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Abstract

In practice, in the design stage of revitalizatiogniovation or reinforcement, there is
often a need to determine the strength of stealedisas its weldability. The strength of
steel can be determined in two ways: directly tgrodestructive testing or indirectly -
by the Brinell hardness test. In the case of walitigbthis turns out to be much more
difficult, because there are three groups of factehich determine this property, i.e.:
local weldability, operative weldability, and ovénraeldability. This paper presents the
results of the verification of the relationship weén the hardness and strength of three
grades of steel from the early twentieth centuhe €valuation of the overall weldability
of structural steels is discussed in an analytiggiroach preceding costly weldability
tests. An assessment based on selected indicatoveeldability can only lead to
confusion.

Keywords: strength of steel, Brinell hardness, wabltty, weldability indicators,
weldability testing, historical steel

1. INTRODUCTION

In engineering practice, mainly at the stage ofigiesg the revitalization,
remodeling or the reinforcement of a constructiboften turns out that we do
not have reliable data on the applied grade of gigeto a lack of design plans
for the erected building structures. This pertgimactically to all buildings
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created prior to World War 1l, as well as modery-taildings, due to the lack
of care taken by investors in safekeeping as-lulgiftign documents. What is
more, when planning to strengthen a constructionapplying welding to
connect elements, it is key to assess the weltlaliiithese steels. While the
strength of steel can be assessed in two waysctljirdbased on destructive
studies on a sufficient amount of samples takemnfthbe construction, or
indirectly, by the Brinell hardness test, in theseaf weldability, this is more
difficult. This is seeing as how three groups aftfas affect this property: local
weldability, overall weldability, and operative webility.

2. ASSESSING THE STRENGTH OF STEEL

2.1. Indirect method of estimating the strength of steelising Brinell
hardness measurements
The indirect indication of the design strength e is usually impossible due
to the lack of possibility of taking relatively tp pieces of steel sections or
sheets to create fivefold samples for carrying aesgtructive tests [5], while
their amount can be no smaller than three in regaodeach of the main
construction elements.
Much larger possibilities are provided by the iedirmethod, in which strength
parameters are indicated on the basis of Brinetitess measurements [5]. In
contrast to the direct method, assessing the hssdofesteel can be carried out
on the existing construction in a non-destructivayywwhich makes it possible
to obtain an optional number of measurements, suadivantageous in the case
of subjecting them to statistical analyses. Thehoetis recommended for raw
or normalized steel, which we usually come acrobgrnwdealing with steel
building constructions. Measurements of the harsiren be carried out in
a testing station on small samples of steel tak@m the construction or on site,
directly on the actual construction elements (inoa-destructive way), using
a portable hardness tester (cf. Fig. 1a). In ordemprove the effectiveness of
reading the diameter of the impression and makeadier to carry out in
difficult to access locations, it is recommendedttklectrical measurement
microscopes be used (cf. Fig. 2b), facilitating thgistration of the image of
the impression on a computer (cf. Fig. 1c), baseavbich the readings of the
diameters of impressions are taken
In article [9], the methodology of determining thmalculation strength
parameters of building structure steel was presefmieof a limited number of
samples, applied in direct as well as indirect istsid
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Fig. 1. Portable Brinell hardness tester PZ-3rt@asuring microscope (b), photograph
of impression with scale (c)

2.2. Verification of the dependency between the hardnessd strength of
historic steel

The indirect method of assessing strength is based known linear relation

between Brinell hardness and strength parametesseef (1), i.e.: stress vyield

R.and tensile strengtR,,[4+6, 8].

R =a, [(HBW, for i=e, m, (1)

where:

i = e,m- respectively: for stress yield and tensile gitbn
a, - coefficient dependant on the type and gradeeafs
HBW,; - Brinell hardness tested on an unbiased sample

In technical literature, there is a lack of infotioa regardingg, coefficients for
past structural steel, which limits the use ofitidirect method of estimating its
strength parameters.

Currently, there are still many buildings constedttprior to World War |l
whose main load-bearing structure is made of s@ft&n, due to the many-year
period of use, they require repairs and reinforaemdhus, knowledge
regardinga; coefficients for historic steel is necessary frthra practical point
of view, as it would enable the safe applicatiorthaf indirect method also in
the case of historical buildings from the past.

The verification of dependencies (1) was carried @u three sets of steel
derived from different periods of time. The firstllection (A) comprised 15
flat samples made from the webs of normal type st@@ctural channels dating
back to the 30's of the past century and taken wdiengthening the steel
construction of the roof of a historic school in Mfaych [7]. The second set
(B) consisted of 8 flat samples from the lower staf a steel truss from
a production hall built in the 20s of the past ceyn{10]. The third set (C) was
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comprised of 4 flat samples made of steel sheetsunag 14 mm in thickness,
taken from the web of a plate girder of a trairdge from the 90's of the XIX
century.

