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Investigations

Mirostaw Lomozik, Eugeniusz Turyk

Mechanical Properties of Welded Joints in Steel S1100QL
after Multiple Repair Welding

Abstract: The article presents the use of high-strength toughened steels in var-
ious industries and the chronological development of various grades of the
above-named steels. In addition, the article discusses the repair of defective frag-
ments of welded joints by means of grinding, grooving or machine cutting fol-
lowed by the making of a repair weld. Occasionally, the repair process must be
repeated or performed many times. An issue of particular importance is the re-
pair welding of steels having a yield point of above 700 MPa. Typically, in struc-
tures made of high-strength steels the process of repair consist in the removing
of an imperfection (primarily having the form of cracks or porosity) followed
by the making of another joint in the area of the previously removed imperfec-
tion. The tests described in the article were concerned with flat butt joints made
of 18 mm thick toughened steel s1100QL using the MmaG method and metallic
flux-cored wire grade STEIN-MEGAFIL 1100 M (process 138). The tests involved
the making of three welded joints, i.e. one production joint and two joints sub-
sequently subjected to three and four-fold repair welding. In addition, the arti-
cle presents the methodology and results of transverse tensile tests, transverse
bend tests, impact strength tests and hardness tests.
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Introduction point of more than 1000 MPa. High yield point

Presently, the fabrication of steel structures is toughened steels are currently some of the most
based on the use of steels having a yield point popular materials when making welded struc-
of up to 1000 MPa. Regardless of the forego- tures of critical importance and exposed to
ing, increasingly many production companies significant loads, e.g. chassis frames of cranes
predict that in the near future it will be neces- and vehicles, poles and supports, lifting equip-
sary to make structures in steels having a yield ment, elements of drilling rigs, special bridge

dr hab inz. Mirostaw Lomozik (PhD (DSc) Eng. Habilitated), Professor extraordinary at Instytut Spawalnic-
twa, Testing of Materials Weldability and Welded Constructions Department; dr hab. inz. Eugeniusz Turyk
(PhD (DSc) hab. Eng.), Professor extraordinary at Instytut Spawalnictwa, Welding Technologies Department

No. 3/2018 BIULETYN INSTYTUTU SPAWALNICTWA 7



http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/
http://dx.doi.org/10.17729/ebis.2018.3/1

[@)ov-ne |

structures etc. According to reference pub-
lications [1] and information obtained from
companies manufacturing elements of crane
structures and other large-sized load-bearing
elements, the use of steels having a yield point
exceeding 1000 MPa is near [2].

The making of structures in high-strength
steels leads to a decrease in the thickness of
walls, resulting in the reduction of production
costs through decreasing the weight of a struc-
ture, reducing the consumption of welding con-
sumables and lowering the laboriousness of the
welding process. Figure 1 presents an example
demonstrating how the use of steel s1100qQL in-
stead of s35572+N enables the reduction of the
thickness of a plate by approximately 65% [3].
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Fig. 1. Reduction of required plate thickness using high-
-strength steels in comparison with structures made of
steel S355J2+N [3]

The year 2000 saw the launch of advanced
structural steels characterised by a yield point
of above 1000 MPa. The chronological devel-
opment of high-strength steels is presented in
Figure 2.

The proper repair of defective fragments of
welded joints involves their removal through
grinding, grooving or machine cutting followed
by the making of a repair weld. Occasionally,
it is necessary to repeat a repair or perform it
several times.

Reference publications address the effect of
repair welding on the mechanical properties
and the microstructure of joints made in vari-
ous steels. The aforesaid publications also refer
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to a number of repairs not reducing the prop-
erties of welded joints. For instance, the tests
involving the butt joints made in 12 mm thick
steel s35572+N and P460NL1, connected with
the removal of a fragment of the weld using
mechanical treatment revealed that when ana-
lysing the mean values of the results obtained in
individual experiments, the fourfold repair of
the welds performed in accordance with the pre-
sented procedure did not reduce the mechanical
properties of the joints in the scope subjected to

assessment [5].

The tests concerning the effect of the maG
welding thermal cycles (modelling of 1, 2 and
3 repairs) on the mechanical properties and
the toughness of welded joints made in 20 mm
thick steel s960QL (V-type join, wire SG 960)
revealed that:

— repair welding performed three times, in-
volving the removal of the “defective” weld
using an angle grinder and mechanical treat-
ment did not reduce the tensile strength of
the joints;

- unacceptable reduction of tensile strength
Rm was observed in the joints subjected to
3 repairs involving the use of arc-air goug-
ing [6].

