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Abstract: This paper deals with the effects of three low-carbon steel filler metals consisting of
ferritic and austenitic phases on the weld joints of the tungsten inert gas (TIG) welding of Hardox
500 steel. The correlation between the microstructure and mechanical properties of the weld joints was
investigated. For this purpose, macro and microstructure were examined, and then microhardness,
tensile, impact, and fracture toughness tests were carried out to analyze the mechanical properties
of joints. The results of optical microscopy (OM) images showed that the weld zones (WZ) of all
three welds were composed of different ferritic morphologies, including allotriomorphic ferrite,
Widmanstätten ferrite, and acicular ferrite, whereas the morphology of the heat-affected zone (HAZ)
showed the various microstructures containing mostly ferrite and pearlite phases. Further, based on
mechanical tests, the second filler with ferritic microstructure represented better elongation, yield
strength, ultimate tensile strength, impact toughness, and fracture toughness due to having a higher
amount of acicular ferrite phase compared to the weld joints concerning the other fillers consisting
of austenitic and ferritic-austenitic. However, scanning electron microscopy (SEM) images on the
fracture surfaces of the tensile test showed a ductile-type fracture with a large number of deep
and shallow voids while on the fracture surfaces resulting from the Charpy impact tests and both
ductile and cleavage modes of fracture took place, indicating the initiation and propagation of cracks,
respectively. The presence of acicular ferrite as a soft phase that impedes the dislocation pile-up
brings about the ductile mode of fracture while inclusions may cause stress concentration, thus
producing cleavage surfaces.

Keywords: acicular ferrite; Charpy impact test; filler metals; fracture surfaces; steel; tungsten inert
gas welding

1. Introduction

Taking into account recent developments in welding, there are now many types of
welding processes that are extensively used by manufacturers, depending on the advan-
tages and disadvantages of each process [1–3]. These processes are mainly divided into
pressure and non-pressure welding processes, both of which are sub-divided into fusion
and non-fusion processes [1,4–6].
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The non-pressure fusion welding process uses a fusion of the base metal (BM) to make
the weld, which can be either homogenous or heterogeneous [5,7,8]. The three major types
of this process are gas welding, arc welding, and high-energy beam welding in which
the heat sources are a gas flame, an electric arc, and a high-energy beam, respectively.
The power density of the heat sources increases from a gas flame to an electric arc and a
high-energy beam. As the power density of the heat source increases, the required heat
input to the workpiece for welding decreases, which indicates the increasing penetration,
welding speed, weld quality, and equipment cost; on the other hand, decreasing damages
to the workpiece, including weakening and distortion [9].

One of the main disadvantages of welding processes is the dissolution of nitrogen,
oxygen, and hydrogen gases in the weld metal which affects the soundness of the resultant
weld. These elements possibly stem from the moisture or dirt on the surface of a workpiece,
air, and consumables, such as the shielding gas and flux [10,11]. In most cases, these three
elements have detrimental effects on welds. Nevertheless, they may have positive effects as
nitrogen may increase strength and oxygen also increases the toughness when the content
of the acicular ferrite in the weld metal increases with the oxygen content of the weld [9,12].

TIG welding is one of the homogenous non-pressure fusion welding processes in
which a non-consumable tungsten electrode is used to establish an arc to melt and join
metals, and an inert gas, such as helium or argon, is used as the shielding gas. Using an
inert gas enables this process to be protected from the air [2,13].

Considering the limited heat inputs of the TIG welding process, this process is widely
used for joining thin sections. There is a relatively wide variety in the amount of fusion
between the BM and the filler metal, since the feeding rate of the filler metal is nearly
independent of the welding current. This advantage enables the operators to have better
control of dilution and energy input to the weld without changing the size of the weld.
However, the brittle tungsten inclusions in the weld metal are one of the drawbacks of
this process, which is triggered by the melting of the tungsten electrode due to excessive
welding currents [9].

Steels are the most common materials used in industries because of their versatility
and cost [14]. Among their wide range from plain carbon to high alloy steels, low-alloy
wear-resistant steels, and above all Hardox steels, have recently attracted significant interest
because of their good weldability, machinability, high mechanical properties, favorable
wear-resistant, relatively low crack sensitivity, and good ductility [15,16]. These advantages
allow these materials to be used as elements of construction machinery, such as beds of
dump trucks and the buckets of excavators and loaders, in which these elements are subject
to abrasive materials, including soil and gravel [17–20].

As Hardox steels are mainly considered to be low alloy steels, their microstructure and
properties may differ based on the content of carbon and alloying elements, such as Ni, Mn,
Mo, and Cr, which somewhat affect their durability, hardness, and hardenability [17]. This
variety in compositions and structures complicates the investigation across the weld zone
(WZ) [16,20–22]. For example, it has been reported that low hydrogen ferritic steel filler
leads to better transverse tensile and fatigue properties, whereas austenitic stainless steel
filler results in better impact toughness [21,22]. Additionally, as reported by Sharma and
Shahi [23], joint welded using filler metal containing Cr and Mo with Nb, Ti, Al, V, Cu, and
N as micro-alloying additions represented a weld metal, wherein martensitic refinement
occurred and had the highest microhardness of about 400 HV. Since these alloying elements
lead to the formation of carbides and inclusion, detailed knowledge of the distribution
of impurities and structures may result in a better understanding of the probable crack
formation in terms of their origin and mechanisms.