Four Brinell hardness measurements were taken cm @fathe samples using
a PZ-3 portable hardness tester (Fig. 1a), in aecme with the European norm
PN-EN ISO 6506-1:2008. A total of 124 observatiorgse made (set A: 60, B:
32 and C: 32 observations). The indenter used wasgsten carbide ball with
a diameter of D = 5 mm, impressed into the surfacthe samples with a test
force of F = 7355 N. Then, following hardness measents, flat samples
(fivefold, subjected to machining) underwent aisttnsile test (in accordance
with PN-EN ISO 6892-1:2010), determining the yi8idit and tensile strength
of the steel.

Converting the dependencies (&)coefficients were calculated for each of the
sets. Average values of these coefficients hava bempiled in Table 1 next to
the appropriate coefficients for various gradesstofictural steel taken from
technical literature.

Table 1. Values of; dependency coefficients (1) for various gradsteél

Steel Acc. [4, 6, 8] Own research
St3SX| St3SY| St3S| 10HA | 18G2| 18G2A| A | B | C

Coefficients L2 219 | 2.30| 2.33 2.23| 240 2.39| 2.42.45/2.54

3.14 | 3.29| 3.28 3.16 | 3.45| 3.11| 3.238.14/3.57

The values ofy; coefficients for historic steels are higher thaasth indicated
for various structural steel grades (St3SX, St3St8S, 10HA, 18G2, 18GA),
and increase along with the age of the steel. fifsig be caused by the aging
process of steel which takes place spontaneously glowly) with the passing
of time, as a result of which the yield limit anensile strength of steel
increases, while elongation decreases. Rimming stdew carbon content is
especially susceptible to the aging process. Becalishis, it is necessary to
expand the analyses to include the testing of atermbmposition.

In the case oh,, coefficients of historic steel, its values for sétsind B are
similar to those obtained for St3X, St3Y and St3@.Tvalue of thea,
coefficient for set C steel is, on the other hasignificantly higher than the
others.

2.3. Summary

The indirect method of indicating the calculatedlgilimit and tensile strength
of steel by non-destructive measurements of iteddrihardness ought to be
considered worthy of recommending in the case efl#ttk of possibility of

doing so by means of the direct method [9]. Thishoeé is recommended in the
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case of steel applied in building structures, whishally occurs in an as rolled
or normalized condition.

Preliminary research on the dependency betweemdtiness and strength of
steel dating back to the end of the XIX and begignof the XX centuries
reveal that the values @& coefficients from dependencies (1) clearly differ
from those known for currently applied structurééed (St3X, St3Y, St3S,
10HA, 18G2, 18G2A). This is presumably the effefcth@ aging of steel, thus
the necessity for its chemical analysis and cordtrom of whether the analyzed
steel is susceptible to aging. The influence ofdtnain of the analyzed element
on the results of hardness measurements carrieghatibught to also be taken
into account [4+6].

The assessment of the strength parameters of Isgeslieans of the indirect
method requires a few dozen hardness measuremadtsoaght to be
mandatorily expanded to include the analysis ofnibal composition. When
carrying out Brinell hardness measurements in adestructive way, one ought
to keep in mind the influence of the strain of damgtion elements [4+6], and
attempt to do so in areas under minimal, optimadiso, strain.

Literature does not contain these types of studiepast structural steels, thus
it is expedient to assume research on this topia fyreater amount of historical
steel.

3. ASSESMENT OF STEEL WELDABILITY

The factors influencing the weldability of stee$téd at the beginning are
respectively referred to as local, overall, andrafiee weldability. Weldability
can therefore be interpreted as the resultant efthihee above-listed factors.
The easiest to assess is local weldability. Th&easment is carried out based
on a system of weldability indicators calculateddzhon chemical composition.
The positive results of this assessment do notimonfteel weldability, but
rather justify carrying out weldability tests [2, B1] in order to determine the
remaining constituents of weldability (overall aoperative). These are labor-
intensive and require appropriate research equiprtars also costly

3.1. Preliminary assessment of weldability

A very useful tool for the initial assessment ofidadbility (local) is the system
of weldability indicators [11]. These indicatorsy the form of empirical
mathematic dependencies, describe the susceptilofitsteel to hot, cold,
lamellarand reheat cracking. It does not account for lieemal conditions of
welding, thus only the qualitative assessment afceptibility to cracking is
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possible (on a three-level scale: resistant, ghrtiesistant, susceptible; or two-
level: resistant, susceptible.

