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ABSTRACT
Lately, modern hardfacing tubular wires for semiautomatic welding with gas protection and 
without it have been developed. These wires deposit Fe-based nanostructured alloys with 
high abrasive wear resistance. The information on these new consumables is scarce, especially 
about the effect that the welding parameters (heat input, shielding gas, arc voltage, current 
intensity, etc.) have on the deposit, its microstructure and, consequently, its wear behaviour. 
For this reason, in this article, we study the effect of heat input (voltage, intensity of current and 
welding velocity) on the properties of a flux-cored arc welding Fe-based nanostructured deposit 
obtained without gas protection. This study is a continuation of a previous one in which the 
same consumable was used under shielding gas. Bead on plate samples were welded using heat 
inputs between 0.5 and 3.5 k/mm. The dimensional study was performed on the beads, chemical 
composition was determined and the microstructure was analysed using optical and electronic 
microscopy and X-ray diffraction. Microhardness, crystallite size and dilution percentage were 
also measured. An important influence of the welding parameters on the bead geometry 
and the microstructure was observed. The operational behaviour of this wire, welded without 
shielding gas, was very good.

KEYWORDS
Hardfacing deposits; open 
arc wire; nanomaterials; heat 
input; microstructure

2.  Materials and methods

2.1.  Consumable used

The consumable used was a commercial flux-cored 
wire of 1.6  mm diameter, deposited by means of the 
semi-automatic welding process without shielding gas, 
in a mechanised form, using a Miggytrac device.

2.2.  Welding of the pure weld coupon

In order to determine the chemical composition of the 
undiluted deposit, a pure weld coupon is welded for 
chemical analysis (Figure 1). The sequence of the same 
was 3 layers with 4, 3 and 2 beads in the flat position. The 
welding parameters used were 300 A, 35 V and 5 mm/s 
of forward speed.

2.3.  Welding of the test pieces to study the heat 
input (HI)

Eight coupons were welded in the flat position, each with 
one bead, on base plates of 150 × 75 × 12.5  mm made 
from carbon steel type SAE 1010, as is shown schemat-
ically in Figure 2. The welding parameters used can be 
seen in Table 1, as well as the identification used and the 
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1.  Introduction

The flux-cored arc welding (FCAW) process is one of 
the most commonly used processes for overlaying new 
pieces or repairing used ones. It is possible to deposit 
layers with high efficiency from a few to a few tens of 
kilos of metal welding deposit per hour [1,2].

In the past few years, there has been great interest in 
the production of self-shielded flux-cored wires which 
deposit iron alloys with a matrix of nanostructured 
α-ferrite with precipitated carbides and borides [3–5], 
which provides the deposits with high resistance to abra-
sive and erosive wear. From recent studies and due to 
the sensitivity of these wires to the operative parame-
ters, it was decided to further examine the behaviour of 
these new consumables and to study the influence of the 
thermal input on the bead geometry, the dilution, the 
microstructure, the size of the crystallite and the micro-
hardness of the nanostructured Fe-based alloy deposits, 
obtained using a flux-cored wire by means of semiau-
tomatic welding without shielding gas. This article is a 
continuation of another which has already been pub-
lished [6], in which the same consumable is studied, 
welded using the same process, but with Ar-20%CO2 
shielding gas.
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2    A. Gualco et al.

by means of image analysis software. The microstruc-
ture was characterised by means of scanning electron 
microscopy (SEM).

X-ray diffraction (XRD) was carried out over the sur-
face of each bead. The equipment used was a RIGAKU, 
with Cu K-α radiation, between 35 and 95°, with a scan-
ning speed of 1°/min. From the spectra obtained, the 
present phases were analysed and the crystallite of the 
α-ferrite phase was determined using the Scherrer for-
mula [7,8].

2.5.  Study of dilution of the HI test pieces

The percentage dilution was calculated from the areal 
relations between the melted metal and the base metal. 
The measurements were implemented by means of 
image analysis software. Dilution estimates were also 
conducted by means of variations of the % Cr between 
the base plate and the pure weld metal.

2.6.  Study of hardness over the HI test pieces

The Vickers microhardness (HV2) was measured at 
1 mm from the surface over five zones of the cross sec-
tions, providing the values obtained. The microhardness 
over the phases was also determined with HV0.05.