The popular abrasive-wear resistant steel Hardox 400 is usually characterized by good
weldability [24]. Nevertheless, the thermal processes of welding lead to the degradation
of microstructures in HAZ by creating an unhardened layer; this results in significant
changes of hardness [25]. These phenomena are often accompanied by not only welding
but also the processing and forming operations of the constructional elements of the filler
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metals. The unfavorable structures and hardness levels which occur in welded joints of
low-alloy, high-strength steels can be greatly changed by filler metal compositions [26].
Based on the previous studies [25,27], it can be concluded that it is worth complementing
the issues related to making and optimizing the properties of welded joints of Hardox
500 steel. Plus, this is often motivated by the adverse opinion about the weldability of this
steel, which usually results in the resignation of its welding or in replacing it with another
grade with lower strength but better weldability [28–47]. According to the results of many
studies related to the chemical and structural properties of low-alloy martensitic steels,
as a whole, it can be stated that Hardox steels show good weldability but depending on
welding conditions, susceptibility to cracking is achieved [48]. Nevertheless, it is confirmed
by research works that practically they cannot be joined by welding. The most frequently
observed problems with the weldability of the Hardox 500 are its susceptibility to the brittle
cracking of the welded joints and the wide zones of lower hardness in comparison to the
base material [49].

As mentioned earlier, Hardox steels are usually used in construction machinery which
may experience failure in a workplace. Therefore, welding these steels is of importance.
There are different types of filler metals which, depending on their chemical compositions
and welding conditions, may result in various microstructures. These microstructures play
an important role in determining the final properties. Acicular ferrite, for example, results
in desirable mechanical properties. Hence, different filler metals should be used in the
weld joints of 500 Hardox steel to investigate whether the brittle cracking can be avoided
and whether favorable properties can be obtained or not. For this purpose, the present
paper aims to examine the TIG welding of Hardox 500 steel by using three low-carbon steel
fillers for controlling the microstructure and mechanical properties. The microstructural
evolution of the weld zone (WZ), as well as the heat-affected zone (HAZ), were studied for
each of the weldments. Special attention was paid to evaluating the effects of each filler on
the mechanical properties of the WZ through microhardness, Charpy impact toughness,
plane-stress fracture toughness, and tensile tests.

2. Materials and Methods
2.1. Materials

In the present work, the Hardox 500 steel plate (120× 60× 10 mm3) was used as a BM,
and three low carbon steel wires (2.4 mm diameter) were used as filler metals consisting of
ferritic (ER80S-G), austenitic (ER80S-B2), and ferritic + austenitic (ER80S-Ni1). The chemical
composition of these materials was measured by XRF and is given in Table 1, according to
ASTM standards.

Table 1. Chemical composition (wt%) of BM and filler metals used in this research.

C Si Mn Cr Mo Ni S Al Cu Ti Co V Fe

Base metal Martensitic 0.272 0.470 1.180 0.150 0.030 0.090 - - - - - - Bal.
Filler 1

(ER80S-Ni1)
Ferritic +

Austenitic 0.191 0.517 1.157 0.136 0.039 0.435 0.008 0.029 0.065 0.006 0.007 0.018 Bal.

Filler 2
(ER80S-G) Ferritic 0.194 0.614 1.378 0.100 0.027 0.077 0.011 0.025 0.090 0.006 0.003 0.019 Bal.

Filler 3
(ER80S-B2) Austenitic 0.208 0.508 1.171 0.743 0.312 0.080 0.008 0.034 0.114 0.007 0.004 0.019 Bal.

2.2. Welding Process

To weld the workpieces, TIG welding (Everlast PowerTIG 325EXT-Sahand-Tabriz-Iran)
was utilized under argon gas protection with a volume flow rate of 10 L/min. The diameter
of the electrode was 2.5 mm and its distance to the steel plates was 2 mm during TIG
welding. Additionally, the traveling speed was 150 mm/min. Before welding, the surfaces
and edges of the BM plate, as well as the filler metals, were cleaned to avoid the presence of
contamination, such as oxide, oil, and moisture by which the weld defect is bound to form.
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The butt joint welding was carried out on the double V-groove joints (Figure 1). During
the welding, the molten weld pool was held by gravity due to the flat position of the weld
joint. Then, on each side of the joints, five passes of welding were applied (ten passes in
total). Additionally, in order to control the residual stress of weld, each welding pass was
conducted in a reverse direction of the previous pass.
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Figure 1. Schematic of (a) double V-groove weld and (b) the welding process.

The arc voltage was about 11 V, by which the arc can be established and maintained.
Further, the direct current (DC) was about 150 A. All these parameters were selected to
minimize the risk of electrical shock during the welding. It should be noted that all welds
were carried out in the same condition by using three different filler metals.