Tests concerning the repair welding of butts
joints made of 10 mm thick steel s690 T™M (MAG,
wire Union NiMoCr) revealed that the repeat-
ed repairs of welds (1, 2 and 3) involving the re-
moval of a fragment of the weld and the use of
arc-air gouging did not significantly affect the
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Fig. 2. Development of structural steels (TCMP -
Thermo-Mechanical Control Process) [4]
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tensile strength of joints made of the above-
named steel [7]. The bend angle amounted to

130° (positive result). The weld face only rup-
tured in the joint repaired three times. However,
it was also noticed that the repair welding was

followed by a significant decrease in the tough-
ness of the joints, particularly of the heat affect-
ed zone (HAZ).

In certain cases the procedure of repair weld-
ing is covered by regulations or standards. For
instance, according to the requirements of
NORSOK STANDARD M-101 [8, 9], concerning
the structure of off-shore drilling rigs, repair
welding can be performed in the same area
only two times. It is necessary to entirely re-
move the primary weld along with the heat af-
fected zone (HAZ) and to perform welding in
accordance with the procedures and welding
procedure specifications applied when making
the primary joint [8]. Similarly, according to
Offshore Standard pNv-0s-c4o1 related to the
making and testing of structures of off-shore
drilling rigs, repair welding of the same area
can be performed only two times, where sub-
sequent repairs, if any, should be approached
individually [10].

A significant issue is the repair welding of
steels having a yield point of above 700 MPa.
In structures made of high-strength steels the
necessity of repair involving the removal of an
imperfection and the making of a new joint in
the area of the previously detected imperfec-
tion is primarily triggered by the presence of
cracks (Fig. 3) or porosity.

A study involving the manufacturers of struc-
tures made of high strength steels revealed that
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repair welding is performed just once. If the re-
pair welding process performed once fails to
remove imperfections, the fragment contain-
ing a defective joint is cut out and a new frag-
ment containing a proper joint is welded in the
place of the defective one. As a rule, repeated
repairs of the same joint are not performed or
repairs of the same joint are performed many
times without recording the fact in the docu-
mentation related to the fabrication of a given
structure. As can be seen, reference publica-
tions do not contain information concerning
the permissible number of repairs based on test
results concerning the mechanical properties
of joints as well as the microstructure of the
base material and that of the HAZ during suc-
cessive repairs of welded joints made in high
yield point steels.

This article presents mechanical test results
concerning steel S1100QL after several repair
welding operations.

Fig. 3. Cracks visible in the area of the element subjected

the magnetic-particle test; the test element being made of

steel S1100QL using contact electrodes for magnetisation
(a) and discontinuity indication (b)

Table 1. Chemical composition of steel S1100QL

Chemical element content, % by weight

C Si Mn P S Cr Cu Ni Mo B
0.192 0.220 0.855 0.014 0.0034 0.606 0.012 1.858 0.636 0.0017
Chemical element content, % by weight according to the producer [1]

C Si Mn p S Cr Cu Ni Mo B
max 0.21 | max 0.50 | max 1.40 | max 0.020 | max 0.005 | max 0.80 | max 0.30 | max 3.00 | max 0.70 | max 0.005
No. 3/2018 BIULETYN INSTYTUTU SPAWALNICTWA 9
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Test materials

Materials used in the tests were flat butt weld-
ed joints made of 18 mm thick high yield point
(above 9oo MPa) toughened steel s1100QL. The
chemical composition of the above-named steel
was identified using an Q4 TASMAN spark emis-
sion spectrometer. The results of the chemi-
cal composition identification are presented
in Table 1.