3.  Results and discussion

3.1.  Chemical composition of the pure weld metal

In Table 2, the result of the chemical analysis obtained 
from the test piece of pure weld metal is shown.

The deposited material presented a high concentra-
tion of alloying elements within the Fe-(Nb,Cr)-(C,B) 
system. The chemical composition fulfils the regulations 
for the formation of nanostructures, which are (a) that 
the system has multiple components with at least three 
alloying elements; (b) a difference of atomic radius 
between the elements which constitute the alloy system 
of more than 12% and (c) that the heat of the mixture 
between its three main elements is negative [9,10]. 
These characteristics produce great difficulties for the 

heat input in each case. The free length of the wire was 
25 mm in all cases. The different test pieces were grouped 
into two series referred to with the letters L (low) and 
H (high), associated with the electrical power used; the 
number added to the letter corresponds to the welding 
speed used.

In accordance with the chosen welding parameters, 
two pairs of test pieces were welded with different power 
and welding speed, but with similar or equal heat input. 
These test pieces are H7 and L3 with 1.5 and 1.7 kJ/mm 
of heat input, respectively, and, on the other hand, H10 
and L5, both with 1.0 kJ/mm.

After the welding of the different test pieces, a visual 
inspection was implemented to detect the presence of 
superficial macroscopic defects.

2.4.  Chemical, macro- and microstructural 
characterisations of the HI test pieces

Chemical composition measurements were carried 
out over the cross sections by means of energy disper-
sive X-ray spectroscopy. The dimensions of the beads 
– thickness, penetration and height – were measured 

Figure 1. Outline of the pure weld coupon. Recargue = Overlay; 
Metal Base = Base Metal.

Figure 2. Outline of the test piece with a single bead.

Table 1. Welding parameters.

Note: L: low electrical power H: high electrical power.

Identification Arc voltage (V) Current intensity (A) Electrical power (kW) Welding speed (mm/s) Heat input (kJ/mm)
L3 25 200 5.0 3 1.7
L5 25 200 5.0 5 1.0
L7 25 200 5.0 7 0.7
L10 25 200 5.0 10 0.5
H3 35 300 10.5 3 3.5
H5 35 300 10.5 5 2.1
H7 35 300 10.5 7 1.5
H10 35 300 10.5 10 1.0

Table 2. Chemical composition of the pure weld metal (% by weight).

C Mn Si Cr Nb B Fe
0.99 0.22 1.02 16.8 4.6 4.6 Balance
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nucleation and the growth of layers of regular atoms, 
producing crystals of nanometric size.

3.2.  Analysis of the HI test pieces

3.2.1.  Visual inspection
The photographs acquired of the different welded beads 
are shown in Figure 3.

Slag was found on the sides of the beads. The cases of 
spatter were few and small in size. The surface finish was 
good, and beach marks were not observed. Transversal 
fissures were produced at the bead, produced by the 
relief of tension typical in these materials.

3.2.2.  Macrograph and dimensional analysis of the 
beads
Macroscopic defects such as pores or inclusions were 
not observed: Figure 4. Good adherence of the beads 
was observed and there was good wetting.

It was observed that the shape of the fusion line in 
the welded test pieces (L3, H3, L5 and H5) was in the 
shape of a ‘mushroom’.

The measured values for thickness, penetration and 
height of each one of the beads is presented in Table 3.

In Figure 5, the changes of thickness, penetration and 
height of the bead are presented as a graph with the 
welding speed, the L and H series depicted separately, 
in order to see the effect of the power used.

As a general tendency, an increase in welding speed 
(or decrease in heat input) produced a reduction in the 
values for bead thickness (from 16 to 8 mm), penetration 
(from 3 to 1.8 mm) and height (from 4 to 2 mm). The 
increase in the electrical power used generated increases 
in the bead thickness and the height, but did not seem 
to have an important influence on the penetration. This 
is consistent with what is reported in the bibliography 
[2]. The test pieces with similar heat input presented 

L3 1,7 kJ/mm L5 1,0 kJ/mm L7 0,7 kJ/mm L10 0,5 kJ/mm

H3 3,5 kJ/mm H5 2,1 kJ/mm H7 1,5 kJ/mm H10 1,0 kJ/mm

Figure 3. Top view of the welded joints (1×).

variations in the bead geometry, mainly in the thickness. 
This was explained by the increase in arc voltage, which 
tends to flatten the bead, and the greater deposition with 
the increase in current [2].