2.3. Metallographic Preparation and Microscopy Analysis

To study the various microstructures across the welded joints, the samples were taken
from different regions. Then, all samples were mounted in epoxy resin. After being
ground on silicon carbide papers and polished with 3 µm Al2O3 solution, the samples
were chemically etched for 30 s with 5% Nital (2 mL HNO3 + 98 mL C2H6O) solution.
Thereafter, all the prepared samples were characterized by using the Olympus OM model
PMG3™, the EOS SEM model CamScan MV2300™ (manufacturer: Electron Optic Services,
Inc.-Canada/Place of testing: Tabriz-Iran) and XRD apparatus type (XRD-6000, Shimadzu,
Kyoto, Japan) with Cu Kα radiation (λ = 1.54056 Å). The measurement was set at 2θ in a
range of 10◦ to 90◦.

2.4. Microhardness Tests

Based upon ASTM-E 384 standard, the Vickers microhardness test was carried out
using a Karl Frank GmbH-38536 (Manufacturer: Germany/Place of testing: Tabriz-Iran)
apparatus under a load of 0.5 kg for 10 s across the BM zone, HAZ, and the WZ. It should
be noted that at least five separate measurements were performed on each zone, with the
mean data being reported.
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2.5. Tensile Tests

To study the mechanical properties of the welded joints, as can be seen in Figure 2a,
the samples were wire-cut based upon the ASTM E8M-04 standard in that the WZ, which
represents the weakest region, was located in the gauge section (Figure 2b). Then, to
minimize the stress concentration the surfaces of the wire-cut samples were magnetically
ground. The uniaxial tensile tests were carried out at a strain rate of 1 × 10−4 s−1 at room
temperature using an Instron tensile test machine. For each weldment, three tensile tests
were performed to ensure the accuracy of the results. In addition, the fracture surfaces of
each welded joint were examined by SEM.
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2.6. Charpy Impact Test

First, the samples regarding each weldment were wire-cut following ASTM A370 from
the weld, in that the V-notch is taken from the WZ, as shown in Figure 2d. Next, the Charpy
V-notch impact toughness test was performed for all three weldments. Before applying the
test, the surfaces of the wire-cut samples were magnetically ground to minimize the stress
concentration. Thereafter, the test was conducted through an impact testing machine with
400 J capacity, according to the ASTM E23-12c standard. Due to the possible errors during
the impact test, for each weldment, three samples were tested at ambient temperature. The
fracture surfaces were characterized by using SEM.

2.7. Plane-Stress Fracture Toughness Test

To measure the toughness of welds, the samples were wire-cut, as depicted in Figure 2f.
Then, they were tensioned using the tensile test machine. At the same time, the crack
opening displacement (COD) gages were used to evaluate the crack length during loading.
Afterward, the monitored values were reported. Moreover, the fracture surfaces of each
sample were examined by SEM.
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3. Results and Discussion
3.1. Macrostructure Examination

Figure 3 shows macroscopic micrographs of the welded samples. Visual observation
of the samples indicated that the penetration and fusion to root were achieved and the
welding process performed desirably, without cracks and undercuts.
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3.2. Microstructure Characterization

Figures 4–6 display the variation of structures in the WZ and HAZ. In the case of BM,
it is generally known that its microstructure represents the martensite structure [17,50,51].
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Regarding the WZ microstructure, different ferrite morphologies, including allotri-
omorphic ferrite (α), Widmanstätten ferrite (αw), and acicular ferrite (αa) can be seen in
Figures 4–6. It is believed that, as the weld cools from the liquid phase to ambient tem-
perature, the δ-ferrite changes to austenite during a solid-state transformation, followed
by allotriomorphic ferrite (α), which is likely to be the first phase to form on cooling the
austenite grains below the Ae3 temperature. The grain boundaries of columnar austenite
are easy diffusion paths for these ferrite layers to nucleate and grow. However, further
undercooling, which increases the driving force for transformation and decreases the diffu-
sivity, probably limiting the growth of allotriomorphic ferrite. Then, Widmanstätten ferrite
is likely to grow in the remaining austenite. Widmanstätten ferrite plates lengthen at a
constant rate because of their plate shape and the partitioning of carbon at the sides of
its growing plate. However, it is generally agreed that the formation of Widmanstätten
ferrite plates is usually completed within a fraction of a second but most of them may be
interfered with by plates of acicular ferrite [52,53].

The acicular ferrite is believed to nucleate at non-metallic particles dispersed within
the weld. Therefore, as can be seen from Figure 5, the quantity of acicular ferrite in the WZ
of the second filler is considerably more than that of the other fillers. This is because the
second filler with a higher amount of sulfur (S) and manganese (Mn) represented more
acicular ferrite. In fact, despite the different ferritic phases, the carbon of the WZ may be
consumed by the formation of cementite and carbides, in so far as the nucleation of carbides
may take place at the interface of ferritic phases and cementite particles. The carbon near
cementite particles disappears gradually as the carbides grow. Among all alloying elements
present in this research, Cr, Mo, V, W, and Ti are bound to form carbides, whereas Ni, Co,
and Cu are unlikely to form carbide phases [52,53].

It is widely accepted that various inclusions can be found during steel welding,
including Al2O3, spinel-type oxides (AO-B2O3), FeO, MnO, (FeMn)O, and more specifically
manganese sulfide (MnS). Furthermore, it is suggested that a wide variety of oxides or
other compounds, including SiO2 and a thin layer of MnS which partly covers the surface
of the inclusions, are responsible for the development of microstructure, particularly the
heterogeneous nucleation of acicular ferrite during cooling [23,52].

