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Evaluation of welding properties of construction materials

using the SEP 1390 tests

Abstract

Issues connected with the evaluation of weldability of thick-walled materials used
to manufacture welded steel structures were brought forward in the article. Evalua-
tion of weldability determined by analytical methods and verified in a process test
according to the guidelines of SEP 1390 was presented. This test is recommended for
the research of thick-walled construction materials, in particular those working un-
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der dynamic load. Hardness and metallographic tests were also conducted to assess
plastic properties of the materials, very important from the point of view of weldability.
The purpose of the topic taken on was the assessment of usefulness of different sys-
tems of evaluation of weldability of thick-walled construction materials intended to be
used in welded structures.

Introduction

Dynamic economic development on world markets initi-
ates many investments in such areas as construction, ener-
gy, metallurgy, raw materials industry or shipbuilding. Among
these investments, one can particularly distinguish those
that require the production of large-size constructions, often
with the use of thick-walled elements. In these elements, de-
signed and manufactured structural nodes require a special
approach to making a variety of thick-walled welded joints
that require the use of appropriate technologies and appro-
priate conditions for their implementation in order to obtain
appropriate properties that ensure quality requirements.
The basic property of materials used for welded construc-
tions, including those made of thick-walled materials, is
weldability. This concept takes on special significance with
regard to welded materials requiring the use of thermal treat-
ments, including thick-walled elements. The concept of weld-
ability defined in various ways is directly related to the ma-
terial’s suitability for making a welded joint under specific
conditions and using the appropriate technology to obtain
a durable joint with the appropriate quality and performance
features [1+6,16]. The concept of weldability captures a wide
set of factors directly affecting the final effect of the weld-
ed joint and is closely related both to the proper design of
joints and their technological implementation while ensuring

the proper course of metallurgical processes. In practical
applications, these characteristics of the material are de-
termined, related to the concept of weldability, using mainly
analytical methods (calculation formulas), often based on
the appropriate chemical composition of the material. In re-
search systems, simulation tests are used on simulators of
thermal cycles of welding. In order to verify the results of
the weldability assessment obtained by analytical and re-
search methods, technological trials that take into account
many real variable manufacturing processes of basic mate-
rial and welded joint, are often used. Analytical methods are
the most frequently used (including the determination of the
carbon equivalent value Cg) due to the cost and speed of the
determination as opposed to very costly and labor-intensive
simulation studies [19]. Technological tests, on the other
hand, are often used to verify analytical methods to confirm
the quality assumptions required by the relevant standards
and guidelines. The technological tests recommended for
use are often related to the phenomena of cracking or ten-
dency of the material to crack. Such tests include, for exam-
ple, the Tekken or CTS test, as well as material stretching
in the ,Z" axis, which tests the tendency of steel to lamellar
cracks [2+4,8]. A similar application applies also to the test
defined as SEP 1390 recommended for the assessment
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of the weldability of construction materials with a yield
range of 235 to 355 MPa and a thickness of 30 mm [5,10,17].
The sample described in the guidelines as SEP 1390 was
previously known and is described in the literature under the
name of the Kommerell sample [2,18].

The subject of the presented study is a comparative as-
sessment of the weldability of thick-walled construction
materials determined by an analytical method and a verified
technological test. The SEP 1390 sample recommended for
the assessment of thick-wall construction materials work-
ing under dynamic load was used for verification.

Weldability assessment
by analytical method

Many dependencies apply to the assessment of welda-
bility using analytical methods, among which dependencies
based on the analysis of the chemical composition of the
material predominate. They allow to determine the influence
of various alloying elements on the hardenability of steel,
i.e. the tendency to form hard hardening structures like mar-
tensite or bainite [5+8]. These dependencies usually occur
in the form of carbon equivalents developed for appropriate
material groups. The most widespread and used depend-
ences are the carbon equivalent Cew developed to assess
the weldability of non-alloy carbon steels and high strength
steels by the International Welding Institute. This depend-
ence has the following form [1+4]:

Mn , Cr+Mo+V Ni+Cu

CeIIW_C +— 6 5 + -l 5 [%] (1)

and should reach a maximum value of up to 0.47% for ma-
terials with a thickness in the range from 40 to 150 mm
and in addition, if the following conditions regarding the car-
bon content and carbon equivalent are met, depending on
the thickness of the material:

C<020% i C.<045% and g<25mm
or
C=<020% i C.<041% and 25<g=<37mm,

then it can be assumed that no special precautions are re-
quired in the welding process. The recommendations of MIS
for steel with strength of UTS=490+690 MPa on the use of
a low-hydrogen welding process must also be met. For higher
material thicknesses, i.e. above 40 mm, these conditions are
met when the carbon equivalent reaches a value of C.< 0.40%.
If the above conditions are not met and there are other fac-
tors associated with significant material thickness, such as
the degree of joint hardening, there is a considerable risk
of a creation of hard structures and thus cold cracks [5,6,8].
A similar dependence of carbon equivalent C., developed
by the Japanese Welding Association has the following form
[1+4]:
Si Cr

C+—+—+—+—+— [%] 2

Ces= 6 24 40 4

Table I. Characteristic data for S3553J2N steel [11,12]

and is designed to assess the weldability of non-alloy car-
bon steels and high strength steel materials, similar to the
equivalent of carbon recommended by MIS.

The assessment of the weldability of the material was car-
ried out in accordance with the previously presented guide-
lines for the selected material of S355J2+N type [11,12].
Samples for tests marked with 1/40, 2/40 and 3/40 sym-
bols were taken from three batches of sheet material of
equal thickness equal to 40 mm. The adopted type of ma-
terial meets the requirements for both yield strength and
thickness requirements. The most important data from the
point of view of the experiment conducted for this steel are
presented on the basis of manufacturer approvals in Table I.

Materials accepted for testing can be classified in terms
of thickness, strength properties and carbon content as well
as carbon equivalents Cqw, Cey as meeting all the require-
ments of PN-EN 10025-2: 2008.

Weldability assessment
in the SEP 1390 technological test

In order to verify the welding properties assessment of
thick-walled materials obtained by analytical methods, a tech-
nological crack resistance test was carried out according to
SEP 1390.

Samples were taken from each batch of material in ac-
cordance with the scope given in SEP 1390 and related to the
type of material and its thickness [9,10]. The samples were
cut and machined to the correct dimensions together with
the R4 radius groove in accordance with the diagram shown
in Figure 1.

B Al A-A  B-B
!
L % | R "
| = -
1
B L, A

Fig. 1. Diagram of the specimen for the assessment of weldability
in the SEP 1390 test, 1 — tested material, 2 — overlay weld [9,17]

The padding welds on the samples were made accord-
ing to the scheme in Figure 1 using the manual arc welding
method with rutile thick-covered electrode OK FEMAX 33.80
with a 5 mm core diameter [13]. The dimensions of samples
and pads made with a continuous bead without interruption
are given in Table Il.

The view of the sample prepared for the test before mak-
ing the padding weld and with a finished padding weld is
shown in Figure 2.

The scheme of conducting the weldability test in the
bending test according to SEP 1390 is shown in Figure 3,
and the relevant dimensions in Table Ill. The bending tests

Sample Material thickness Yield Stress Ultimate Tensile Carbon content | Carbon equiva- | Carbon equiva-
designation t [mm] YS [MPa] Strength UTS [MPa] C [%] lent Ceuw [%] lent C.,[%]
1/40 40 355 554 0,16 0,42 0,42
2/40 40 363 567 017 0,42 043
3/40 40 376 586 0,18 0,43 0,44
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were carried out under static loading conditions on the Heck-
ert EUTO00T testing machine using the appropriate tooling
(Fig. 3). The view of the sample before the start of the test
set in a special bending device for thick-walled materials is
shown in Figure 4.

Table Il. Dimensions of the type series of the specimen samples
depending on the thickness of the tested material [9,17]

Material Length Width Length Radius
. of the of the of the pad- of the
thickness .
[mm] sample sample ding weld groove
9 L, [mm] B, [mm] | Lamin[mm] | R[mm]
40 440 200 190 4

Fig. 2. View of the tested sample before surfacing welding (a) and
with an executed surfacing weld (b)

Fig. 3. Diagram of the conduct of the weldability assessment in the
bend test SEP 1390 [9,17]

Table Ill. Dimensions for the diagram of the test according to SEP
1390[9,17]

. Mandrel's Distance Diameter
Thickness .
[mml diameter of the supports | of the supports
9 D [mm] L, [mm] d [mm]
40 120 220 >50
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Fig. 4. View of the samples in the bending device placed in the
strength testing machine

During the bending course to the 60° limit angle, the ten-
sile zone was observed by monitoring the formation of cracks
in the weld and their development in the material as shown
in Figure 5. The purpose of the monitoring was to initially
assess the correctness of the test run and to capture the
moment of stopping of the test when the breaking limit was
greater than 80 mm from the padding weld’s axis.