It is interesting to note that when the electrical power 
increases (for the same values of heat input), greater 
height and thickness and less variation in penetration 
is observed, all desirable characteristics for the overlay.

3.2.3.  Dilution studies
The results of the dilution calculations [2], carried out 
based on the macro photographs of the cross sections, 
are presented in Table 4.

The percentage dilution varied between 25 and 38% 
for the different welding conditions. It was observed that 
the lower values of dilution were present in the welded 
test pieces with high heat input. This was associated with 
the greater input of material which is produced during 
welding without shielding gas with the increase of the 
electrical power and with the shape of the fusion line 
which generates a low level of mixing with the base metal 
(Figure 4).

The results obtained for the values of Cr are presented 
in Table 5.

It was observed that when the thermal input increased, 
there was a greater concentration of Cr. This could be 
explained by the lesser dilution due to the greater input 
of material and a low penetration [2]. Large differences 
with respect to the speed variation were not observed.

The average dilution values were calculated for each 
test piece from the data obtained for the metal composi-
tion of the pure weld metal and of the base material for 
each bead. In Figure 6, the results obtained are shown 
together with the determined dilution values in Table 3.

Differences of less than 10% were observed between 
the dilution measured over the macros and the calcula-
tions carried out considering the chemical composition. 
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4    A. Gualco et al.

in which welding takes place using Ar-20%CO2 gas, it 
can be seen that when the heat input was increased, the 
dilution decreased. This is consistent with that which is 
observed in the graphs depicting penetration, thickness 

This was associated with the oxidation produced during 
the reactions in the molten pool.

In contrast with what was reported in the previ-
ous paper [6], from which this is a continuation and 

1 cm

L3        1,7 kJ/mm        L5        1,0 kJ/mm        

1 cm

L7        0,7 kJ/mm        

1 cm

L10 0,5 kJ/mm        

1 cm

3,5 kJ/mm        H3        

1 cm

H5        2,1 kJ/mm        

1 cm

H7        1,5 kJ/mm        

1 cm

H10        1,0 kJ/mm        

Figure 4. Macrostructure of the welded test pieces without shielding gas.

Table 3. Thickness, penetration and height measured over the different deposited beads.

Test piece L3 L5 L7 L10 H3 H5 H7 H10
Heat input (kJ/mm) 1.7 1.0 0.7 0.5 3.5 2.1 1.5 1.0
Forward speed (mm/s) 3 5 7 10 3 5 7 10
Bead thickness (mm) 12.4 11.0 8.4 8.0 16.6 15.5 14.6 10.3
Penetration (mm) 3.0 2.5 2.3 1.8 2.8 2.5 2.4 2.1
Height (mm) 3.8 3.6 3.4 2.7 4.2 4.2 4.1 3.4
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Figure 8(c) shows the presence of M23(CB)6 and NbC.
Two solidification patterns were observed as a func-

tion of the heat input and the dilution.
In the first pattern, the α-Fe phase is formed and then 

the eutectic system is precipitated in the interdendritic 
zone, comprised of flat and globular layers of precipi-
tates of type M7X3 and α-Fe (Figure 9(a) and (b)). In the 
second pattern, found in the samples with low dilution 
(H3 and H5), initially the NbC precipitates, and then the 
carboboride complexes M23X6 nucleate over them with 
the decrease in temperature, as is indicated in Figure 
9(c); finally, the eutectic system, M7X3 and α-Fe [13–15] 
form from the remaining liquid, Figure 9(d). This mode 
of solidification was found in recent papers [16,17] with 
the consumable being studied, carried out in 1 and 2 
layers, where the dilution was lower.

3.2.5.  Microhardness
In Table 6, the results of the measured microhardness 
are observed, presented as an average of at least three 
measurements.

It can be seen that the values vary between 825 
and 882 HV2, being consistent with that which is 
expected for this material [15,18,19]. The tests pieces 
with similar thermal input presented variations in 
the hardness despite having almost the same dilu-
tion, which was related to the present phases and 
their microhardness.