As can be seen in Figures 4–6, allotriomorphic and Widmanstätten ferrite within the
WZ of the first and the third fillers is larger than that of the second filler. This difference
is attributed to the sensitivity of the growth kinetics of the microstructure of welds to
carbon, in that the growth rates of allotriomorphic and Widmanstätten ferrite increase as
the concentration of carbon declines [52].

Figure 7 shows an almost wide transition region between the WM and HAZ. It is
almost certain that the formation of this region arises from local variations in composition
and temperature. Since this region is surrounded by melting and the 100% solid region
of the weld, several metallurgical phenomena may occur. Although this type of steel
consists of low alloy content, the segregation of alloying and impurity elements are likely
to take place at grain boundaries during processing. In addition, there possibly be localized
melting temperatures at the grain boundaries in which liquation may occur. Moreover, the
dissolution of carbide particles near HAZ is believed to lower its melting point. Finally, if
these carbides and grain boundaries cool, residual stresses and liquation cracks appear in
the transition region [52].

Concerning the HAZ, the microstructures contain ferrite and pearlite phases, as well
as cementite and carbide particles, as represented in Figures 4–6. These microstructural
variations are brought by the non-equilibrium rates of heating and cooling during welding.
Although the source of heat causes the melting of joints, the rate of heating and the peak
temperature declines regularly with distance away from the WZ. It is known that the
cooling may occur in a temperature range of 800–500 ◦C, in which the austenite is likely
to decompose by solid-state transformation. This temperature range is different from the
equilibrium temperatures Ae1 and Ae3; however, depending on the distance from the
boundary of the weld metal, there would be coarse-grained and fine-grained austenite
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zones. The former tends to form adjacent to the WZ, where the temperature is above the Ac3
temperature of weldable steels. The latter may form further away from the WZ where the
peak temperature decreases, resulting in the rather high carbon concentration of austenite,
in which the solubility of carbon increases as the temperature decreases. In addition, the
steel cannot often transform completely to austenite because of the peak temperature at
a large distance from the WZ. In this case, the solubility of carbon in austenite is nearly
in equilibrium with ferrite. Therefore, these austenite regions certainly decompose to
both ferrite and cementite because the cooling rates are unlikely to induce martensitic
transformation. The nucleation and formation of pro-eutectoid ferrite and cementite, before
the nucleation of pearlite, may occur at the austenite grain boundaries. Thereafter, the
pearlite nuclei probably takes place in these grain boundaries, as well as on inclusions.
The relatively small amount of remaining austenite, which is certainly enriched in carbon
probably transforms into pearlite. The nucleation of pearlite is two-fold. First, the nuclei
of pearlite occurs on austenite grain boundaries, which are associated with pro-eutectoid
ferrite and cementite and presumably does not have the lamellar structure due to the
rates of slower cooling. Second, the nodules of pearlite can often nucleate on inclusions,
especially in commercial steels. From Figures 4–6, it can be seen that the pearlite concerning
the weldment of the third filler is much bigger than that of other fillers. This may be related
to two possible causes. First, the inclusions formed in the WZ may be pushed away during
the welding process. Second, the formation of tungsten inclusions in weld. Considering the
similar welding conditions for all three fillers, each of the mentioned reasons is responsible
for the larger colonies of pearlite and even for the formation of acicular ferrite [52]. Apart
from the mentioned structures, carbide precipitations appear to form by removing carbon
from the supersaturated ferrite and the residual austenite. Indeed, Hardox 500 steel is
known as low-alloyed plain carbon, and its alloying elements can often form different
carbides, some of which may remain stable while the other carbides may be dissolved in
austenite. It can be concluded that as the number of inclusion and carbides nucleation sites
relative to the nucleation sites of austenite grain increases, the formation of acicular ferrite
at the expense of Widmanstätten ferrite will certainly occur.
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3.3. Microhardness Measurement

Figure 8 displays the microhardness profile across the weldments for all three filler
metals, to which the parts of Hardox steel 500 were welded. The values of the hardness
of WZ regarding the first and the second filler metals are in the range of 220–330 HV, but
these values of the third filler are in the range of 260–385 HV. These values are triggered by
the existence of ferrite phases in the WZ. Additionally, the gradual rise of the hardness in
this zone is probably related to the formation of the carbides, above all Cr23C6 [54].
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As can be seen, there is a drop in each of the hardness profiles, representing the
transition zone. This zone, which is at the boundary of the WZ and heat-affected zone, is
quite weak since it is subject to melting and solid regions during welding. Furthermore, the
segregation of alloying elements and impurities mainly takes place in this region. Figure 9
shows XRD patterns of welded samples. Based on the figure, the peak of impurities cannot
be recognized, which is due to the lower number of impurities. Thus, all of these reasons
have detrimental effects on the hardness.

