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Abstract
The condition of the consumables is a key factor determining the waste reduction in the welding processes and the quality of 
the welded joint. The paper presents the results of tests of four types of flux-cored wires dedicated for welding high-strength 
steels, stored for 1 month and 6 months in Poland in two urbanized areas: in a large seaside city (Gdańsk) and in Warsaw, 
located in the center of the country. The wires were subjected to macroscopic and microscopic (stereoscopic, SEM) observa-
tions, EDS analysis, technological tests assessing elastic properties and targetability. The degree of degradation of the wires 
was also tested using resistance measurements. In order to assess the effect of storing wires on the weldability of steel, the 
diffusible hydrogen content in deposited metal was determined by high-temperature extraction. It was found that the stor-
age caused changes in the surface condition of the wires, affected their elasticity and electrical properties, which affects the 
behavior of the wires during welding. A significant influence of storage conditions on the hydrogenation of deposited metal 
was found: in the case of three types of wires, the level of low hydrogen processes was exceeded and the maximum result 
was 15.18 ml/100 g of deposited metal. It was also found that copper-plated wire showed a significantly increased resistance 
to storage conditions compared to non-copper-plated wires.

Keywords  Arc welding · Flux-cored wire · Storage conditions · Weldability · Diffusible hydrogen content

1  Introduction

Among the various manufacturing processes, welding is a 
worldwide popular metal joining method that uses consuma-
bles as an essential material [1, 2]. Unfortunately, very often 
in industrial conditions consumables are subject to degrada-
tion, wear, destruction or deprivation of their properties due 
to improper storage. Such an unsustainable company policy 
generates direct losses—the waste of materials, as well as 
increased energy consuming and production costs—repair 
of defects, failures.

The quality of welded joints is the result of many fac-
tors occurring before, during and after the welding process 
[3, 4]. One of these factors is the condition of welding 
consumables: covered electrodes, fluxes, welding rods and 
wires, as well as shielding gases [5–8]. Reputable produc-
ers of consumables ensure proper transport and storage 
conditions for their products and recommend rules for stor-
ing them in production conditions. According to the guide-
lines of the standards regulating the quality requirements 
for the welding of metallic materials (e.g. ISO 3834-2 
standard), manufacturers of welded structures should store 
consumables in warehouses with controlled and regulated 
conditions: temperature and relative humidity [9]. The 
ranges of recommended conditions are strictly defined and 
matched to the products of a given manufacturer. This is 
particularly evident for flux-cored wires, which (next to 
covered electrodes) are considered to be extremely sen-
sitive to environment [10–12]. For most grades of flux-
cored wires, the maximum temperature should not exceed 
30 °C, and the relative humidity should not be higher than 
80% [13]. However, the flux-cored arc welding (FCAW) 
process is used in transport, energy, mining, offshore, 
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construction, in various climatic and hydrometeorologi-
cal zones, with varying degrees of industrialization, which 
does not always make it possible to maintain appropriate 
storage conditions [14–16]. The consumable in the FCAW 
method is flux-cored wire with a ceramic or metal core 
(flux) and an outer, metal tube (sheath). Flux-cored wires 
can be divided to filled with rutile, basic or metal fluxes, to 
copper-plated or non-copper-plated wires or to seamed or 
seamless wires. The complex structure of flux-cored wires 
and their production process are determinants of particu-
lar susceptibility to unfavorable phenomena: changes in 
properties, occurrence of various types of corrosion and 
increased diffusible hydrogen content in deposited metal 
[13, 17, 18]. The latter factor, together with residual stress 
and brittle microstructure, is the reason for the formation 
of cold cracks [19–22].

The analysis of the literature shows that the moisture 
absorption by wires depends on the method of wire produc-
tion, its construction and storage conditions. First of all, it is 
commonly believed that seamless wires are less susceptible 
to moisture penetration into the interior (flux) [23]. It should 
be emphasized that wire manufacturers very rarely recom-
mend drying them to remove moisture, which is a standard 
technological procedure in the case of covered electrodes 
[24, 25]. For this reason, more attention should be paid to 
preventing the moisture pick up.

Although FCAW is a process that increases the share in 
the welding market, the lack of information about the influ-
ence of the environment on the condition of wires and the 
suitability for use resulting from potential changes in their 
condition is clearly noticeable. The literature review shows 
that the most complete research in this area was presented 
by Harwig et al. [26]. In this work, wires made of mild and 
Cr–Mo steel grades stored for 1 week in a climatic chamber 
(RH = 80%, T = 27 °C) and in atmospheric conditions were 
examined, and it was found that the tendency to hydrogenate 
the deposited metal strongly depends on the grade and type 
of wire. The results of research on the plasticity of bead-
on-plate welds made using two types of seamless, copper-
plated, flux-cored wires for non-alloy steel welding stored 
in two locations are presented in article [24]. The test results 
show that changes in storage conditions strongly affect the 
quality of welding wires and the mechanical properties of 
the welded joints made with them. Similar conclusions were 
drawn based on the research described in [13].

