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Abstract: Wear resistant welds are used in many industries when it is necessary to protect machine
components and structures against wear caused by operating conditions. Often the main parameter
determining the usefulness of these welds is high hardness reaching about 60 HRC. In many cases, after
the surfacing process, a mesh of cracks is formed in the surface layer, which can affect the durability of
the hard-wearing layers used. The paper presents the analysis of the influence of preheating up to 400 °C
on the properties of welds and its effect on the number of cracks in the surface layer. The use of
preheating allowed to reduce the number of cracks in the padding weld to 1. The optimum heating
temperature was 200 °C, for which the number of cracks have been reduced and the lowest wear was
recorded.
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Introduction
The use of hardfacing with the use of self-shielding cored wires allows for an economical way to
increase the durability of surfaces protected in this way. The surfacing techniques and modern additional
materials allow obtaining layers of e.g. chromium cast iron with numerous carbides on a non-alloy steel
substrate. In this way, surfacing can compete with wear-resistant elements made, for example, using
casting technologies or metallurgical methods [1÷5]. Hardfacing may, however, be subject to a potentially
large number of welding Imperfections, defects [6], which may reduce the durability of the padding welds
produced. Imperfections that occur most often during hardfacing with the use of self-shielding cored
wires are cracks, numerous gas pores and spattering. These imperfections may affect the padding weld
properties in different ways and e.g. spatter causes significant losses in the material, which reduces the
efficiency of the welding process. The spatter itself results from the arc burn characteristics using cored
wires, in which arc a drop of liquid metal breaks away from the end of the electrode randomly and
usually not in the axis of the wire but from its lateral surface. Bubbles and gas pores, as voids, reduce the
wear resistance of welds and are mainly due to the high cooling rate and low volume of the weld pool,
which may prevent complete degassing of the padding weld. In the case of surfacing with materials with
a carbon content similar to that in S235 steel, there are no cracks in the welds, but the structure of these
layers is low in carbides and has a much lower hardness [7]. Cracks in hard high-carbon welds are
oriented perpendicular to the direction of surfacing and when using unalloyed steels on the ground, such
as S235, they are braked around the fusion line. They can be treated as a factor allowing to reduce the state
of stress in the produced wear-resistant welds [8]. This is desirable, but in some applications, a large
number of cracks can accelerate wear processes. With the occurring impact loads, the existing cracks can
promote the detachment of large pieces of the weld and thus accelerate the wear of e.g. wear plates. Also
emerging microcracks are conducive to faster wear of the surfaced layers [9].
The purpose of this work was to determine the possibility of reducing the number of cracks in wearresistant welds by preheating the base material prior to surfacing and the effect of preheating on the
performance of the resulting hardfacing.
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Research materials and methods
The basic material in the form of a S235JR flat bar with a hardness of 140 HV was used in studies
of the effect of preheating on the properties of padding welds. The prepared samples with dimensions
of 80x200x8 mm were surfaced with HARDFACE BNC self-shielding cored wire with a diameter of 1.2 mm.
The chemical composition of the wire is shown in table I. According to the manufacturer's data, it is a wire
with very high wear resistance, moderate impact strength and hardness 64÷68 HRC [8]. The MAGOMIG 402
device was used for surfacing. In order to reduce the spatter that often occurs during welding with selfshielding cored wires, M21 shielding gas was used in accordance with PN-EN ISO 14175. The surfacing
parameters and sample designation are given in table II. Based on the preliminary tests, the pre-heating
temperatures were determined, for which single-pass surfacing with straight beads was performed with an
overlap of 30%. To ensure a repeatable surfacing speed, the PRO DC-20 welding carriage was used. Preheating prior to welding was carried out by means of oxy-acetylene flame heating.
Table I. Chemical composition of the cored wire according to the manufacturer data [10] and the base material

HARDFACE

C
2.5

Mn
2

S235JR

0.22

1.10

Chemical composition, wt.%
Si
Cr
0.6
11.5
0.10÷0.35

‒

Nb
5

B
2.2

‒

‒

Table II. The parameters of the hardfacing

Current intensity I, A

Sample designation
2
3
4
210÷220

Arc voltage U, V

28÷29

Surfacing speed v, cm/min

30

Length of electrode stick-out l, mm

25

Parameters

1

Preheat temperature, °C

20

100

200

300

5

400

Samples after welding were subjected to visual tests, in accordance with PN-EN ISO 5817, to determine
the number of cracks visible on the surface of the padding welds, the deflection was measured and the
prepared specimens were evaluated on an optical microscope and subjected hardness tests. To determine
wear resistance, the G65 tester and procedure A were used in accordance with ASTM G65.