The samples after bending tests were evaluated by in-
specting the surface of the sample with the padding weld
and measuring the length of the cracks in relation to the
weld axis. In order to obtain a better resolution, penetrant
tests were carried out on the examined surface when as-
sessing the crack size.

The samples after bending tests were evaluated by in-
specting the surface of the sample with the padding weld
and measuring the length of the cracks in relation to the
weld axis. In order to obtain a better resolution, penetrant
tests were carried out on the examined surface during the
assessment of the crack size. The assessment was carried
out in accordance with the requirements of the SEP 1390
test guideline, assuming a positive situation where at least
one crack occurred in the padding weld, which exceeded
the heat affected zone (HAZ) of the padding weld and was
blocked in the native material of the sample, and the maxi-
mum crack length did not exceed 80 mm. If the crack length
is more than 80 mm, the sample should be classified as neg-
ative. On the other hand, if during a bending test no crack is
caused or the resulting crack does not exceed the HAZ and
is not found in the native material, the test should be consid-
ered invalid and must be repeated.

Fig. 5. View of the cracks formed in the overlay weld of the bent
sample

If the test for the material tested is negative, the material
should be excluded or two new material samples should be
taken from the same control group and tested again. In order
to obtain a positive result in repeated tests, both samples
tested must meet the requirements.

The view of the samples after the bending, visual and
penetration tests are presented in the following Figures 6,
7 and 8.

The five cracks visible in Figure 6 were formed in sample
No. 1/40 subjected to bending to an angle of 60 °. The max-
imum length of the crack passing from the axis of the weld
through the HAZ to the blocking in the material of the plate
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Fig. 7. View of the indications in penetration tests of sample 2/40

is 63 mm. The required weldability criteria specified in the
1/40 test has been met for this material.

The five cracks shown in Figure 7 were also formed in
sample No. 2/40 subjected to bending to an angle of 60°.
The maximum crack length passing from the axis of the
weld through the HAZ to the blocking in the material of the
plate is 76 mm. The required weldability criterion specified
in test number 2/40 has been met for this test material.

Only one crack visible in Figure 8 was made in sample
No. 3/40 subjected to bending to an angle of 55°. During the
course of the bending test, a stepwise three-step develop-
ment of the crack was observed, starting from 30° to the fi-
nal 55°. This atypical abrupt crack development reflects the
varied surface of the breakthrough with visible crack focal
zone, resting lines defining rapid crack growth and tempo-
rary breakthrough. Individual zones have the structure of a
mixed breakthrough with the predominance of brittle materi-
alin the upper part, and in the lower part with the domination
of plastic material, as shown in Figure 9. The final length of
the resulting crack passing from the axis of the weld through
the HAZ and unblocked in the material of the plate is 100
mm. On the half of the width of the sample crack occurred
throughout the material. In this test, the required bending
angle of 60° was not obtained and the length of the resulting
crack exceeded the limit value of 80 mm. Therefore, the re-
quired weldability criterion specified in sample number 3/40
was not met for this test material.

The conducted technological tests on samples taken
from three different batches of materials (from three dif-
ferent melts) of the same type of material (S355J2+N) with
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similar strength properties confirmed good welding proper-
ties in two cases (test no. 1/40 and 2/40), while in the third
case — unfavorable welding properties (test no. 3/40). The
results confirm different material’s ability to block the crack
initiated in them despite similar properties. From this point
of view, it is also interesting to assess the level of plasticity
of the material responsible for blocking cracks. Assessment
of plasticity should be carried out both for the material itself
and in the area of the padding weld.

Vickers and metallographic tests were used to assess the
plasticity of the material. To carry out these tests, samples
were taken from materials used in the SEP 1390 test from
the end sections not subjected to bending deformations.

Fig. 9. View of the crack’s fracture after bending sample 3/40

Hardness Measurements

For the hardness test, sections from the central zone of
individual samples of SEP 1390 were collected to cover the
padding weld. Macroscopic specimens were made on the
surface of the collected samples to reveal the cross-section
of the padding weld and the heat affected zone. The maxi-
mum width of heat affected zones was measured on the pre-
pared macroscopic specimens, which are 1.9 mm for 1/40
and 2/40 samples and 2.2 mm for the 3/40 sample. The
view of one of the samples with the macroscopic specimen
is shown in Figure 10.