More attention was given to the study of the influence 
of welding parameters on diffusible hydrogen content in 
deposited metal obtained with FCAW process [17]. Other 
research trends involving FCAW welding include: fatigue 
and wear testing of the joints [27–30], development of flux-
cored wires for underwater applications and welding of dis-
similar joints [31–33] as well as applications for hybrid and 
additive processes [34].

The aim of this work is to present the effects of the envi-
ronmental, urban conditions on changes in technological fea-
tures, properties and quality of flux-cored wires for welding 
high-strength steels. To the best of the authors' knowledge, 
the presented research results are the first attempt in terms of 
this aspect of technological weldability of steel grades with 
yield strength above 460 MPa.

2 � Materials and Methods

Four grades of flux-cored wires with a diameter of 1.2 mm 
and a weight of 5 kg from different manufacturers were 
used in the tests. Welding of high-strength steel was carried 
out with the use of the 136 method (FCAW-G according to 
ISO 4063). The wires have been marked for unambiguous 
identification: A, B, C and D. Below are their designations 
according to ISO 17632, where:

–	 A wire: T 55 4 Z P M21 H5;
–	 B wire: T 69 4 ZMn2.5NiMo P M21 2 H5;
–	 C wire: T 55 5 Mn1Ni P M 2 H5;
–	 D wire: T 62 5 MnNiMo P M 2 H5.

All of the tested wires have a flux, rutile core. B wire is 
a seamless wire and is covered with a layer of copper. A, 
C and D wires are coiled (seamed) and non-copper-plated. 
Tables 1 and 2 show the chemical composition of each wire 
grade and the mechanical properties of the weld metal.

Spools of wire without the packaging were stored in two 
locations in Poland: Gdańsk, in an urbanized area near the 
shipyard (54º 22′ 43.684ʺ N 18º 37′ 51.548ʺ E); Warsaw, in 
a highly urbanized area in the city center (52º 12′ 15.723ʺ 
N 21º 0′ 1.465ʺ E). The exposure period lasted a month 
(from January 4 to February 4) and half a year (from Janu-
ary 4 to July 4). The wires were stored in real conditions, 
in specially designed test stands, protecting wires against 

Table 1   Chemical composition 
of the weld metal of the tested 
flux-cored wires (according to 
manufacturer’s certificates)

Wire grade C [%] Si [%] Mn [%] P [%] S [%] Cu [%] Ni [%] Mo [%] Ti [%] B [%]

A 0.05 0.37 1.25 – – – 0.93 0.12 – –
B 0.06 0.46 1.82 0.012 0.005 0.22 2.19 – – –
C 0.05 0.33 1.51 0.009 0.008 – 0.95 0.16 0.055 0.0037
D 0.05 0.36 1.90 0.008 0.011 – 0.97 0.46 – –
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atmospheric precipitation, but allowing free air circulation. 
Figure 1 shows photographs of the test stand during storage 
of wires. During storage, temperature and relative humidity 
were measured and recorded every 30 min. For this purpose, 
the Termioplus recorder with the SHT15 sensor was used 
(temperature recording with a resolution of 0.1 °C, humid-
ity recording with a resolution of 0.1% RH). Reference wire 
spools was stored in a sealed, closed package in a warehouse 
with appropriate humidity and temperature conditions. For 
the purposes of this article, the following wire designations 
have been adopted: first letter means the grade of the wire, 
second letter is connected to location: G for Gdańsk and W 
for Warsaw and the number at the end indicates the storage 
time (1 per 1 month, 6 per 6 months).

After the storage period, the outer surface of the wires 
was visually inspected. For each of the wires, a series of 
images was taken at 1 × and 2 × magnification. In addition, 
microscopic observations were carried out using a Delta 
Optical DO SZ-430 T stereoscopic microscope. Surface 

observations and chemical composition analysis were also 
carried out using scanning electron microscopy (SEM–EDS, 
Phenom ProX Desktop SEM, Phenom World (Waltham, 
MA, USA)).

Technological tests of the quality of wires were carried 
out in accordance with the ISO 544:2018-02 standard: tests 
of wire unwinding and helical lift. These tests consist in cut-
ting out one circle of the welding wire and placing it freely 
on a flat surface. Then, the measurement of the quantities 
marked in Fig. 2 was performed. The average values of five 
measurements were taken as the result. The standard does 
not provide guidelines for flux-cored wires, therefore the cri-
teria applicable to solid wires were used in current tests. The 

Table 2   Mechanical properties of the weld metal of the tested flux-
cored wires (according to manufacturer’s certificates)

Wire grade Tensile 
strength 
[MPa]

Yield strength [MPa] Elongation [%]

A 640–790 Min. 550 20
B 770–900 Min. 690 Min. 17
C 640–760 Min. 550 Min. 18
D 700–890 Min. 620 Min 18