Research results
Visual tests
Visual tests of the received padding welds after surfacing revealed numerous welding imperfections
mainly in the form of transverse cracks on the padding welds and numerous spatters. Figure 1 presents
photos of padding welds with visible cracks. According to the thesis, the number of cracks decreases with
increasing preheating temperature. Table III presents changes in the number of cracks and deflection
depending on the preheating temperature.
Table III. The quantity of the cracks and distortions depended on the preheating temperature
Sample temperature, °C
20

Number of cracks
7

Deflection, mm
1

100

5

2

200

4

3.5

300

4

4

400

1

5

Metallographic tests
The next stage of the research were metallographic and hardness tests of the padding welds. For
metallographic analysis and hardness testing, the samples were cut using a refrigerated metallographic cutter.
After grinding and polishing, the samples were digested in a solution of 3 g FeCl3, 10 cm3 HCl, 90 cm3 C2H5OH.
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Microscopic tests were carried out, in accordance with PN-EN ISO 17639: 2013-12, on an Olympus GX51
metallographic optical microscope with Stream Start software enabling measurement of the geometrical
size of welds on the images of metallographic specimens (Table IV). The hardness tests were also carried
out on the same samples, in accordance with PN-EN SIO 6507-1: 2018-05, by the Vickers method with
a load of 98.7 N. The hardness was measured on the surface of the padding weld after previous grinding
to a depth of 0.2 mm. On cross-sections, the hardness was measured at a distance of about 2 mm from
the surface of the sample in 0.5 mm steps. Figure 2 presents the results of structural studies. Images of
structures were presented for each of the samples from the area near the face and from the center of the
padding weld.
Table IV. The measured values of the geometry of the padding welds
Geometric parameter
Riser area, mm2

20 °C
138.39

100 °C
134.75

200 °C

300 °C

400 °C

101.13

122.24

150.47

Penetration area, mm

53.98

45.94

55.02

46.58

53.89

Share of the base material, %

27.92

25.42

35.24

27.59

26.39

2

Height, mm

3.54 ÷ 4.20

3.80 ÷ 4.59

2.10 ÷ 3.41

3.54 ÷ 4.07

4.07 ÷ 4.46

Depth of penetration, mm

0.66 ÷ 2.10

0.39 ÷ 2.10

0.66 ÷ 1.84

0.79 ÷ 1.97

0.80 ÷ 1.84

Width, mm

35.94

37.11

38.03

35.28

38.17

(a)

(b)

(c)

(d)

(e)
Fig. 1. The view of the surface of the padding welds with marked cracks: a) sample done without preheating, b)
sample done with preheating up to 100 °C, c) sample done with preheating up to 200 °C, d) sample done with
preheating up to 300 °C, e) sample done with preheating up to 400 °C
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20 °C

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

100 °C

200 °C

300 °C
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400 °C

(i)

(j)

Fig. 2. The structures of the padding welds near the surface and in the middle of the high: a) structure close to surface
of the sample done without preheating, b) structure in the middle of the sample done without preheating, c) structure
close to surface of the sample done with preheating up to 100 °C, d) structure in the middle of the sample done with
preheating up to 100 °C, e) structure close to surface of the sample done with preheating up to 200 °C, f) structure
in the middle of the sample done with preheating up to 200 °C, g) structure close to surface of the sample done with
preheating up to 300 °C, h) structure in the middle of the sample done with preheating up to 300 °C, i) structure close
to surface of the sample done with preheating up to 300 °C, j) structure in the middle of the sample done with
preheating up to 300 °C

Hardness HV10

Figures 3 and 4 present the hardness measurement results on the sample’s surface and the cross-section
of the padding weld.

Measuring point number

Hardness HV10

Fig. 3. Hardness of the padding weld on the surface

Measuring point number
Fig. 4. Hardness of the padding weld on the cross section
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Metal-mineral wear resistance tests
Tests of resistance of the surfaced wear-resistant layers to metal-mineral wear were carried out in
accordance with ASTM G65 [10] for procedure A. For tests, 75x30 mm samples were cut from the middle of
padding welds, which were then ground to obtain an even surface. Before each consumption test, the
samples were weighed on an electronic balance with an accuracy of 0.001 g and then after the test and
cleaning in a stream of compressed air. The test results are presented in table V.
Table V. The results of the wear test metal-mineral
Heating temperature,
°C

