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Abstract. The welding process can join two similar materigith a bond that has mechanical
properties comparable to the original material. dsinfnately, this process induces residual
stresses in the weldment, which, if left untreatsth cause distortion of the part, premature fa-
tigue failure or cracking along the weld. A postldvbeat treatment is the traditional method of
relieving these stresses, but is costly and a tiomsuming process. Heat treatment is required
for weldments, which have heavy fatigue loadingsithe post-weld heat treatment reduces the
residual stresses in the weldment and generates nmiform mechanical properties. Vibratory
stress relief (VSR) techniques could be used tstgute the heat treatment for these types of
weldments and save time and money. The purpodesopaper is to provide a brief overview of
the generation, measurement, and reduction ofuak@dresses.

Residual stresses in the weld bead were measuredelays of X-ray diffraction, ultrasonic
technique and hole drilling methods. In additiomlded specimens were subjected to mechani-
cal testing with purpose of determination of VSIReff on weld and heat-affected zone metal.

Keywords: vibration stress relief, residual stresses, ubinas stress measurement, X-Ray dif-
fraction, hole-drilling.

1. Introduction

The existing methods for relieving welding residetiess are as follows: mechanical, ther-
mal and electromagnetic. The mechanical methodlmegyerformed by hammering or vibration.
The thermal method consists of heating the wholeleeepiece or each weld, one by one. The
electromagnetic method uses the electromagnetiartartechnique. In the heat treatment the
parts are heated until the yield point of alloyadluced to the level less than the residual stress
level, which in turn causes local plastic distantidlecrease of the residual stress intensity and
reduction of hardness.
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The vibration method introduces the energy into phet by means of vibrations. For the
stressed atomic structure there is no differen¢tedsn the energy introduced through heat and
the energy introduced through vibrations. The agpknergy affects crystalline structure, re-
lieve the stresses and stabilize the pieces wittistrtion [1, 2].

This process is particularly useful for stressenghig of large structures, for which the cost
of thermal heat treatment would be high, and fatgwith severe dimensional tolerances, in
which heat treatment could cause distortions tlmatltvexceed them.

The vibrations used have generally a frequency féotm 100 Hz. The vibrator is connected
to the structure, which should be supported on euliifiocks. Frequency is gradually increased
until the first resonance is reached. This resomasanaintained for a specific period of time
and then the frequency is increased again untiséitend resonance is reached and so on [4].

2. Stress relief by thermal and vibration energy

Thermal stressrelief (TSR). Depending on the shape and size of the pieegeidual stress
relief by the heat treatment can be carried out-theating the entire piece, or parts of it, in a
furnace; - installing a temporary burner into wadqe; - treating the welds one by one by pass
of electric current (resistance heating). Heatiggekothermic kits, which enjoyed some popu-
larity in the sixties and seventies, was abanddres@duse it did not produce the expected results
[2].

Vibratory stress relief (VSR) technique, based on the weight of the piecepdhices into it
high amplitude and low frequency vibrations forigeg period of time. This relieves residual
stress without distortion or alteration of tensteength, yield point or resistance to fatigue, and
the static equilibrium is restored. The most edfitivibrations are the resonant ones, because in
the resonance frequency vibrations stress is bdistributed, if compared with sub-resonant
frequency. Low frequency vibrations carry high aitople energy and are very efficient in the
significant decrease of peak residual stress ientametal and welds. The equipment usually
employed consists of a sturdy vibrator of variatpeed, which is attached to the piece and an
electronic control panel. Both are mounted intoéaable cabinet. Also attached to the piece is
an accelerometer that detects vibrations and trismsarsignal to the control panel. The reso-
nance point is then determined and displayed orala Ifi the vibrator is equipped with a re-
corder, a chart can also be obtained. The pointsiinance is attained by varying the frequency
of the vibrator until the proper one is reachedoTminutes is the average time required to reach
the resonance frequency. At this point, vibratismmaintained for a given time, depending on
the weight of the piece and its intended applicatithe time may range from ten minutes to an
hour or more, but if it is exceeded, the piece wilt suffer any damage due to fatigue or loss of
tensile strength. If structures are very big, londpave open spaces, it may be necessary to apply
the procedure in several points. Some equipmeniesasut the vibration process automatically.
Vibration is maintained for 15 minutes, in a seqeenf three different selected frequencies,
each lasting five minutes. This setting is effitiém treat pieces weighing up to ten tons. For
pieces weighing more than ten tons two consecufsveninute periods can be used, without the
piece suffering any harm [4]. Two simple rules dtdae followed for all applications:

a) Support the piece in the best possible mans@gting it from the floor or rigid structures,
thus leaving it free to vibrate.

b) The vibrator should be directly connected topteze, in order to transfer the entire vibra-
tory energy generated.