From Figure 8a,b, it can be observed that the HAZ of the first and the second filler
metals show an upward trend. Since the cooling rate in the HAZ is relatively lower than
that in the WZ, unlike the WZ, which is completely composed of ferrite phases with
different morphology, pearlite is formed in HAZ, giving significant hardness. Thus, as the
distance from the transition zone increases, the hardness grows modestly. This is because,
in this zone, there is a combination of phases, including ferrite and pearlite. In addition,
it is stated that the formation of niobium oxide during the welding process increases
the microhardness [55]. Nonetheless, according to Figure 8c, after the transition zone,
the hardness values experienced a decline from 390 to 261 HV. Thereafter, the values of
hardness peaked at 360 HV. Afterward, it fell to 236 HV, then fluctuated, and was then
followed by a sharp rise. It can be inferred that both acicular ferrite and allotriomorph
ferrite have a profound effect on hardness values in WZ though the content and size of
pearlite play important role in HAZ. Furthermore, the highest values of hardness that can
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be seen near base metal (BM) are caused by the decomposition of the martensitic phase to
mostly ferritic phase and pearlitic phase. Depending on the cooling rate, it is believed that
bainite is probable to form instead of pearlite, but based on the welding conditions in this
work, pearlite was the second phase formed in HAZ region. Furthermore, near BM, there
must be a higher amount of this phase compared to ferrite and that is responsible for the
high values of hardness [56].
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3.4. Tensile Tests

Figure 10 illustrate the tensile properties of BM and different welds using three filler
metals. The ultimate tensile strength, yield strength, and elongation of BM were higher than
those of all three welds. These considerable tensile properties are due to the microstructure
of Hardox 500 steel, which is the martensite. However, the differences in the values of
the welds are mainly attributed to the amount of acicular ferrite in the WZ rather than
allotriomorphic and Widmanstätten ferrites. Acicular ferrite is extensively known as a
desirable microstructure. It should be noted that the dispersion of fine alloy carbide in
the temperature range of welding may markedly increase the strength, which confirms
our observations.

As can be seen in Figures 4–6, the higher percentage of acicular ferrite in the second
weld compared to the other welds gives rise to these values. It is believed that an increase
in yield stress of the weld regarding the second weld metal may stem from a fine dispersion
of inclusions possibly delaying the cleavage fracture through the localized relaxation
of stresses. Additionally, as reported by many researchers [50,52,57,58], inclusions rich
in titanium stimulate the nucleation and formation of acicular ferrite. Based upon the
chemical composition of all three filler metals, it is evident that the second filler has a
higher percentage of titanium than the others by which a higher amount of acicular ferrite
is expected to nucleate.

From Figure 11, it can be seen that necking took place at fracture sections. Deformation
caused by tensile test hardens the steel, and if at some point the loading rate at which
it hardens is not sufficient to withstand the reduction in area, the deformation becomes
focused, which thus leads to necking. Expectedly, a fracture occurred on the WZ, which is
believed to be weaker than the HAZ and the BM. Furthermore, void nucleation takes place
preferentially in the ferrite and then, during tension, the high density of voids often leads
to localized necking [59,60].
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Figure 11. Tensile test specimen showing the necking and fractured regions.

Figure 12 display the fracture surfaces of WZs of three filler metals. All the weld joints
are mainly composed of ductile fractures. Additionally, all surfaces indicate the cup and
cone type of fracture. It is well-known that, in tension, this type of fracture usually involves
the nucleation and growth of voids of which their coalescence results in ultimate failure.
Plus, the presence of deep and shallow voids is visible at different magnifications.



Materials 2022, 15, 8196 13 of 21Materials 2022, 15, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 12. The fracture surfaces of tensile test pertaining to all three welds at different magnifications. 
(a,d,g,j) the first weld, (b,e,h,k) the second weld , and (c,f,i,l) the third weld. 

3.5. Impact Toughness Analysis 
The values of the energies are highlighted in Figure 13. The values are much higher 

than many other reported values [50,61,62] and, interestingly, the impact toughness of all 
three welds represents higher values than the base metal (BM). This is certainly because 
of the presence of acicular ferrite, which is highly considered a favorable phase showing 
desired toughness. The formation of this phase leads to interlocked microstructure, thus 
resulting in better toughness properties [63].  

Figure 12. The fracture surfaces of tensile test pertaining to all three welds at different magnifications.
(a,d,g,j) the first weld, (b,e,h,k) the second weld, and (c,f,i,l) the third weld.

In some parts, the fragments of phases are likely to result from alloying elements as can
be observed in Figure 12a–c. The alloying elements are believed not to fit favorably in the
substitutional or interstitial sites within the lattice, and they tend to segregate to a greater
free volume, especially grain boundaries. For example, the maximum reported values of
the free energies of segregation for sulphur and phosphorus to be dissolved into iron are
less than those for hydrogen. Furthermore, the microstructural factors, such as carbide
precipitation, e.g., cementite or alloy carbides, either provide the sites for intergranular
grain crack nuclei or cause interfacial separation. The latter takes place when the interfaces
consist of Sb, As, Sn, or P [52].
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Carbides, sulfide, or silicate inclusions produced by these elements across the WZ
not only act as stress concentrators but also tend to initiate some transverse cracks. An
illustration of this is the presence of brittle silicates and inclusions, especially alumina
particles, in steels as a source of crack nuclei. Figure 12 displays several visible inclusions
on fracture surfaces. The inclusions can probably be TiO2, Al2O3 FeO, MnO, and MnS. As
mentioned earlier, these inclusions are often found during steel welding. These inclusions
promote the nucleation and formation of acicular ferrite. It should be noted that the
segregation of solute atoms preferentially to grain boundaries may easily provide crack
nuclei [52]. Thus, such a scaly structure on fracture surfaces is created as a consequence of
slips followed by de-cohesion and microcracks along determined crystallographic planes.
This is because some of the ferritic phases, including Widmanstätten ferrite and acicular
ferrite may form by displacive transformations, and this type of transformation involves
the coordinated motion of atoms along determined crystallographic planes [53,61]. Further,
there are some irregularities on interfacial surfaces, which are attributed to the cracks and
mostly the ferrite phases.

