evaluate
the specimen with applied optically sensitive coating Vishay PS-1D. In Fig. 10 there is a view
of a specimen with an applied coating. For a "rough" comparison of the results, was drilled 3.2
mm blind hole to a depth 0.5 mm and 1.5 mm on both sides of the specimen. A newly designed
drilling device was used for drilling (Fig. 11). Fig. 12 shows the locations where residual stress
values have been read. Measured points have been chosen on the edge of drilled holes close to
the weld joint because residual stresses were measured as close as possible to the weld joint.

a) b)
Fig. 12: Location of the examined points on the specimen a) position of drilled blind hole b)
detail of examined points at the edge of the drilled blind hole

After drilling the blind hole, one point was selected as close as possible to the weld joint on
each drilled hole (see Fig. 12b). To determine the stress levels at the examined points, it was
necessary to measure the corresponding fringe order from the compensator. The process of
measuring the fringe order using a compensator is shown in Fig. 13. The comparison of the
initial and final state during measuring the fringe order is shown in Fig. 14. According to the
orientation of the compensator at the investigated point on the edge of the blind hole, it is
possible to determine whether it is tensile resp. compressive stresses. On the edge of the hole,



one of the main stresses is equal to zero and therefore the non-zero stress is determined from
the relation

o=7—-N-f )

where N is the line order, f is the photosensitive constant, 4 is the Poisson's ratio and E is Young's
modulus of elasticity.

a) b)
Fig. 13: Measuring the fringe order using a compensator a) whole view, b) detail view

a) b)
Fig. 14: The process of measuring a fringe order a) initial state b) final state

In Table 3 shows the measured fringe orders using the compensator as well as the depths of
the individual holes, the directions and the resulting values of the stresses at the individual
locations.

Table 3: Values of residual stresses measured by Photostress

. Depth Orientation  Fringe Stress value o Photostress
Location [mm] of order N [-
compensator ] [MPa]
v 0,5 = 0,5 291
Vv 15 = 0,59 344
VI 0,5 = 0,36 210
VII 1,5 = 0,56 326

Based on the results obtained by the Photostress method, it can be stated that in measured
locations were tensile stresses thus negative residual stresses.

The experimental measurement process for the DIC method is based on applying a stochastic
pattern to a specimen near the weld joint. In Fig. 15 there is a view of a specimen with a created



pattern and a drilled hole near the weld joint. To compare the results was drilled a 3.2 mm blind
hole to a depth of 2 mm and 10 mm from the edge of the weld joint. Drilling was performed
using a newly designed drilling device.

a)
Fig. 15: Specimen with the applied stochastic pattern a) whole view, b) hole drilled near the
weld joint

The reference images with 2452x2056px resolution (pixel density ca. 53px/mm) captured
by the 3D DIC system Q-400 Dantec Dynamics can be seen in Fig. 16. As the results of strain
analysis performed by the DIC method, which are used to calculate the residual stresses due to
the standardized methodology, mentioned in ASTM E 837-13a, were markedly affected by the
noise and did not correspond to the results obtained by strain gage as well as Photostress
method. The successive change of displacement X and Y, respectively, during the hole-drilling
obtained by 3D DIC system Q-400 Dantec Dynamics is depicted in Fig. 17.

Fig.16: Reference images captured by the 3D DIC system Q-400 Dantec Dynamics with
depicted evaluation mask

ement X (mm) Displacement Y (mm)
: 0.0241

0.0236
0.0232
0.0228
0.0223
0.0219
0.0215
0.0211
0.0206
0.0202

-0.0063 0.0198
Fig.17: Successive change of displacement X and Y, respective, obtained during the hole-
drilling by DIC

Due to obtained results from DIC affected by the noise, the authors’ plan is to propose a
methodology to compute the residual stresses from the obtained displacements.



Conclusions

The paper presents the procedure of experimental measurement on specimen with welded joint
using three experimental methods. However, as already mentioned at the beginning of the
paper, welded joints in structures present a certain risk because they can act as stress
concentrators. Due to the negative effect of the welds on the structure, it is necessary to consider
the possibilities of reducing these stresses. For this reason, identifying the weld residual stresses
and their distribution is important to improve the quality and reduce the negative effects in the
welded components. From the results obtained from drilling and the Photostress method can be
found tensile residual stresses in the investigated area, which is consistent with theoretical
assumptions. Due to results from DIC affected by noise, the authors plan methodology for
computing the residual stresses from displacement.
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