Fig. 1   Test stand for storing wires in Warsaw a top view of the test stand interior and tested wires; b side view during the storage process (closed 
cover)

Fig. 2   Scheme of measurement of the helical lift—H and the unwind-
ing of the wire—D
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tested flux-cored wires were wound on spools with an outer 
diameter of 200 mm. For this diameter, the helical lift should 
not exceed 25 mm. Considering the wire unwinding, the 
PN-EN ISO 544:2018-02 standard does not contain guide-
lines as to the values that should be reached. There is only 
a recommendation that the wire unwinding, helical lift and 
surface condition of the wires should allow even, uninter-
rupted feeding on automatic or semi-mechanical equipment. 
For this reason, the unwinding test results were interpreted 
using the comparative method.

Another technological test—targetability measurement 
was carried out on a dedicated test stand. The scheme of 
conducting the test and taking measurements is shown in 
Fig. 3. The MIG 180 degree 5 m Master welding machine 
gun was placed on the trolley in such a way, that the CTWD 
was 150 mm. The consumable was extended to a distance of 
CTWD and the point of contact with the plane was marked. 
In this way, a series of five measurements was made for each 
wire. For the obtained measurement points, the diameter (d) 
of the circle circumscribed on these points and the distance 
(R) of the center of the circle from the "0" point (which is 
potentially determined with a perfectly straight wire) were 
determined. Diameter d is a measure allowing to assess the 
precision (repeatability) of the wire feeding, while the meas-
ure R indicates the accuracy of the wire feeding. Target-
ability test of welding wire feed is not standardized, so own 
criteria have been adopted. The criterion for evaluating tar-
getability tests is that the wire should have the best possible 
concentration of wire feed measurement points during the 
tests described by the diameter "d". Ideal targetability would 
give parameters equal to R = 0 and d = 0. In real conditions 
it is impossible to obtain. However, in the case of automated 
welding, obtaining a stable value of these parameters, even 
far from zero, will allow for a stable welding process.

In order to assess the degree of changes occurring in the 
wires, a test stand for measuring the resistance of wires was 
designed and built. A modified technical method was used 
for the resistance measurement. The measurement system 
(Fig. 4) uses a current source as the measurement excitation 
(current measurement takes place inside the device). The 
measuring current (with a value depending on the resistance 
measurement range) flows out from the I + terminal, flows 
through a serial connection of the wire sections—the meas-
ured section and the reference section and then returns to 
the measuring device via the I- terminal. Differential inputs 
U1 + , U1- and Uref + , Uref- are used to measure the dif-
ferential voltage drop on the wire sections caused by the test 
current flow. The values of voltage drop U1 and Uref as well 
as the value of the measuring current allow to determine the 
resistance values of both sections of the wire.

Low values of the measured resistances (of the order of 
mΩ)—comparable to the resistance of the connecting wires, 
make it necessary to use 4-terminal connections (Kelvin ter-
minals), as shown in Fig. 4. Another important aspect is the 
need to compensate the influence of temperature. Resist-
ance changes caused by temperature changes (even relatively 
small ones, of the order of a few °C) can be greater than 
changes in resistance caused by corrosion changes. Hence, 
the measurement using two sections of the wire—the meas-
ured and the reference, i.e. in the delivery state—assuming 
that both are at the same temperature and by determining 
the ratio of these resistances, the undesirable influence of 
temperature can be eliminated. The resistance values also 
depend on the length of the wire section, it is crucial in 
the measurement to ensure the stability of the length of the 
measured and reference wire sections—this is ensured by 
the measuring head. A series of at least ten measurements 
was made for each wire. The results were presented in the 

Fig. 3   Scheme of the target-
ability test a scheme of test 
stand, where: 1: welding gun, 2: 
flux-cored wire, 3: measurement 
plane, 4: measurement point; b 
method of taking measurements
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form of the resistance coefficient—ratio of measured and 
reference resistances.

Measurements of the diffusible hydrogen content in 
deposited metal were made by high-temperature extraction 
method using a Bruker G4 Phoenix device equipped with 
a thermal conductivity detector. Standard specimens were 
used for the tests as for the mercury method, in accordance 
with ISO 3690 [35, 36]. Before welding the specimens were 
weighed with the accuracy of 0.01 g. Padding welds were 
made for all tested wires using the automated method, with 
a M21 (Ar + 18% CO2) shielding gas, with the same param-
eters: wire feed rate 7.8 m/min, arc voltage 25 V, welding 
speed 31.1 cm/min, CTWD 25 mm, shielding gas flow rate: 
17 L/min. MIG 4004i Pulse welding source with Feed 3004 
feeder and ESAB Miggytrac 1001 trolley were used. The 
specimen was placed in copper fixture and then weld bead 
was deposited. After completion of welding the slag was 
removed, the specimen was quenched in water at 20 °C and 
stored in liquid nitrogen vessel. Hydrogen extraction was 
carried out at 400 °C for 30 min. The results are given as 
average values of three specimens.