Hardness measurements were made using the Vickers
method on a stationary hardness tester of HPO 250 type
in accordance with the requirements of PN-EN IS0 9015-1 by
performing at least three measurements in each zone, i.e. in
the padding weld, HAZ and in the native material. The results
of the maximum hardness tests are presented in Table IV.

The results of the tests carried out showed the hardness
values in the padding weld at the same level in all of the sam-
ples, while quite significant differences were found in the HAZ
and minor differences in the native material.
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Table IV. Results of the maximum values of the HV (Vickers Pyramid
Numbers) determined for the individual zones

of theN soa.lmple Padding weld HAZ rr';‘aattei‘r,izl
1/40 235 290 172
2/40 233 310 174
3/40 232 339 180

nital; dark band visible in the middle zone

Fig. 11. Microstructure of native material in x200 magnification: a) from the area outside the overheat zone, b) in the overheat zone near

the HAZ

[TEAL

Fig. 10. View of the material sample with surfacing weld in a ma-
croscopic section: magnification x1.5, etchant (corrosive reagent):

Microscopic examinations

Microscopic examinations were carried out in accord-
ance with the requirements of PN-EN 1SO 17639 [15]. The
surfaces of the samples were subjected to digestion with
the nital reagent, and the observation of the structures was
carried out using the OLYMPUS GX 51 digital microscope
with x50, x200 and x500 magnifications. Sample images of
microstructures for native material with a magnification of
x200 are shown in Figure 11.

The basic material of S355J2+N steel outside the heat
affected area has a ferrite-perlitic structure in the band sys-
tem shown in Figure 11a. On the other hand, in the heat-af-
fected zone, i.e. at the end of the HAZ (in the zone of partial
normalization) pearlite (a structural component with a lower
transformation temperature) was recrystallized, creating a
fine-grained ferrite-pearlite structure.

In the following Figures 12, 13 and 14 the microstructures
of the transition area between the HAZ and the padding weld
along the fusion line for samples 1/40, 2/40 and 3/40 are
shown. Images of microstructures are presented in enlarge-
ments x200 in figures (a) and x500 in figures (b).

The padding welds structure of 1/40, 2/40 and 3/40 sam-
ples is ferritic-perlitic with a visible outline of a columnar pri-
mary structure oriented towards the outflow of heat. There
is a polygonal ferrite on the boundaries of former austenite
grains, and fine-acicular ferrite inside the former austenite
grains. Near the fusion line, thicker grains appear in the struc-
ture. In all samples tested on the other side of the fusion line,

Fig. 12. Microstructure of the HAZ transition area and overlay weld on the sample no. 1/40 at a magnification of: a) x200 b) x500
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i.e. in the HAZ, there is a diverse structure depending on
the degree of material overheating and the intensity of heat
dissipation. In the immediate vicinity of the fusion line, in
the area of high overheating, there is a thick-acicular bainit-
ic-ferritic structure with ferrite elements in the Widmanstet-
ten system and martensite needles. The most characteristic
long and thin needles are found in the fusion line in sample
No. 3/40. The farther from the fusion line towards the basic
material, i.e. towards the lower level of overheating, the more
the ferritic-pearlitic structure dominates with the smaller
amount of bainite.

Analysis of the results

Weldability assessment by analytical method based on
carbon content C and carbon equivalents C. determined by
MIS Caw and the Japanese Welding Association C., for all
tested materials showed that the criterion adopted for ma-
terials with good weldability, i.e. C. < 0.40%, was exceeded.
Due to different content of carbon in steel and different val-
ues of carbon equivalents, materials have different levels
of welding properties. On this basis, the assessed materi-
als should be included in the group with limited weldability.
In turn, conducted technological tests of individual materi-
als in accordance with the guidelines of SEP 1390 showed
a positive assessment of welding properties for tests no.
1/40 and 2/40, and negative for the test no. 3/40. A set of
the most important data from the analysis and conducted
SEP research for individual tests:

6 WELDING TECHNOLOGY REVIEW
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Fig. 13. Microstructure of the HAZ transition area and overlay weld on the sample no. 2/40 at a magnification of: a) x200 b) x500

Fig. 14. Microstructure of the HAZ transition area and overlay weld on the sample no. 3/40 at a magnification of: a) x200 b) x500

b /i

- . i =

— test no. 1/40 — carbon content C = 0.16%, carbon equiva-
lent Ce = 0.42%, maximum crack length 63 mm — positive
result in the assessment of weldability;

— test no. 2/40 — carbon content C = 0.17%, carbon equiv-
alent Ce = 0.42+0.43%, maximum crack length 78 mm
(near the unacceptable limit) — positive result in the as-
sessment of weldability;

— test no. 3/40 — carbon content C = 0.18%, carbon equiv-
alent Ce = 0.43+0.44%, maximum crack length 100 mm
(total fracture) — negative result in the assessment of
weldability.