Welded joints

Welded joints were made using flux-cored wire
grade STEIN-MEGAFIL 1100 M (classification EN
150 18277 A: T 89 4 z M M 1 H5) providing a weld
deposit having a yield point of above 960 MPa,
tensile strength restricted within the range of
980 MPa to 1180 MPa, elongation A above 8%
and a Charpy V impact energy of above 47 J at
a temperature of -20°c. According to the in-
formation provided by the manufacturer, the
above named wire is used for the welding of
steel s960QL1 and s1100 having a thickness of
up to 12 mm [11]. In turn, according to publi-
cation [12] the MEGAFIL 1100 M wire is used for
the welding of steels s89o through s1100qQt1.
The joints of test plates (18 x 150 X 400 mm)
were made using the MAG method and the
above-presented metallic flux-cored wire (pro-
cess 138) having a diameter of 1.2 mm. The
shielding gas used in the tests was the 1so
14175-M21-ArC-18 mixture. The welding of the
root run was performed using a Lincoln Pow-
er WAVE 455 STT semi-automatic welding ma-
chine, whereas filling layers were made using

a Multi Surfacer p2 mechanised welding ma-
chine (Welding Alloys).

The tests involved the making of three weld-
ed joints, i.e. a production joint (joint no. 1),
a joint subjected to three repairs (joint no. 2)
and a joint subjected to four repairs (joint no. 3).
The repair welding was performed on grooves
modelling the removal of defective metal across
the entire V-type cross-section of the weld,
except for the root layer having an approxi-
mate thickness of 4 mm. The removal of the
above-named part of the production weld was
performed using arc-air gouging. Previously
performed tests did not reveal the effect of the
arc-air gouging process on the microstructure
of the steel subjected to welding or that of the
HAZ in comparison with the production joint,
where the imperfection-modelling groove was
made using mechanical treatment. The techno-
logical parameters used when welding joints
nos. 1, 2 and 3 are presented in Table 2.

The production joint (no. 1) was prepared for
welding as presented in Figure 4a. The prepa-
ration of the joint was followed by the making
of a penetration run and filling runs in the flat
position (Fig. 4b).

The production joints as well as the joint after
three and the one after four repairs were subject-
ed to visual, penetrant and radiographic tests
(non-destructive tests). The tests revealed that
the joints represented quality level B according
to PN-EN 150 5817:2014-05. The above-present-
ed non-destructive tests were followed by tests
of mechanical properties.

Table 2. Technological parameters used in the welding of joints nos. 1, 2 and 3

. Current | Arc voltage Welding Interpass Heat input
Joint no. Run rate temperature
A \Y . o kJ/cm
cm/min C

1 1 90-100 14.5 13 - 4.81+5.35
(production joint) 2-12 200-210 26 45 150 5.55+5.82

2 1 145 17.1 14.5 - 8.21
(joint repaired 3 times) 2-21 210-225 26.0-26.2 45 150 5.82+6.29

3 1 130 16.7 15 - 6.95
(joint repaired 4 times) 2-22 210-225 26.0-26.2 45 150 5.82+6.29
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Fig. 4. Shape of the weld groove (a) and the welding sequence (b) of production joint no. 1

Methodology in tests of mechanical
properties

In relation to each welding variant, the tests
concerning the effect of the repeated thermal
cycle of repair welding on the properties of
the test joints included transverse tensile tests,
transverse bend tests, impact strength tests and
hardness measurements.

The static transverse tensile test of the spec-
imens sampled from the welded joints were
performed following the requirements of the
PN-EN 150 4136 standard [13] using an Instron
4200 testing machine featuring the comput-
er-aided recording of test results.

The face bend test of the butt welds (FBB) as
well as the root bend test of the butt
welds (rRBB) were performed fol-
lowing the requirements of PN-EN
1SO 5173+A1 [14] using an MTs Cri-
terion c-60 testing machine. Dur-
ing the rRBB of the specimens of
joints no. 1 and 2 it was noticed
that the specimens were moving
away from the bending mandrel,
leading to the bending of the spec-
imens over a significantly shorter
radius than the nominal one. This,
in turn resulted in the cracking of
the specimens before reaching an

lower than that of the base material). The bend-
ing device is presented in Figure 5.

Impact energy was determined in impact
tests performed (following the requirements of
PN-EN IS0 9016 [15]) at a temperature of -40°C,
using standard specimens (10X 10 X 55 mm)
with the Charpy V notch and an rRkP 300 pen-
dulum machine (AMSLER).

The hardness measurements of the welded
joints were performed following the require-
ments of the PN-EN 150 9015-1 standard [16], us-
ing the Vickers hardness test under an intender
load of 98.1 N (HVv10) and a KB50BvVZ-FA hard-
ness tester (KB Priiftechnik) in accordance with
the schematic diagram presented in Figure 6.