It was observed that the microhardness of the eutectic 
phase increased with the increase in the welding speed. 
This was associated with a refinement of said phase 
which produced a greater restriction of the movement 
of the dislocations and as a consequence greater hard-
ness [20]. A decrease in the fraction of the α-Fe phase 
was also observed with the increase in the heat input (L5 
has a greater fraction of α-Fe than H5 and is greater than 
H3), Figure 10(a)–(c), and a globular/laminar eutectic 
system which is thicker and has a lower microhardness 
(925, 837, 822 Hv for L5, H5 and H3, respectively). This 
phenomenon was explained by the lower level of dilu-
tion, Figure 6, which favours the second mode of solid-
ification. The presence of carboborides M23X6 of high 
hardness was also observed which probably had a low 
incidence in the macro hardness due to its low fraction 
in volume, evaluated visually.

and height and in the macro cuts. This is the ideal con-
dition: maximum input and low dilution are obtained.

3.2.4.  Microstructural characterisation
XRD spectra were implemented over the surface of all 
samples, Figure 7.

It can be seen that the structure was formed mainly 
by α-Fe, metallic carboborides (M7(BC)3, M23(BC)6) 
and niobium carbides (NbC). Variations of the present 
phases were observed with the thermal input for the 
welded test pieces with high heat input H3 and H5 (less 
dilution) which showed greater presence of M23C6. This 
was related to the greater content of alloying elements as 
a product of the lower dilution which was obtained in 
these final test pieces. The size of the crystallite was 105 
and 125 nm, variations which could be related to the total 
percentage of alloying elements in the matrix [11,12], 
which could affect the formation of the nanocrystals.

The SEM images of the microstructures are shown 
in Figure 8.

In Figure 8(a) and (b) (L3 and L10), a pattern of den-
dritic segregation can be observed where the values of 
Cr were 12% in the interdendritic zone and 7% within 
the dendritic region, indications A and B in Figure 8(d) 
respectively. Said pattern becomes finer as the thermal 
input decreases. A laminar/globular structure (M7X3) 
can be seen in the interdendritic zone, which also 
becomes finer as the thermal input decreases.

Table 4. Dilution for the different welding conditions.

Test piece L3 L5 L7 L10 H3 H5 H7 H10
Heat input (kJ/mm) 1.7 1.0 0.7 0.5 3.5 2.1 1.5 1.0
Dilution (%) 32 28 37 38 28 25 32 33

Table 5. Cr concentration in the different deposited beads (% by weight).

Test piece L3 L5 L7 L10 H3 H5 H7 H10
Heat input (kJ/mm) 1.7 1.0 0.7 0.5 3.5 2.1 1.5 1.0
Cr 10.2 10.9 9.8 10.3 12.4 12.7 11.5 11.6

0

10

20

30

40

50

0 1 2 3 4

D
ilu

ci
ón

 [
%

]

Calor aportado [kJ/mm]

Dilución química Dilución geométrica

L10
L7

L5
L3

H7H10
H5

H3

Figure 6. The relationship between the chemical and geometric 
dilutions and the heat input of all beads. Dilución = Dilution; 
Dilución química = Chemical dilution; Dilución 
geométrica = Geometric dilution; Calor aportado = Heat input.
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6    A. Gualco et al.

nanostructured alloy, obtained using the FCAW process 
without shielding gas, with thermal inputs between 0.5 
and 3.5 kJ/mm, was evaluated.

It was concluded that:

• � All the test pieces welded presented a good surface 
finish and low levels of spattering and of slag. The 
majority cracked during cooling.

• � A decrease in the values of the bead thickness, 
penetration and height was produced at a greater 
welding speed (or decrease of the heat input). The 
increase in the electrical power used generated 
increases in the bead thickness and height, but did 
not seem to have an important influence on the 
penetration. The test pieces welded with similar 
heat input presented variations in the geometry of 
the beads, mainly in the thickness.

4.  Conclusions

In this study, the effect of the welding parameters 
on the characteristics of the deposits of Fe-based 

Figure 7. XRD spectra of all conditions. Intensidad relative = Relative intensity.

Figure 8. SEM micrographs of the test pieces L10, L3 and H3.

Figure 9.  Modes of solidification. LÍQUIDO = liquid; 
SÓLIDO = solid.
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low dilution of the overlay material, which suits 
the second mode of solidification which generates 
a greater proportion of the hard carbides, which is 
desirable in these applications.
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