A commonly known and readily applied indicator otal weldability is the
carbon equivalen€EV, which informs us about the intensiveness at witeh
alloying components influence the creation of fidgabhardening structures
(martensite, bainite) in the heat-affected zone ZlJAvhich are conducive to
cold cracking. PN-EN 10025-1 recommends the formpiavided by the
International Institute of Welding (2) for calcuteg the equivalent of structural
steel carbon (specified in PN-EN 10025-2+6):

CEV=CsMn, CreMo+V  Ni+Cu )
6 5 15

PN-EN 10025-2+6 provides maximum carbon equivalemiues
accounting for the thickness of the product.

In the case of steel containing less than 0.16%o0cta which usually
occurs in the case of historic structural steet, ¢hrbon equivalent is better
described by the formula developed by Ito and Be§sly
Si + Mn+Cu+Cr N Ni Mo  V

c.=C+—+—M = + 4+ __—_+ — +5B. 3
R 30 20 60 15 10 (3)

In addition to (2) and (3), there are many empirapendencies allowing for
the calculation of indicators for assessing theespibility to various types of
cracking. These are clearly presented in detai[lih]. Therefore, limiting
oneself to only CEV (o€R) is insufficient.

In the initial assessment of weldability (local)js worth drawing attention to
the entry in norm ZN-92 1232-206 which providesomfiation regarding the
permissible element contents in steel considerdd tweldable (cf. Table 2).

Table 2. Permissible contents of elements in wéddsteel acc. ZN-92 1232-206

Permissible content of elements, % mass
C C+Cr{|C+Mo|C+V |P+S|C+Ni| Cu C+Cr+Mo+V
<0.25| <0.35| <050 | <040|<0.1| <30 |<0.6 <0.5

On the other hand, in [3] it was indicated thatwigldable steel, the content of
phosphorus and sulfur (of each of these elemenightoto be < 0.05%,
manganese < 1.0%, and silicon between the ran@®8{0.35%.

3.2. Assessment of the weldability of steel derived fromthe 30's
of the XX century

In 2007, the "Renoma" Department Store in Wroclaas expanded. The

design called for strengthening the steel consbmctreated in 1929 with
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S355J2 steel elements, using shielded metal-aradingel At this time,
the necessity arose to assess the weldabilityeo$tiel used in this structure.

Table 3. Chemical composition of steel from DS "&ea" [12]

Content

of elements, % mass

C | Mn] si

P S| Cu

Crl Nifl Ma Al V| Nb

Ti N

0.0390.5440.0080.0480.0330.0500.0080.085/0.0030.001/0.00000.0020.007/0.014

The initial assessment of steel weldability turnedt to be positive.
The analyses of the chemical composition of remitasiwe samples (Table 3)
showed that the percentage content of alloying efgsnfalls in the ranges
specified in ZN-92 1232-206 (cf. Table 1), and ttedculated weldability
indicators showed that we are dealing with stea it resistant to the different
types of cracking (cf. Table 4).

Table 4. Selected indicators acc. [11], calculddedteel from DS "Renoma”

nt

Indicator | Application | Criterion | Assessmel
Assessment of susceptibility to hot cracking
Cekw> 045- susceptible .
Ceiw =002 | Low-carbon stee ) resistant
Cerw < 015 - resistant
HCS. =20 |Low-carbon stee HCS <4 - resistant resistant
Assessment of susceptibility to cold cracking
CEV =014 C<02% 25 mm<g<37 mm
--------------------------------------- g<25 mm CEV < 041 -
s  aco. 1y CEV < 045 resistant resistant
Cr =007 C<016% "™ ™ CEV>045| CEV>041-
susceptible
T, <20 -resistant
Tp =-1316 Low-alloy steel | 20< Tp <100- partially susceptibl| resistant
T, >100- susceptible
Assessment of susceptibility to lamellar cracking
Low-carbon stee P <40- resistant :
P, =035
L Low-alloy steel P_ > 40 - susceptible resistant
Assessment of susceptibility to reheat cracking
_ C<018% AG <0 - resistant .
AG=-198 Cr<15% AG =0 - susceptible resistant

Attention, however, should be drawn to the incrdagkosphorus and sulfur
contents. These elements have a high tendencytegste and can lead to the
occurrence of hot or cold cracks. Some concernlgs eaised by the high
nitrogen content, which indicates that it was nobded permanently with N
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binding elements. This definitely facilitates thgiray process, which leads to
decreased plastic properties and the increasehilififaof steel, especially in
the area of welding, and possible effects of haghpgerature derived from, e.g.
heat treatment.