The method can be used on a wide range of fernedsianferrous metals, including carbon
and stainless steel, cast iron, aluminum, titanéden, in a large variety of shapes. Sizes can vary
from small welded parts, shafts and gears, to lavgéded and machined steel structures.
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However, it presents some limitations: it is ndtognt for extruded, cold worked and precipita-
tion hardened materials.

One of the most important benefits of the use efMBR method is its capacity to relieve
stress at any point of the manufacturing procassh sis after machining, snagging, drilling or
grinding. In welded parts, stress relief can béguered during welding, which is very useful to
prevent concentration of residual stress that naase warping of the piec€he method is es-
pecially compatible wittMMA, MAG, MIG andTIG. With other weldingorocesses some logis-
tical problems may arise.

3. Techniques for measurement of residual stress

Residual stress measurement techniquesfefelit materials can be broadly classified into
3 types: destructive method, semi-destructive ntbtra non-destructive methods [1, 14].

In destructive method a portion of the residuathessed body is cut away and the resulting
deformation of the body is carefully measured wtfte help of strain gages, then the residual
stresses, which existed at the freshly exposedaesf before they were thus exposed, can be
calculated. This technique, referred to as disseatiethod, is old but still powerful. The disad-
vantages of this technique are: the method is teglipus and painstaking, theoretical analysis is
difficult and the method is unable to detect realduicro-stresses [11].

Semi-destructivéiole-drilling method is a widely used method for measuring residualsstr
It involves drilling of a hole on the surface oktbbject being examined, and measurement of
strain redistribution that takes place on the sierfas a result of the hole. Elasticity theory is
used to calculate the residual stresses that dxister to the drilling. The strains may be meas-
ured with strain gages or with photo-elastic cagimounted on the surface before drilling [3].

Non-destructive methods come in three basic types:

- X-ray diffraction method is the most common non-destructive method foruatalg resid-
ual stresses. It is based on lattice strains, Hamges in the spacing between crystallographic
lattice planes, which are caused by stress. Trad@ntages of this method are: as the volume
of surface material interrogated by x-ray beammigl and the lattice strain which is measured
reflects the combined influence of both micro- amacro-residual stresses acting at that location
[10]. In materials having high variation of micrtvess gradients the evaluation of macro-
residual stress is not proper. The elastic constahtrystals vary with their orientation so that
their calculated values differ substantially frohe tmeasured values; measured values are not
always available.

- Ultrasonic method for evaluating residual stresses is based upoghagages in the veloci-
ties of ultrasonic waves due to stress. The disatdge of this method is: higher order elastic
constants are generally required in order to reldtrasonic velocities to residual stress [12].
These constants which are also dependent on thalungical texture must be experimentally
determined for a particular material being examiriElsis method has a limited capability for
detecting sharp stress gradients and it has ligke for determining residual stress in materials
such as plastics, composites and certain non-retaditerials [13].

4. Test specimens and material properties

The specimens were produced fr&b5J2 (LST EN 10025-2) hot-rolled steel plate of
cross-section 140x140x30m. The specimen size was selected according toaliimit of the
used measurements technique. The chemical and meaharoperties 0f5355J2 grade steel
plates are presented in Table 1. Specimens 8858J2 grade steel were welded by using metal
active gas welding processSAB OK Autrod 12.51 welding wire andCO, shielding gas were
used. Chemical composition and mechanical propeofithe weld metal are listed in Table 2.
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Table 1. Mechanical and chemical (%) properties of steetspens

Rm MPa R, MPa Ag, % KV, Jcn? [ Si  Mn P S Fe
529 437 30 96 (-2@) 0.17 031 146 0.013 0.011 Bal.
Table 2. Mechanical and chemical (%) properties of the viller metal
Rm, MPa R, MPa As, % KV, Jen? C Si Mn P S Fe
520 422 23 131 (-2@) 0.16 0.8 1.2 0.013 0.011 Bal.
Table 3.Parameters of VSR treatment during welding
Force inductor ~ Vibrator unbalance  Harmonic Fre- SUB-harmonic  Dwell time after
energy levelkg eccentric, % quencyHz FrequencyHz welding,min
350 35 86.6 83/84.4 15

Table 4.Parameters of VSR treatment after welding

Force inductor Vibrator unbalance  Harmonic Fre- SUB-harmonic Dwell time,
energy levelkg eccentric, % quencyHz FrequencyHz min
350 35 84.3 79.6 25