3.5. Impact Toughness Analysis

The values of the energies are highlighted in Figure 13. The values are much higher
than many other reported values [50,61,62] and, interestingly, the impact toughness of all
three welds represents higher values than the base metal (BM). This is certainly because
of the presence of acicular ferrite, which is highly considered a favorable phase showing
desired toughness. The formation of this phase leads to interlocked microstructure, thus
resulting in better toughness properties [63].
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Figure 13. The values of Charpy impact energies.

From Figure 14 it can be seen that plastic deformation mainly exists on fracture surfaces
with quite irregularities. Both ductile and brittle modes of fracture are represented on these
surfaces through some well-known features, including the tearing ridges and river-like
pattern, which indicate the relatively high values of impact toughness.
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Figure 15 display the impact fracture surface of all three welds. As the specimen was
wire-cut in the transverse direction, the V-notch was located in the WZ. Both ductile and
brittle modes of fracture occurred on these fracture surfaces. The ductile zones were on the
edge of the fracture surface and are composed of dimples, whereas the brittle zones were on
the center of these surfaces showing cleavage river patterns. However, concerning the third
weld, the ductile mode of fracture was dominant. It is believed that the initiation of the
crack brings about adjacent to the V-notch, which is in the ductile fracture zone and then
the propagation of the crack takes place far from the V-notch, which is in the brittle zone.
In fact, during the impact test, significant deformation occurs in the microstructure before
work hardening by which the load increases. Finally, as the length of the crack increases,
there is a marked drop in load, which then leads to the formation of the brittle zone with
a river-like pattern, which is in good agreement with the observations of Korkmaz and
Meran [64].

The values of impact energies are attributed to acicular ferrite, in which the glide
of dislocations is easier. Since this phase is soft, the crack initiation can be impeded by
releasing stress by forming dimples or voids, leading to the improved energy of crack
initiation. It is believed that the coalescence of voids is responsible for the high values of
impact energy. In addition, the visible irregularities, as well as the cavities with different
sizes are triggered by the alloying elements. An illustration of this is the WZ of the first filler
with a lower amount of C and Mn compared to the other two filler metals. This zone may
hinder the initiation of microcracks on account of having few inclusions and carbides, even
compared to the BM [23,64,65]. This feature confirms the larger portion of regions with the
ductile mode of fracture, which is often caused by a high density of voids. Therefore, less
stress concentration is expected to exist in the first weld, resulting in the higher values of
impact energy. The same measured values for the second and the third filler metals may be
due to the number of carbides and inclusions, as represented by the yellow dash circle in
Figure 15.

3.6. Fracture Toughness Analysis

Force versus crack length is presented in Figure 16b. These values were achieved
after applying fracture toughness test. By using the equations below [66], based on the
ASTM-E561 standard, the plane stress fracture toughness (kri) values of base metal and all
three welds were calculated.
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Figure 15. The fracture surfaces of Charpy impact test pertaining to all three welds at different
magnifications (a–t).

Here, a is the crack length at various forces of pi. Additionally, b and w are the thickness
and width of the compact-tension (CT) sample, respectively. By replacing the values of a
and w at three different forces, the R-curves of base metal and three welds were obtained,
as presented in Figure 16. Base metal possesses a higher value than three welds, which is
attributed to its microstructure; in fact, a lath martensite microstructure offers excellent
toughness. Regarding the three welds, in agreement with previous mechanical results, in
which the second weld consisting of acicular ferrite showed better properties, this weld
has better fracture toughness than the other welds. Accordingly, the first weld with more
content of acicular ferrite than the third showed a higher value.
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From Figure 17, it can be seen that fracture surfaces are mainly composed of ductile
mode with a large number of dimples. However, in some regions, tear ridges are evident
and, in others, cleavage mode is observed. Even though ferrite phases are mainly respon-
sible for ductile damage, it is generally believed that cleavage in low alloy steels is often
initiated by either carbide cracking or dislocation pile-up. The latter usually takes place
where inclusions exist. There are some common inclusions in structural steels, including
TiC, TiO2, Al2O3, and MnS. As was detected earlier, MnS inclusions were prevalent in all
three welds. During this test, when the samples are loaded, the inclusions are debonded.
After that, on account of strong stress concentration, cleavage is initiated on some grains.
However, from Figure 17, it is evident that there are not many cleavage regions, indicating
that cleavage cracks were arrested by ferritic phases and could not propagate further.
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structures and mechanical properties of the welds were evaluated. Furthermore, to gain a 
deep understanding of the fracture modes regarding tensile and impact toughness tests, 
the fracture surfaces were investigated. The results are summarized as follows: 
1. According to the OM images, carbides and inclusions not only promote the nuclea-