Following the preliminary assessment, it was detitte carry out weldability
tests for fifteen connections made from cuts takem the construction of DS
“Renoma” as well as sheets of S355J2 steel, manaadtwelded with a coated
electrode (smelting with acid rutile-coated eled&pfilling with basic-coated
electrode) Weldability tests covered a static tensile strertigt, bending test
with stretching the face and root of the weld, welshotch toughness test of the
weld and heat-affected zones of both of the commechaterials, as well
a metallographic macroscopic test [12].

In the static tensile test, all welded joints bralgart outside of the weld, in the
case of materials from 1929. Similarly, all joirftgith the exception of one in
which the presence of slag was confirmed), bent t@80° angle without
cracking on the stretched surface and tearingeosémple edges in the bending
test with the stretching of the face and root of teld. The weld-notch
toughness test (at a temperature of +24°C) shovgedCGharpy V-notch energy
absorption of the weld material (from 108 to 204ald energy absorption of
the HAZ zone of S355J2 steel (from 60 to 208 M) tla@ other hand, the impact
energy of SWC steel derived from 1929 is very loanging from 9 to 27 J for
as many as 10 of the 15 samples).

Macroscopic studies revealed a characteristic nstrercture of steel from this
time period (segregation of the chemical compasitiod structure, which has
been shown in Fig. 2).

Fig. 2. Macrostructure of the analyzed welded fmitits [12] (on the left, steel from DS
"Renoma”, on the right S355J2)

Due to the low value of energy absorption of SWE€ektas well as the
increased phosphorus and sulfur contents of saeintfrom DS "Renoma’,
it does not fulfill the quality requirements andgbt to be treated as non-
weldable.
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3.3. Summary

The weldability of steel ought to be understoodhesresultant of metallurgic,
constructional and technological weldability. Irder to reach the conclusion
that the given steel is weldable, all componentw@tiability must be positive.
If even one of its components is insufficient, steseconsidered to be non-
weldable.

The assessment of steel weldability begins fromititéal assessment of its
local weldability, calculating the indicators of Mability on the basis of the
chemical composition of steel. If the results af thssessment are positive, the
carrying-out of costly constructional and technatay weldability tests is
warranted. A positive outcome of the tests indisdigat steel is weldable,
negative - non-weldable. If, on the other hand, theults of the initial
assessment of weldability are negative, it is beliethat the steel exhibits
insufficient weldability.

The proper assessment of weldability is not poesoolly on the basis of a few
selected indicators [11], as they merely providéahinformation regarding
metallurgic weldability - one of the componentsaafidability.
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OCENA WYTRZYMALOSCI | SPAWALNOSCI KONSTRUKCYJNYCH
STALI HISTORYCZNYCH

Streszczenie

Czsto w praktyce imynierskiej na etapie projektu rewitalizacji, remontub
wzmocnienia konstrukcji pojawiaeskonieczné¢ wyznaczenia wytrzymaigi stali oraz
okreslenia jej spawalnii. O ile wytrzymatdé¢ stali mazna okréli¢ na dwa sposoby:
bezpdredni, poprzez badania nisace odpowiednio diej liczby prébek pobranych
z konstrukcji lub péredni - poprzez badania twasdd Brinella, to w przypadku
spawalnéci okazuje si to dwo trudniejsze. Bowiem o tej wdeiwosci decyduj trzy
grupy czynnikdbw: metalurgiczne, konstrukcyjne i heclogiczne. W referacie
przestawiono diwiadczenia zwizane z zaknoscia miedzy twarddcia

a wytrzymatdcia trzech gatunkéw stali historycznych pochgdzh z kaica XIX

i pocaitku XX wieku. Otrzymane dla nickrednie wspétczynniki granicy plastyczuo
oraz wytrzymatéci na rozciganie poréwnano ze wspoétczynnikami podawanymi
w literaturze technicznej dla stali konstrukcyjny€@maoéwiono take ocer spawalnéci
stali konstrukcyjnych w ggiu analitycznym, poprzedzgi proby spawalnéci. Na
przyktadzie przedstawionae ocena spawalfoi jedynie na podstawie kilku wybranych
wskaznikach spawalnici, maze prowadzt do pomytek. Nalgy pamgtaé, ze wskaniki
spawalnéci pozwalaj wstkpnie ocend jedynie spawalrig metalurgicza (jedry ze
skladowych spawalriai). Wiarygodny wniosek o dostatecznej spawétnstali mana
wyciagma¢ wytacznie po dodatkowym przeprowadzeniu hadaspawalnéci
konstrukcyjnej i technologicznej.

Stowa kluczowe:  wytrzymakg stali, twardé¢ Brinella, spawalné&, system
wskaznikow spawalnéci, préby spawalnii, stal historyczna
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