Bending
mandrel

Fig. 5. Bending device with the beam: a) main view of the bending device
with the beam below the bending mandrel, b) welded joint specimen in
the device after the bend test

angle of 1800. For this reason, the
bending of the specimens of weld-

ed joint no. 3 was performed using
a beam enabling the bending of the

specimen over the entire diameter

of the bending mandrel (in cases
of the yield point of the weld being
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Fig. 6. Schematic diagram of hardness measurements in the test joints
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Table 3. Mechanical properties of steel S1100QL

Table 4. Results of the static tensile tests in relation to pro-

duction joint no. 1 and repair joints nos. 2 and 3
Basis |Ro», MPa|R ,MPa| A,% |KV™, i
o " ’ J Sp.e c1mf:n R,,MPa | Area of rupture, remarks
designation

EQUIST 1250~ 1/R/1 1004 weld
weLpD | 21100 oo 210 27 1/R/2 1004 weld
2/R/1 927 weld

Insp.e ff ton 1465 11 no data 2/R/2 944 weld
certificate 3/R/1 973 HAZ
1) EQuisT - computer database of normalised 3/R/2 980 weld

steels

Criterion: R,, =2 1100 MPa

Tensile strength of joints R,,, MPa
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Fig. 7. Results of the tensile tests (Rm) in relation to production joint no. 1
and repair joints nos. 2 and 3 compared with the tensile strength of the

base material of steel S1100QL

Table 5. Results of the bend tests in relation to production joint no. 1
and repair joints nos. 2 and 3

dSeIs)ie;Iilzftl)ln Bend angle Remarks
1/FBB/1 180° without scratches and cracks
1/FBB/2 180° without scratches and cracks
1/RBB/1 25° cracks in the weld
1/RBB/2 20° cracks in the weld
2/FBB/1 180° without scratches and cracks
2/FBB/2 180° without scratches and cracks
2/RBB/1 10° cracks in the weld
2/RBB/2 10° cracks in the weld
3/FBB/1 180° without scratches and cracks
3/FBB/2 180° without scratches and cracks
3/RBB/1 180° without scratches and cracks
3/RBB/2 180° without scratches and cracks

Key: FBB - face bend test of the butt weld, RBB - root bend test of
the butt weld

Bending mandrel diameter: 120 mm

Criterion: bend angle of 180°
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Test results of mechanical
properties

The mechanical properties of the
base material of steel s1100QL are
presented in Table 3, whereas the
results concerning the mechan-
ical properties of welded joints
nos. 1, 2 and 3 are presented in Ta-
bles 4-7 and in Figures 7-9.

The HAZ hardness in joint no.
1, 2 and 3 amounted to 456 HV10,
447 HV10 and 416 HV10 respec-
tively. The above-presented val-
ues did not exceed the hardness
of the base material amounting to
467 HV10 in joint no. 1, 452 HV10
in joint no. 2 and 430 HV10 in
joint no. 3.

Conclusions

The tests performed within the
research work led to the formula-
tion of the following conclusions:

1. The above-presented tech-
nology enables the maG weld-
ing of butt joints made in 18 mm
thick steel s1100QL, represent-
ing quality level B, confirmed by
non-destructive tests.

2. The tensile strength of the
test joints was restricted with-
in the range of approximate-
ly 927 MPa to approximately
1004 MPa.
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3. Production joint no. 1 and
repair joint no. 2 (after three re-
pairs) satisfied the requirement
related to a bend angle of 1800
when performing the face bend
test (of the butt weld). During the
free bending test, i.e. without the
use of the beam, the specimens of
the above-named joints subjected
to the root bend test failed to sat-
isfy related requirements.

4. The requirement related to
abend angle of 1800 was satisfied
by the 18 mm thick joint subject-
ed to a bend test involving the use
of the beam. The above-named
joint was repaired four times,
where successive grooves were
made using the arc-air gouging
process.