tion and growth of acicular ferrite but also slow down the growth of allotriomorphic
and Widmanstätten ferrites. Moreover, the second weld metal with higher content of
Mn and S certainly causes inclusions by which the nucleation of the acicular ferrite is
likely to take place within the weld. The HAZ regions displayed ferrite and pearlite
phases. During heating and cooling, the pro-eutectoid ferrite and the cementite nu-
cleated and formed, followed by the nucleation and formation of pearlite nodules at
the austenite grain boundaries.

2. The gradual rise of the microhardness in the WZ is attributed to carbides while the
lowest values that occurred in the transition zone are due to the segregation of alloy-
ing elements and impurities. However, the modest increase in the HAZ is related to
the existence of ferrite and particularly pearlite phases. However, the lower values of
hardness in the third weld are due to the higher amount of acicular ferrite rather than
allotriomorph ferrite.

3. The differences in the values of ultimate tensile stress, yield stress, and elongation
are quite relevant to the amount of acicular ferrite in the WZ compared to other fer-
ritic phases. Acicular ferrite was mostly observed in the weld joints of the second
filler with ferritic microstructure. The fracture surfaces of tensile tests represented
shallow and deep voids, which indicate ductile fracture mode. Acicular ferrite was
responsible for this mode of fracture. Additionally, the fragment of phases, and cup
and cone type of fracture may be produced by alloying elements and carbides.

4. The findings of the impact toughness and fracture toughness tests showed that the
values of energies of all three welds are less than the toughness of BM but are ac-
ceptable. This means when the welding of Hardox 500 steels is needed, these filler
metals and TIG welding can be applied. However, the higher value of the second

Figure 17. The fracture surfaces of fracture toughness test pertaining to all three welds at different
magnifications. (a) the first weld; (b) the second weld; (c) the third weld.

4. Conclusions

The Hardox 500 steel was TIG-welded by using three filler metals with different chem-
ical compositions. To make a proper comparison of these three welds, the microstructures
and mechanical properties of the welds were evaluated. Furthermore, to gain a deep
understanding of the fracture modes regarding tensile and impact toughness tests, the
fracture surfaces were investigated. The results are summarized as follows:

1. According to the OM images, carbides and inclusions not only promote the nucleation
and growth of acicular ferrite but also slow down the growth of allotriomorphic and
Widmanstätten ferrites. Moreover, the second weld metal with higher content of Mn
and S certainly causes inclusions by which the nucleation of the acicular ferrite is likely
to take place within the weld. The HAZ regions displayed ferrite and pearlite phases.
During heating and cooling, the pro-eutectoid ferrite and the cementite nucleated and
formed, followed by the nucleation and formation of pearlite nodules at the austenite
grain boundaries.

2. The gradual rise of the microhardness in the WZ is attributed to carbides while the
lowest values that occurred in the transition zone are due to the segregation of alloying
elements and impurities. However, the modest increase in the HAZ is related to the
existence of ferrite and particularly pearlite phases. However, the lower values of
hardness in the third weld are due to the higher amount of acicular ferrite rather than
allotriomorph ferrite.

3. The differences in the values of ultimate tensile stress, yield stress, and elongation are
quite relevant to the amount of acicular ferrite in the WZ compared to other ferritic
phases. Acicular ferrite was mostly observed in the weld joints of the second filler
with ferritic microstructure. The fracture surfaces of tensile tests represented shallow
and deep voids, which indicate ductile fracture mode. Acicular ferrite was responsible
for this mode of fracture. Additionally, the fragment of phases, and cup and cone type
of fracture may be produced by alloying elements and carbides.

4. The findings of the impact toughness and fracture toughness tests showed that the
values of energies of all three welds are less than the toughness of BM but are accept-
able. This means when the welding of Hardox 500 steels is needed, these filler metals
and TIG welding can be applied. However, the higher value of the second weld is
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because of the presence of acicular ferrite and also due to the amount of alloying
elements, such as Ti, C, S, and Mn. The weld joints of fillers with ferritic and austenitic
microstructures represented the highest and the lowest values of mechanical proper-
ties due to the amount of acicular ferrite. This is because the weld zone (WZ) of the
first filler mostly consisted of acicular ferrite, whereas the WZ of other fillers comprise
allotriomorphic and Widmanstätten ferrites.