3 � Results

3.1 � Urban Storage Conditions

Figures 5 and 6 show graphs of temperature and relative 
humidity changes during storage of wires in Gdańsk and 
Warsaw. In addition, horizontal lines for average values of 
temperature and relative humidity were drawn. The course 
of changes in atmospheric conditions is typical for the 

temperate climate of Poland, with greater daily variability 
of the results of temperature and relative humidity measure-
ments in Gdańsk. In the analyzed period of time, the tem-
perature in Gdańsk at the test stand ranged from − 3.6 °C 
to 46.9 °C (average 10.5 °C), and relative humidity from 
14.7 to 99.3% (average 64.0%). In the test stand in War-
saw, the temperature ranged from − 4.1 °C to 32.6 °C (aver-
age 12.4 °C) and air humidity from 30.9 to 98.4% (average 
66.5%). Comparing these results with the manufacturers' 
guidelines, it appears that in each case both temperature and 
relative humidity exceeded the recommended values. For the 
wires used, the manufacturers’ guidelines indicate that the 
relative humidity of the air should not exceed 40–80% for the 
temperature range of 5–30 °C (depending on the wire grade).

3.2 � Visual Testing

Observing the outer surfaces of the wires, it can be con-
cluded that different grades degraded to a different extent in 
the same period and place of storage. Figures 7 and 8 show 
exemplary photographs of the outer surfaces of wires show-
ing all possible levels of wire degradation (low, medium and 
high). In the case of A wire, after the first month of storage 
both in Gdańsk (Fig. 7a) and Warsaw, numerous corrosion 
centers were visible (wire from Warsaw was visually more 
degraded). After 6 months, A wire was corroded to a large 
extent, the most among all wire grades (Fig. 7b). B wire 
was characterized by a low degree of degradation (the low-
est among all the grades used). After 1 month, no corro-
sion centers were visible macroscopically (Fig. 7c), after 
6 months, single corrosion centers (both from Gdańsk and 
Warsaw) began to appear (Fig. 7d). On the other hand, C 

Fig. 4   Scheme of the test stand 
for testing the resistance coef-
ficient of stored wires with the 
method of connecting the tested 
wires
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and D wires after storage showed an average level of deg-
radation, regardless of the storage location (Fig. 8). After a 
month, single, sporadic corrosion centers were visible on 
both wires (Fig. 8a, c). After half a year, the number of cor-
rosion centers increased moderately (Fig. 8b, d), but not as 
much as in the case of A wire.

Microscopic examinations confirmed the results of visual 
observations. As can be seen from Fig. 9 showing repre-
sentative wires, there was a significant increase in the num-
ber of changed areas on the surface of wires stored longer. 
After 1 month, A wire has numerous small corrosion pre-
cipitates on its surface (Fig. 9a), while after 6 months some 
of them merge and cover a larger area (Fig. 9b). On the 

B wire, which had been in unfavorable conditions longer 
(Fig. 9d), local changes began to appear, probably indicat-
ing local condensation of water vapor, however, the wire 
stored for a shorter period showed no visible changes on the 
surface (Fig. 9c). A different mechanism of change can be 
seen on the C and D wires. In both cases, 1-month storage 
did not show large differences on their surface (Figs. 9e, 
g), but longer storage resulted in the appearance of large 
areas degraded by atmospheric corrosion occurring on 
them (Figs. 9f, h). These observations are consistent with 
the results of corrosion resistance tests of steel subjected 
to the impact of the urban environment reported by various 
authors [37–39].
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Fig. 7   Photographs of the 
outer surface of the wires after 
storage in Gdańsk a wire A, 
1 month; b wire A, 6 months; 
c wire B, 1 month; d wire B, 
6 months

a) b) c) d) 

10 mm 

Fig. 8   Photographs of the 
outer surface of the wires after 
storage in Warsaw a wire C, 
1 month; b wire C, 6 months; 
c wire D, 1 month; d wire D, 
6 months

c) d) a) b) 

10 mm

Fig. 9   The surfaces of selected wires after storage; a wire A, Gdańsk, 1 month; b wire A, Gdańsk, 6 months; c wire B, Gdańsk, 1 month; d wire 
B, Gdańsk, 6 months; e wire C, Warsaw, 1 month; f wire C, Warsaw, 6 months; g wire D, Warsaw, 1 month; h wire D, Warsaw, 6 months
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3.3 � SEM Observations

Examples of SEM photographs of the selected wires are 
shown in Fig. 10. As can be seen in Fig. 10a, corrosion 
changes on the surface of A wire appeared in many areas of 
the wire. On the same grade of wire stored longer (Fig. 10b), 
these changes were more developed. The surface of these 
wires is also covered with streaks of lubricant from the man-
ufacturing process of the wire. On the surface of B wire, 
the changes are slight, the surface is smooth both after 1 
(Fig. 10c) and after 6 months (Fig. 10d). C and D wires 
showed similar degradation levels. In both cases, it was 
observed that large areas of the wire surface did not degrade 
in the form of precipitates appearing on them, but the wire 
surface itself degraded—it became cracked (Figs. 10e, f). 
Figure 10e also shows the longitudinal grooves on the wire, 
which were created during its drawing at the production 
stage.