5. The requirements related to
the toughness of the weld and the
HAZ were satisfied in cases of the
production joint and both repair
joints. In the HAZ area, the average
value of impact energy at a tem-
perature of -40°c amounted to
165 J in terms of the production
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Fig. 8. Results of the bend tests in relation to production joint no. 1 and
repair joints nos. 2 and 3
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Fig. 9. Results of the impact energy tests performed at a temperature of
-40°C in relation to production joint no. 1 and repair joints nos. 2 and 3

Table 6. Results of the impact energy tests in relation to production joint
no. 1 and repair joints nos. 2 and 3

]om.t Fno. 1)., 130 ] in relation 'to Joint Notchloca- | Testtem- |Impact energy KV,J| prean
the joint subjected to three repairs " | tion, specimen | perature value, J
(no. 2) and 144 ] as regards the designation °C 1 2 3
joint repaired four times (no. 3). HAZ, 40 1575 | 1625 | 1750 | 165.0
The average impact energy values 1 L/KV/VHT
concerning the weld area tested at . /KV\\/f%i\,NT -40 87.5 [ 100.0 | 97.5 | 95.0
a temperature of -40°c amounted A7
to 95 J in relation to joint no. 1,74 J 2/KV/VHT -40 134 | 132 | 124 130
in relation to joint no. 2 and 84 2
weld, 40 68 | 82 | 72 | 74
as regards joint no. 3. 2/KV/VWT )
6. The hardness in the HAZ of HAZ,

. . . -40 202 160 70 144
production joint no. 1 amounted 3 3/KV/VHT
up to 456 Hv10, where the hard- Weld, 40 g4 | 32 | s6 84
ness of the base material was re- 3/KV/VWT
stricted within the range of 423 VHT - specimen with the V-notch in the HAZ area
HV10 to 483 HV10. As regards the VWT - specimen with the V-notch in the weld area
.. . . Criterion: > 27 J at a temperature of -40°C
joint subjected to three repairs
No. 3/2018 BIULETYN INSTYTUTU SPAWALNICTWA 13
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Table 7. Results of the hardness measurements related to production joint no. 1 and repair joints nos. 2 and 3

W Measurement area and hardness HV10
S %’ —g e BM HAZ 1 Weld HAZ2 BM
HERE:
=2 S o+~ 1 2 3 4 5 6 8 9 10 11 12 13 14 15
=
A 442 | 437 | 436 | 456 | 437 | 434 | 326 | 322 | 309 | 405 | 419 | 430 | 432 | 432 | 434
1 B 467 | 483 | 466 | 380 | 366 | 360 | 324 | 322 | 320 | 395 | 410 | 421 | 434 | 435 | 432
C 437 | 438 | 436 | 363 | 379 | 345 | 313 | 329 | 324 | 363 | 327 | 351 | 424 | 426 | 423
A 444 | 441 | 432 | 447 | 412 | 404 | 330 | 306 | 304 | 398 | 422 | 432 | 431 | 444 | 442
2 B 452 | 449 | 440 | 372 | 394 | 377 | 333 | 292 | 300 | 331 | 355 | 378 | 429 | 439 | 447
C 450 | 445 | 441 | 355 | 354 | 352 | 292 | 276 | 274 | 311 | 355 | 351 | 426 | 435 | 437
A 430 | 421 | 418 | 416 | 405 | 341 | 302 | 315 | 317 | 340 | 366 | 405 | 406 | 417 | 412
3 B 428 | 425 | 420 | 336 | 359 | 377 | 317 | 307 | 319 | 333 | 332 | 367 | 419 | 420 | 429
C 427 | 421 | 413 | 313 | 318 | 305 | 268 | 277 | 276 | 365 | 362 | 349 | 414 | 415 | 419

Remarks: BM - base material, HAZ - heat affected zone
Requirements according to PN-EN ISO 15614-1:2017-08, Table 3: < 450 HV10 in relation to steels of
group 3 according to ISO/TR 15608, where special values should be determined in relation to steel having

R, > 890 MPa.

(no. 2), the maximum hardness in the HAZ area
amounted to 447 HvV10, where the hardness
of the base material was restricted within the
range of 426 HV10 to 452 HV10. In turn, as re-
gards the joint repaired four times (no. 3), the
maximum hardness in the HAZ area amount-
ed to 416 Hv10 where the hardness of the base
material was restricted within the range of
406 HV10 t0 430 HV1O.

7. In terms of the welding procedure qual-
ification related to steel s1100QL it is recom-
mended that the maximum value of the base
material hardness be adopted as the criterion
of the maximum value of the hardness of joints
made in steel S1100QL.
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