Based on the results presented above, an analysis was
made of the relationship between the crack length in the
SEP test and the carbon content in steel and carbon equiva-
lents determined by the MIS and JSS relationships. The de-
termined dependencies of the crack length L together with
the determination of the correlation coefficient are present-
ed below:
for Ceaw wg MIS L =2950Cqw-1169
for CawgJSS L =1850°Ce,-715 where R? = 0,99
forC L=1850C-234 where R? = 0,99

The highest correlation coefficients indicating very high
reliability were obtained for the determined L dependencies
as a function of the carbon content C and the carbon equiv-
alent C., determined according to the Japanese Welding As-
sociation.

The obtained hardness test results, presented in Table IV,
do not exceed the limit value for this material group, i.e. 380 HV
adopted in PN-EN 1SO 15614-1 regarding the qualification of
welding technology. The highest level of hardness was found

where R? = 0,84
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in the heat affected zone, significantly lower in the padding
weld, and the lowest in the native material. In addition, the
highest hardness values in HAZ and native material were
found in sample No. 3/40, which is also characterized by the
widest heat affected zone. The analysis carried out between
hardness in HAZ, carbon equivalents and carbon content in
steel showed the following relationships:
for CeIIW wg MIS HV10 = 3900'Ce||w -1338
for Ceywg JSS  HVip = 2450°C, - 741 where R*= 0,99
forC HVi, = 2450°C- 104 where R? = 0,99

As in the previous analysis, the highest correlation co-
efficients indicating very high reliability were obtained for
the determined HV 10 dependencies as a function of the
carbon content C and the carbon equivalent C, determined
according to the Japanese Welding Association. The limits

where R? = 0,84

the basis of these relationships for the limit value HV 10 = 380
are respectively:
C=0,1976%; Cey = 0,4586%; Cew = 0,4405%

The determined limit values C and Ce very accurately re-
flect the limit values recommended in the literature for these
parameters, i.e. C < 0,2% and C.max < 0,47%.

Microscopic analysis showed a large similarity of struc-
tures in the areas of native material and padding weld for all
samples, while in the HAZ only for tests No. 1/40 and 2/40.
In test No. 3/40, in the HAZ, an increased number of long
martensite needles, which could form slip planes favorable
for the development of the crack, were found next to the fu-
sion line. Differences in this area are also confirmed by the
obtained hardness results for this sample and its different
behavior during bending in the SEP1390 test.

of carbon content and carbon equivalent C., determined on

Summary

The paper presents a comparative assessment of welding properties of thick-walled construction materials using the
analytical method and technological test SEP 1390. The assessment was carried out for sheets with a thickness of 40 mm
made of structural steel S355J2 + N. The material tested came from three different heats with similar chemical and me-
chanical properties. The evaluation of welding properties of the tested materials, carried out using the analytical method
and verified by the technological test SEP 1390, coincided with samples No. 1/40 and 2/40. However, In the sample No. 3/40
a positive assessment was obtained in the analytical method and negative in the technological test SEP 1390. The material
in the test No. 3/40 was characterized by the highest content of carbon and carbon equivalent and the highest hardness in
HAZ, which was also confirmed by microscopic tests. The above factors undoubtedly had a significant impact on the weld-
ing properties of this material and a different course of the technological test SEP 1390. The tests carried out and the results
obtained allowed to determine the relationship between the crack length in the SEP 1390 test, the content of carbon and
carbon equivalent. Similar relationships were determined for the maximum HV 10 hardness in the HAZ zone. The determined
dependences were used to calculate the limit C and C. values at the permissible hardness required for welded joints, and the
results coincide with those recommended, which fully confirm their suitability in technological applications.

In conclusion, it should be stated that the technological test SEP 1390 fully confirms its suitability for the assessment
and verification of welding properties for thick-walled construction materials. Its big advantage is the use of a much larger
number of variables in relation to the analytical assessment, because apart from the chemical composition, metallurgical
factors, including impurities and all kinds of defects occurring at the material production stage are also taken into account.
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