Table 5. Parameters of welding
Welding current, Wire feed speed, Welding speed, Shielding gas
A m/min cnymin rate,l/min
230 23 6 16...18 16

Welding voltageyV

Four specimens were welded from stB&h5J2 plates: at first, without any treatment; sec-
ond, heat treatment was performed after weldinigd trspecimen was treated MBER during
welding and fourthySR after welding. The thickness of each plate wasnB0 (Fig. 4). It was
necessary to make 14 welding passes to form thmalawveld seam (Table 5 and Fig. 4). The
total length of welding seam was 14®n. Figs. 4-5 show the structure of the weld seam and
indicate the points of stress measurements loaattethe seam, in the heat-affected zone and
outside the weld regioNV.SR treatments were performed using special work-degk 1).

Force inducer Transducer

W Mounting Specimen Mﬁ/ww
L= AN !:! I
— L =

Standard profile HEB600 ? Vibration

energy

——

===
Rubber pads —

Fig. 1. Work-desk fo’VSR treatment

VSR treatment charts (Fig. 2 and Fig. 3) are a cuifvdata displaying the response of a
workpiece to vibration both before (1) and aftey {{2atment, and can include data collected
during the actual treatment. Treatment charts delplots of both the workpiece acceleration
and vibrator input power, each represented alangwin vertical Y-axis, with the common X-
axis of vibrator frequency.
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Vibrational conditioning relaxation process usesirasoidal vibration waveform. Force in-
ducer induces energy to create vibration amplittice is below the harmonic amplitude. A
dwell time and working frequency depending on tbmponent’s strength, elastic modulus, and
size, is maintained to allow internal stressesettistribute and balance themselves. Vibration
energy is induced into and absorbed by the metalfedquency just below the peak [4]. This is

the proper frequency for best results, becauseatiityy at the peak amplitude frequency may
causes plastic deformation and fatigue.
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Fig. 2. Curve of VSR during welding Fig. 3. Curve of VSR after welding

5. Experimental process, results and discussion

The longitudinal residual stresses were measuréd wiirasonic method at each point ac-
cordingly (Fig. 5). Combinative hole drilling andigdal speckle pattern interferometry
(HD/DSPI) measurements were carried out from weld centengoside only. X-Ray diffraction
measurements were made on the middle of seam.

40...44 05..3 Measurements
¢ points
10
H( 12( 13 14 %
8 9 10
6 7 Nl
3 4
2
1 PM 5z PM S
NSNS a
RIRTIR
BRI b
Fig. 4. Preparation of joint edge, welding  Fig. 5. Displacement of residual stress measurement
succession and dimensions points on specimen surface

The ultrasonic longitudinal residual stresses measents were made with a transmitter-
receiver transducer generating longitudinal waVé® transducer axis was parallel to weld axis.
Ultrasonic travel time is taken on bim spaced points (Fig. 5). The residual stresses umeds
by this ultrasonic method were localized in 7..rhth deepness from top side. Measurements
were integrated on a 13im length. The metallurgical texture was taken irtocaint through a
double calibration i.e. in parent and weld metahew acoustic-elastic constants were deter-
mined. The influence of texture was estimated t&4dl6l'he residual stress distributions in the
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as-welded test plates (without any stress relestiment) indicate a maximum tensile stress on
the weld axis (Fig. 6), reaching a value of 38Ba in theS355J2 steel joint.

50 Paat —— Without treatiment

Joc / \ PWHT afler welding
& 250 / \ —b— VSR during welding
% f?z / ﬁ\ \ —— VAR affer welding
i t/
5 o0 \
5 1\
S o LN .
3, 0s 4 \
= -50 -%%:4 “_7.,4—1;5

-150
=50 -30 -id pyel 30 S0

Distarnce from weld center, mm
Fig. 6. Distribution of longitudinal residual stressespecimens by ultrasonic technique

Digital speckle pattern interferometry has beercessfully used for several years in many
applications in the field of experimental mecharfias measurements of mechanical stresses.
Two sets of images are grabbed, one in the referlradling stage and the other in the final re-
laxing stage. A phase pattern is computed for etafje and the phase difference is calculated
for each pixel of the image. After some image pssiogy, the displacement field between the
two loading configurations is computed for the vehahage. From spatial derivatives of that,
the strains can be computed and then, the streasdse determined.