The EDS analysis of the wire surface allowed to compare 
the chemical composition of the precipitates that appeared 
on the wires after storage in different locations. A charac-
teristic feature of the wires stored in Gdańsk was the pres-
ence of sodium, which probably appeared as a result of the 
presence of sodium chloride in this seaside location. Fig-
ure 11a shows that in this case the precipitates are mainly 
iron oxides. Similarly, on the surface of C wire (Fig. 11b), 
iron oxide is the primary precipitate appearing on the sur-
face. Among the elements detected there is also calcium, the 
presence of which may result from the release of ceramic 
powder components, probably through the seam. However, 
for the Warsaw location, no sodium appeared on any of the 
wires, even after prolonged storage.

3.4 � Stiffness Tests

Tables 3 and 4 show the results of measuring helical lift 
(H) and wire unwinding (D). In order to analyze the val-
ues, reference was made to the PN-EN ISO 544:2018-02 
standard. B and C wires meet the guidelines (max. 25 mm) 
at all times and in all storage locations. In addition, all the 
values of helical lifts for these wires are very close to each 
other. However, in A and D wires there is a large spread 
of helical lift results and there are specimens that exceed 
the value of 25 mm (A0, AG6, DG1, DW6). It can be seen 
that the main factor influencing the value of this parameter 
is the wire grade. Storing the wires causes changes in the 
helical lift in each of the wires. Analyzing the presented 
values of wire unwinding, it can be stated that for stored 
wires B, C and D they are similar. The maximum differ-
ences obtained for the given wires do not exceed 8.2 mm 
(maximum difference by the arithmetic mean: B = 1.2%; 
C = 2.0%; D = 1.7%). For each of these wires, the unwid-
ing value for the reference wire is lower than that obtained 

after storing the corresponding wire. The greatest disper-
sion of the results of wire unwinding was characteristic 
for A wire, where the maximum difference in the obtained 
results is 39.2 mm (maximum difference by the arithmetic 
mean: A = 9.0%). It is also noteworthy that with the increase 
in the storage time for A wire, there is both a downward 
and an upward trend in the value of wire unwinding (for 
Gdańsk, the value decreases, for Warsaw, it increases). D 
wire shows an upward trend and B wire a downward trend 
in wire unwinding with storage time.

3.5 � Targetability Test

The results of the targetability test for reference and stored 
wires are shown in Table 5. B wire showed almost identi-
cal results for each storage time and location tested (11 and 
12 mm), but higher than for the reference condition. Com-
paring these results with other wires, this values are higher 
than for C and D wires, which in several cases reached val-
ues of 8 and 9 mm. For C and D wires it is visible that the 
d values are similar after storing them and that these wires 
significantly differed in this parameter in the reference state. 
A wire is characterized by the greatest variability in terms of 
concentration of measurement points (d parameter). The best 
results (compared to all tested wires) were achieved after 
1 month of storage in Gdańsk. After 1 month of storage in 
Warsaw, the obtained results were similar to reference wire. 
However, after 6 months of storage, the results of feeding 
precision were the worst of all wires (14 and 16 mm).

For all the tested wires, the R parameter did not show 
significant variability for stored wires, which justifies the 
conclusion that it is not a sufficiently sensitive indicator for 
assessing the elasticity and stiffness of the tested series of 
wires. On the other hand, all of the reference wires show a 
higher R parameter than their stored counterparts. For each 
of the wires, the storage increased the accuracy—the meas-
urement points were closer to the "0,0" point (as in Fig. 3).

3.6 � Electrical Resistance Measurements

The results of the wire resistance measurements are pre-
sented in Table 6. The values of the resistance coefficients 
indicate changes in the conductivity of the wires after the 
storage process. A coefficient above 1.00 indicates that the 
wire has a higher resistance than the reference (as delivered) 
wire. In most cases of wires (except AW and BG) the electri-
cal resistance increased with storage time. For most wires 
stored for one month, the resistance coefficient is less than 
1.00. For wires stored for six months, in most cases, the 
electrical resistance is higher than the reference wire (coef-
ficient above 1.00). A wire had a lower electrical resistance 
than the reference wire in each case.
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a)  b)  

c) d) 

e) f) 
CW6 CW1 

BG6 

AG6 

BG1 

AG1 

Fig. 10   SEM images of the surface of selected wires after storage at 500 × magnification: a wire A, Gdańsk, 1  month; b wire A, Gdańsk, 
6 months; c wire B, Gdańsk, 1 month; d wire B, Gdańsk, 6 months; e wire C, Warsaw, 1 month; f wire C, Warsaw, 6 months
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a) 