Before the test

Mass of the sample, g
After the test

Mass decrement,
g

Volume loss,
mm3

20

155.557

155.533

0.024

3.117

100

170.988

170.962

0.026

3.376

200

166.553

166.531

0.022

2.857

300

164.751

164.726

0.025

3.247

400

164.304

164.270

0.034

4.415

Test results analysis
Cracks in the transverse direction to the surfacing direction are a common phenomenon associated
with hardfacing. Their presence is caused by the formation of hard structures in the padding weld, often
exceeding the hardness of the base material several times. Welding stresses caused by large volume
shrinkage of padding welds are an additional factor causing welds cracks [8]. The welds obtained
confirmed the usefulness of preheating the base material in terms of reducing the number of cracks.
Similar conclusions can be drawn from [11], in which preheating also allowed to reduce the total length of
cracks per unit area. They could not be eliminated completely, but their number was reduced from 7 (Fig.
1a) to 1 crack (Fig. 1e). Increasing the preheating temperature to 400 °C had the desired effect of
significantly reducing the number of cracks. This temperature seems to be the limit temperature for the
phenomenon of cracking in the tested padding welds, because the lower values of the heating
temperature (100÷300 °C) were not very important in limiting the number of cracks. The mere elimination
of cracks by surfacing with preheating, however, increased the amount of deformation (Table III) from 1
mm to 5 mm. This can cause difficulties in obtaining the desired geometry of wear-resistant plates
manufactured on an industrial scale. Data from table IV indicate a high variability of the surfacing process
without a visible linear relationship between the preheating temperature and the measured parameters
describing the padding weld’s geometry. One can notice the increase in the height of the hardfacing with
the increase in preheating temperature and a decrease in the maximum depth of penetration of the
padding weld into the base material. For the sample heated to 200 °C the smallest hardfaced weld height
and the highest degree of mixing of the hardfaced layer with the base material were measured, which,
however, did not adversely affect the results of wear tests. This hardfaced weld had a relatively uniform
structure near the face. Increasing the value of preheating temperature prior to surfacing changed the
thermal conditions of crystallization of the forming hardfacing. This is visible in the obtained microstructure
images shown in figure 2. The change in the crystallization rate is mainly visible near the surface of the
hardfacing. Significant differences in the size of the zone rich in primary carbides and large differences in
their morphology can be seen in this area. This is confirmed by the results of the study on the impact of
surfacing conditions on the microstructure of layers surfaced with titanium carbides [12]. Appropriately
selected surfacing current and preheating temperature allow to regulate the volume and morphology of
carbide precipitations in the structure in a relatively wide range. Large primary chromium carbides, often of a
coniferous nature [13] crystallized near the surface, which gradually break up in the central part of the
deposit. Large niobium carbides are visible in this area surrounded by finely dispersive eutectic
chromium carbides or again large chromium carbides in the areas of overlapping beads (Fig. 2h and 2j).
The highest carbide density can be distinguished near the face for the hardfacing with preheating equal to
200 °C. The structure of this padding weld is shown in Figure 2e and, in addition to the high density of
primary carbides, is characterized by a greater orientation of the growth of carbide structures towards the
surface. For other samples, this increase is more random. The variable amount of carbides and their
different morphology is reflected in the hardness test results shown in figures 3 and 4. The highest
hardness was recorded for the hardfacing with preheating to 300 °C. Near the surface of this hardfacing
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large primary chromium carbides dominate, which gives an average hardness of close to 1200 HV10.
Comparing this to the hardness of the base material, you can see an increase in hardness of about 8 times.
Large differences in hardness can be observed for a hardfacing with a heating up to 400 °C, where the
differences in hardness below the surface of the sample reach 60 Vickers units, and on the cross-section
nearly 200 Vickers units.
From the point of view of wear resistance, under the conditions of the test, the most important is the
correlation of hardness values and carbide morphology and their amounts near the surface. In [14], many
surfaced panels were analyzed, among which panels with similar hardness differed significantly in terms
of wear resistance. The paper [15] presents the results of research indicating the harmful effect of too
much primary carbide on wear resistance. This confirms the need to take into account a much larger
number of parameters describing a padding weld than just hardness. The test results on the G65 tester
indicate an optimal preheating temperature prior to surfacing at 200 °C (Table V). The smallest wear of the
surfaced layer was observed for this value of preheating temperature. The highest measured wear was
observed for a sample with preheating to 400 °C, which, despite the relatively highest hardness, was also
characterized by the largest dispersion of hardness results, which was also confirmed by microstructure
tests indicating its large diversity and random directions of carbide growth near the surface.

Summary
Based on the conducted research and analysis of the results, it can be stated that:
It is possible to reduce the number of cracks in wear-resistant padding welds by applying preheating
prior to surfacing. The temperature of 400 °C makes it possible to reduce the number of cracks from 7
to 1 on the same length of the padding weld in comparison to the padding weld made without
preheating.
2. The use of preheating prior to surfacing significantly increases the deformation of the surfaced plates,
which in practice may limit the possibility of heating in industrial conditions. The increase in the
deflection value is 5 times in this case.
3. The use of preheating prior surfacing can lead to a decrease in wear resistance despite limiting the
number of cracks. Under the conditions of the test, the optimum preheat temperature is 200 °C. It seems
to be expedient to extend research to other types of wear.
4. Wear resistance under the ASTM G65 test is primarily due to the structure of the surfaced layer and
its hardness. A large number of carbides oriented in the direction of heat dissipation improves the
durability of the surface layer despite a similar number of cracks as for padding welds made at a
lower preheating temperature, but differently oriented carbides in the structure.
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