400

r
\ —— Without treatment
300
- .
I \ PWHTafter welding
= 200 P~
v r N —i— VSR during welding
2 100 D~
E \\\ —— VSR affer welding
i a T T T T |
= \ _ﬁﬁ
=
g 00 N —
&
-200
a id 20 30 40 3a

Distance ffom weid center, mm
Fig. 7. Distribution of longitudinal residual stressespecimens b{AD/DSPI technique

In laboratory environmentD/DSPI device was very practical and easy to use. The tim
necessary to measure residual stresses is abdimtnfaster than what is required when strain
gauges rosettes are used. Almost no surface ptepeaigrequired. The acquisition and process-
ing time is very short [5]. However, some expereand measurement skills are necessary at
the current development stage to successfully meassidual stresses.

Research, performed by using combinatiie/DSPI technique demonstrates that maximal
residual stresses relieve was higher than norreal S855J2 yield stresses. It was also deter-
mined that vibration energy used during weldinguesl residual stresses peak more than 2.5
times.VSR after welding reduced peak of residual stressestad? %.
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Fig. 8. Peak of longitudinal residual stresses in welgegtenens, using different methods

X-Ray diffraction measurements were conducted \waithortable X-ray apparattRROTO
iXRD. Cr-K,radiation and BCC, hkl-211) reflections were used to study residual stressidu-
tion in weld region. The depth of the measuremesats 50..100 #mon the specimen surface.

The analysis of X-ray diffraction indicates thé#R during welding reduced peak of residual
stresses more than 3.5 times. It also revealedM8Ratafter welding reduced residual stresses
peak more than 40 % in the specimen.

Tensile test were performed according to requirdsehstandard. ST EN 895 [6]. Analysis
of the mechanical properties indicates tW&R does not have negative effect on the joint
strength, in contrast to thermal stresses reliekkémngation results outweigh minimal require-
ments by 20 %. It was also established &R during welding enlarges plasticity of the joint
by not changing strength properties.

5300
u Rm Reh
00 —
.
450 A I
~
8 400 |
o
A
2 350 A —
300
Without PWHTafer VSR during VSR affer
treatment welding welding welding

Fig. 9. Tensile test results

According toLST EN 875 recommendations [7] impact strength analysis wafopmed for
two different zones: weld metal and heat-affectedez Temperature for all tests was °80
For weld metal antiAZ impact strength studyWT 0/1 andVHT 1/1 specimen types were used
respectively. Test results (Fig. 10) demonstra#e itmpact strength of specimens without treat-
ment is the least of all specimens, but exceedmini value of impact strength (33J&n7)
accordingLST EN 10025-2 standard [9], when test temperature is *G0In addition, analysis
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indicates thavSR after welding does not change weld metal BiA¥ impact strength. Vibra-
tory stresses relieve during welding &AHT increase weld metal amtiAZ impact strength.

300
o W T O VTH 171
L 250
=
w200 |
i
B 150 =
5
8 100
L]
g-4 50 -
£
O T T T T
Without PWHTafter VER during VSR after
treatment welding welding welding

Fig. 10.Impact strength test results

In micro-hardness tests univergalick/Roell ZHU 2.5 electronic hardness tester was used,
applying technique described in stand&Sl EN 1043-2 [8]. Four measurement areas were
made: parent metajAZ, weld metal andHAZ between weldsHAZ/SZ). Thereby 12 measure-
ments were carried out for each specimen. Micraiinass test results are given in Fig. 11.
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2180 A
p 11
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=
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I 2 3 4 5 =) 7 & = o il 12

Measurement points

Fig. 11.Distribution of hardness in specimens
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Hardness tests revealed that vibratory energy doesffect parent metal, weld amtiAZ
hardness. Maximum hardness valueHiAZ near the melting line was 20@V. The minimum
hardness values estimated in welded metal was d¥&iHV. Thermal stress relieve reduced
the hardness of the weld significantly. Minimumdraess value iHAZ between welds was 141
HV.

6. Conclusions

- Vibratory treatment during welding or after weldiaffectively reduces residuals stresses of

welded joints until safe level. Results W8R during welding is analogous to thermal stress

relief technique, thereforédSR method for carbon structural steel treatment isenedfective

considering work and energy inputs.

According to comparison of residual stresses p@aks 7) it is posible to state that vibratory

relieve during welding reduces residual stresseavamrage by 60 % and vibratory relieve

after welding reduces residual streses - on averad® %.

This paper confirms the potential of the longitidinltrasonic waves to accurately evaluate

welding residual stresses, if all the sample mitugsures are taken into account.

Analysis of mechanical properties demonstrated #8& after welding does not have any

fundamental influence on material strengthuctility and hardness characteristics. Joint

properties remain unaltered after vibratory treatihees without any treatment but residual

stresses decrease.

- Thermal residual stress relieving increases piagtid welded joint, but simultaneously di-
minishes its strength and hardness. The treatetl f@icomes less resistant to fatigue, static
and dynamic loads as well as less friction-proof.
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