Element concentra�on (wt %), SEM-EDS 

O Fe N C Na S

48.35 23.43 16.14 7.86 2.32 1.90

b) 

Element concentra�on (wt %), SEM-EDS 

Fe O N Ca S 

72.56 18.97 6.41 0.93 0.81 

AG6 

CW6 

Fig. 11   SEM images of surface of the wires after storage at high magnification, and the results of chemical analysis via SEM–EDS; a wire A, 
Gdańsk, 6 months; b wire C, Warsaw, 6 months

Table 3   Helical lift measurement results of reference and stored wires

Wire grade Helical lift H [mm]

Reference wire 1 month 6 months

Gdańsk Warsaw Gdańsk Warsaw

A 38.290 15.526 20.182 31.908 10.682
B 5.728 4.246 4.002 5.386 4.438
C 1.654 3.830 3.976 2.634 4.208
D 21.686 35.268 18.392 24.530 31.126

Table 4   Wire unwinding measurement results of reference and stored 
wires

Wire grade Wire unwinding D [mm]

Reference wire 1 month 6 months

Gdańsk Warsaw Gdańsk Warsaw

A 434.4 440.2 436.4 411.0 450.2
B 340.4 348.6 345.2 341.0 344.2
C 403.0 414.0 406.2 414.4 410.6
D 379.8 389.4 388.2 394.6 395.0
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3.7 � Diffusible Hydrogen Content Measurement

The results of diffusible hydrogen content in deposited 
metal measurements are presented in Table 7 and examples 
of specimens for each wire are shown in Fig. 12. B wire 
stored in Warsaw for 6 months caused problems in main-
taining a stable welding process. In Fig. 12 an example of B 
wire specimen obtained during an unstable welding process 
is also shown. Such specimens were treated as outliers. It 
was not possible to weld with the assumed parameters, it 
was necessary to increase the CTWD and wire feed rate 
(wire melting was unstable). Despite these problems, B wire 
was found to meet the manufacturer's specifications (below 
5 ml/100 g Fe) after storage at each location. The average 
diffusible hydrogen content for this wire after storage under 

each condition did not even exceed the H4 level (according 
to AWS standard). The results obtained for the remaining 
wires indicate an intense influence of the conditions on the 
hydrogen content, causing the H10 level to be exceeded and 
qualifying welding with these wires as high hydrogen pro-
cess. In the case of A wire, on average, the highest amount 
of diffusible hydrogen was obtained. The Warsaw location 
achieved several ml/100 g higher results than the Gdańsk 
location in the same period of time. C and D wires showed 
similar levels of diffusible hydrogen content under the same 
conditions, all in the range of 9.8–13.5 ml/100 g, suggesting 
similar sensitivity to the considered environment. The dif-
ferences in the results between the wires are strongly related 
to their construction—the B wire, seamless, copper plated 
showed greater resistance than the A, C and D wires, seamed 
and non-copper-plated.

4 � Discussion

There are not many publications dealing with the subject of 
testing flux-cored wires stored in urbanized areas and their 
impact on the properties of wires. This publication presents 
some tests that allow to verify changes in wire properties 
that may be caused by the storage conditions. Four grades of 
rutile flux-cored wires for welding high-strength steel grades 
with yield strength above 460 MPa were tested.

Table 5   Targetability 
measurement results of 
reference and stored wires

Wire grade Reference wire 1 month 6 months

Gdańsk Warsaw Gdańsk Warsaw

R [mm] d [mm] R [mm] d [mm] R [mm] d [mm] R [mm] d [mm] R [mm] d [mm]

A 45 8 34 2 36 8 39 16 35 14
B 44 4 37 12 36 11 36 12 38 11
C 33 6 31 8 25 11 28 8 28 8
D 40 16 32 8 26 13 32 9 32 8

Table 6   Stored wires resistance measurement results

Specimens Resistance coefficient value

1 month 6 months

AG/Ref 0.941828 0.944933
AW/Ref 0.986446 0.982623
BG/Ref 1.050438 0.987988
BW/Ref 0.995866 1.005455
CG/Ref 1.006218 1.015184
CW/Ref 0.996223 1.006561
DG/Ref 0.984295 1.000908
DW/Ref 0.987899 1.004667

Table 7   Results of diffusible hydrogen content in deposited metal 
obtained from stored wires

Wire grade Diffusible hydrogen content in deposited metal 
[ml/100gFe]

1 month 6 months

Gdańsk Warsaw Gdańsk Warsaw

A 11.67 15.18 12.57 14.35
B 2.08 1.89 1.35 1.75
C 9.84 12.23 12.11 10.73
D 10.33 10.76 13.50 10.46

Wire B C DA

Fig. 12   Examples of specimens for diffusible hydrogen content in 
deposited metal measurement by high-temperature extraction, wires 
stored in Warsaw for 6 months
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Throughout the storage period of the wires, the param-
eters of air temperature and relative humidity were recorded 
using sensors. Obtained measurements indicated high rela-
tive humidity and considerable temperature fluctuations dur-
ing storage. These values even exceeded the guidelines of 
manufacturers whose welding consumables have the least 
restrictive requirements for storage parameters (relative 
humidity exceeded 80% and temperature sometimes reached 
values below 0 °C and above 30 °C). Currently, there are 
no consumables that could be stored in such conditions and 
then used to weld responsible structures that carry signifi-
cant loads. The actual, unfavorable storage conditions were 
the main reason for the changes observed in the tested wires.

The conditions that prevailed during storage directly 
affected the condition of the external surface of the flux-
cored wires, which was shown in the visual tests. Corrosion 
centers appeared and propagated on each of the wires along 
with the time of storage. Corrosion on wires proceeded with 
different intensity, which could be caused by a different 
chemical composition of the flux-cored wires (the presence 
of elements that increase corrosion resistance), production 
method (the presence of a seam in the wires, drawing condi-
tions), or the presence of copper plating on the surface of 
the wires. Considering the criterion of visual assessment, the 
copper-plated seamless B wire was the best. This method of 
production may have a positive effect on the quality of the 
wire, but it is associated with additional production costs 
that must be paid by the buyer of the consumable. On the 
other hand, as indicated in article [24], not all copper-plated 
wires behave the same. The article shows that different cop-
per-plated wires stored under the same conditions can show 
very different corrosion intensity on the surface. This indi-
cates that not only the presence of the coating is important 
here, but also the technology of its application.

SEM observations show that the tested wires are very 
different from each other. The surface of the A wire was 
subject to local, spot changes. Corrosion products, which 
in the case of a coastal location, also contained sodium, 
grew on the surface. B wire, also during high magnification 
observations, did not show any major changes on its surface 
after storage. Single, dark stains probably resulted from dust 
pollution present in both locations—these were urbanized 
areas. C and D wires were characterized by a different deg-
radation mechanism. What appeared to be unaltered areas 
during visual observations turned out to be a mostly clean, 
but degraded areas. Numerous cracks appeared on the metal 
along the grooves from the drawing process, often filled with 
corrosion products. These results are in line with research 
reports on constructions operating in high humidity condi-
tions [40–42].

Moisture of the wires may result in a change in the stiff-
ness of the wires, which was demonstrated by testing the 
helical lift and unwinding of the wire. Unfortunately, there 

are no guidelines for flux-cored wires, so the citeria for solid 
wires have been used. An example of using these guidelines 
is the article [43], in which the author stated that the materi-
als he analyzed—G3Si1 and G4Si1 electrode wires—meet 
the criteria of the standard. It was noticed that the A wire, 
which showed the most visible surface degradation during 
storage, was also characterized by the greatest scatter of the 
results of both helical lift and unwinding of the wires. In 
the case of these tests, B and C wires proved to be the best, 
showing the smallest changes in the tested parameters. Com-
paring the results for reference wires it can be seen that the 
main factor influencing stiffness is the wire grade. On the 
other hand, storage in real conditions for each of the wires 
resulted in changes in stiffness of different intensity.

Degradation of the outer surface of the wires can cause 
unstable wire feeding into the weld groove. This was also 
mentioned by researchers examining aluminum wires for 
additive manufacturing purposes [44]. In the targetability 
tests for the used wires, differences in the feeding concentra-
tion of different types of wires that were stored for different 
periods of time and in different places were noted. In this 
case, B wire was the most stable, maintaining constant val-
ues in each case of storage. The best concentration values 
were obtained by C and D wire, despite the fact that as a 
reference wire they showed a large difference in the results 
of the d parameter. The least stable was A wire, which also 
underwent the greatest degradation of the surface. The deg-
radation can be attributed to the feed stability of the wire. In 
addition, the use of wires with a damaged and corroded outer 
surface will cause faster wear of the contact tips and block-
ing of the steel spiral. This situation can lead to an increase 
in the field into which the wire can be fed, to an unstable, 
intermittent welding process and the occurrence of geomet-
ric welding imperfections and poor welding completion.

The results of technological research (Tables 3, 4, 5) were 
analyzed in the Statistica software. From a mathematical 
point of view, as shown in Table 8, there is no direct relation-
ship between stiffness and target ability test results. Correla-
tion coefficient values are lower than 0.328. However, from a 
substantive point of view, wires that exhibit less unwinding 
will also likely exhibit a greater R parameter. However, this 
is also affected by the fact that the wire passes through the 

Table 8   Correlation matrix for technological variables

Variables R parameter d parameter Helical lift Wire 
unwinding

R parameter 1.000 0.038 − 0.234 0.274
d parameter 0.038 1.000 − 0.182 0.101
Helical lift − 0.234 − 0.182 1.000 0.328
Wire 

unwinding
0.274 0.101 0.328 1.000
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rollers in the feeder, through the spiral and contact tip, so it 
can be deformed, which will change the targetability results.

Measurements of the relative resistance of the wire were 
made, which showed that the electrical properties of the wire 
change depending on where and for how long the wire is 
stored. At the beginning of the storage period, corrosion pro-
cesses are localized on the surface of the wires and cause its 
diameter to decrease. It is less intensely visible for copper-
plated wires. Further storage of the wires slows down the 
corrosion processes due to the formation of a barrier of cor-
rosion products—the decrease in diameter and the increase 
in resistance is limited. The decrease in resistance found for 
some wires may be the result of the participation of corro-
sion products in the conduction of electricity. The analysis 
of the literature shows that electrical properties of the oxide 
layer on metals strongly depend on many factors, primar-
ily the chemical composition, morphology and thickness 
of the layer, conditions of oxide formation, surface prepa-
ration [45–47]. Electrical conductivity of oxide layers can 
be semi-conductive (n-type and p-type) [48]. Wielant et al. 
[49] found that by changing the atmosphere oxide layers of 
different thicknesses, constitution and resistance can grow 
on steel.

The diffusible hydrogen content in deposited metal was 
determined. It has been shown that the seamless wire best 
protects the consumable against environmental conditions 
causing an increase in diffusible hydrogen content in depos-
ited metal. For B wire, the value of diffusible hydrogen 
assumed by the manufacturer (H5) was not exceeded, regard-
less of the time and place of storage. In the remaining cases 
(A, C and D wires) the content significantly exceeded the 
values set by the manufacturer. Similar results can be found 
in article [24], in which the authors examined the impact 
of atmospheric exposure on the diffusible hydrogen content 
in the conditions of a climatic chamber. After 1 week at 
27 °C and 80% relative humidity FCAW-G deposits have 
been shown to be susceptible to increased diffusible hydro-
gen levels after atmospheric exposure. The following were 
indicated as the most important factors contributing to this 
growth: electrode manufacturer, packaging method and stor-
age time. This is consistent with the results presented in this 
article. Increase of diffusible hydrogen content in depos-
ited metal could have been caused by damage to the surface 
layer, lack of protection of the hygroscopic flux core against 
moisture and presence of corrosion products on the wire 
surface. It is confirmed by the highest results obtained for 
the most degraded consumable (A wire). The cause of this 
increase can be both the penetration of moisture into the wire 
and the accumulation of moisture on the surface of wires 
that have undergone degradation. The surface developed due 
to corrosion changes is a source of potential hydrogen. This 
can cause welding imperfections such as weld porosity and 
unacceptable hydrogen embrittlement [50–52]. In addition, 

as shown in [13, 24], the storage conditions of the wires 
also affect the mechanical properties of the deposited metal.

5 � Conclusions

In this work, the effect of storage of flux-cored wires for 
welding high-strength non-alloy steels on their properties 
was investigated. For this purpose, four grades of flux-cored 
wires were stored in two urbanized areas (Warsaw and 
Gdańsk, Poland) for one month and six months. The follow-
ing conclusions can be drawn from the presented research:

1.	 Conditions in industrial and urbanized areas usually 
exceed the permissible values of temperature and rela-
tive humidity imposed by manufacturers of consumables 
for the storage of their products.

2.	 Storage in conditions exceeding the manufacturer's 
approvals causes degradation of wires in the form of cor-
rosion on their surface, the size and intensity of which 
may vary depending on their construction, coating, loca-
tion and storage time.

3.	 Tests of helical lift and unwinding of the wire indicate 
a change in the stiffness of the wires with the time of 
storage, which may cause problems with the stability of 
wire feeding.

4.	 The wires that tend to have the most intense surface 
degradation have a problem with stable accuracy of the 
wire feeding into the weld groove—targetability. This 
may result in arc wandering if it is possible to strike it. 
Wires that exhibit greater resistance to external factors 
maintain constant stability of wire feed precision for a 
significant period of storage in adverse conditions.

5.	 The electrical resistance of the flux-cored wires is a vari-
able that depends on the storage conditions and time. 
Due to the formation of oxide layers, which can work as 
semiconductors storage causes an increase in the resist-
ance of the wires, which after some time stabilizes and 
for some wires it decreases again.

6.	 Seamless wire (B) show significant resistance to external 
factors and maintain the parameter of hydrogen content 
H5 in deposited metal for a longer time of storage in 
unfavorable conditions. Seamed wires (A, C, D), after 
a short time of storage in urbanized areas, absorb mois-
ture, causing an increase in the diffusible hydrogen con-
tent in deposited metal as for medium and high hydrogen 
processes.
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