5. Finally, even though three different filler metals were used to weld Hardox steels,
several potential limitations need to be considered. First, other types of filler metals
with different chemical compositions can be examined. Second, the welding condi-
tions can be altered to achieve better-quality of weld joints. Third, heat treatment
can be applied to control the final microstructure. For future work, it is suggested
that heat treatment (normalizing, quenching, and low temperature tempering) could
be applied to the welds in order to better control the microstructure in terms of the
phases and having no incompatibilities, such as cracks. Moreover, properties such as
hardness and tensile strength could be enhanced. The variation of microstructures in
WZ and HAZ can be reduced. Their differences compared to BM can be reduced.
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28. Assari, A.H.; Eghbali, B. Solid state diffusion bonding characteristics at the interfaces of Ti and Al layers. J. Alloys Compd. 2019,
773, 50–58. [CrossRef]

29. Cui, X.; Li, C.; Zhang, Y.; Said, Z.; Debnath, S.; Sharma, S.; Ali, H.M.; Yang, M.; Gao, T.; Li, R. Grindability of titanium alloy using
cryogenic nanolubricant minimum quantity lubrication. J. Manuf. Process. 2022, 80, 273–286. [CrossRef]

30. Gao, T.; Li, C.; Wang, Y.; Liu, X.; An, Q.; Li, H.N.; Zhang, Y.; Cao, H.; Liu, B.; Wang, D.; et al. Carbon fiber reinforced polymer in
drilling: From damage mechanisms to suppression. Compos. Struct. 2022, 286, 115232. [CrossRef]

31. Gong, P.; Wang, D.; Zhang, C.; Wang, Y.; Jamili-Shirvan, Z.; Yao, K.; Wang, X. Corrosion behavior of TiZrHfBeCu (Ni) high-entropy
bulk metallic glasses in 3.5 wt.% NaCl. Npj Mater. Degrad. 2022, 6, 77. [CrossRef]

32. Guo, C.; Zhang, Z.; Wu, Y.; Wang, Y.; Ma, G.; Shi, J.; Zhong, Z.; Hong, Z.; Jin, Z.; Zhao, Y. Synergic realization of electrical
insulation and mechanical strength in liquid nitrogen for high-temperature superconducting tapes with ultra-thin acrylic resin
coating. Supercond. Sci. Technol. 2022, 35, 075014. [CrossRef]

33. Huang, J.; Tayyebi, M.; Assari, A.H. Effect of SiC particle size and severe deformation on mechanical properties and thermal
conductivity of Cu/Al/Ni/SiC composite fabricated by ARB process. J. Manuf. Process. 2021, 68, 57–68. [CrossRef]

34. Ibrahim, A. Performance and combustion characteristics of a diesel engine fuelled by butanol–biodiesel–diesel blends. Appl.
Therm. Eng. 2016, 103, 651–659. [CrossRef]

35. Liang, L.; Xu, M.; Chen, Y.; Zhang, T.; Tong, W.; Liu, H.; Wang, H.; Li, H. Effect of welding thermal treatment on the microstructure
and mechanical properties of nickel-based superalloy fabricated by selective laser melting. Mater. Sci. Eng. A 2021, 819, 141507.
[CrossRef]

36. Liu, J.; Sui, M.; Song, S.; Huang, L.; Belfiore, L.A.; Tang, J. Towards applicable photoacoustic micro-fluidic pumps: Tunable
excitation wavelength and improved stability by fabrication of Ag-Au alloying nanoparticles. J. Alloys Compd. 2021, 884, 161091.
[CrossRef]

37. Luo, J.; Yarigarravesh, M.; Assari, A.H.; Amin, N.H.; Tayyebi, M.; Paidar, M. Investigating the solid-state diffusion at the interface
of Ni/Ti laminated composite. J. Manuf. Process. 2022, 75, 670–681. [CrossRef]

38. Tang, L.; Zhang, Y.; Li, C.; Zhou, Z.; Nie, X.; Chen, Y.; Cao, H.; Liu, B.; Zhang, N.; Said, Z.; et al. Biological stability of water-based
cutting fluids: Progress and application. Chin. J. Mech. Eng. 2022, 35, 3. [CrossRef]

http://doi.org/10.1016/j.engfailanal.2018.08.007
http://doi.org/10.1088/2053-1591/abf76c
http://doi.org/10.1016/j.corsci.2019.108280
http://doi.org/10.1016/S1644-9665(12)60118-6
http://doi.org/10.1016/j.jmapro.2021.02.009
http://doi.org/10.1016/j.matchar.2020.110732
http://doi.org/10.1016/j.matlet.2021.130896
http://doi.org/10.1179/174329307X249432
http://doi.org/10.1016/S1006-706X(08)60273-3
http://doi.org/10.1016/j.jmatprotec.2017.10.039
http://doi.org/10.1016/j.jmapro.2021.06.045
http://doi.org/10.3390/met7090349
http://doi.org/10.1016/j.matpr.2020.05.788
http://doi.org/10.1016/j.jallcom.2018.09.253
http://doi.org/10.1016/j.jmapro.2022.06.003
http://doi.org/10.1016/j.compstruct.2022.115232
http://doi.org/10.1038/s41529-022-00287-5
http://doi.org/10.1088/1361-6668/ac6e0d
http://doi.org/10.1016/j.jmapro.2021.07.017
http://doi.org/10.1016/j.applthermaleng.2016.04.144
http://doi.org/10.1016/j.msea.2021.141507
http://doi.org/10.1016/j.jallcom.2021.161091
http://doi.org/10.1016/j.jmapro.2022.01.042
http://doi.org/10.1186/s10033-021-00667-z


Materials 2022, 15, 8196 21 of 21

39. Tayyebi, M.; Adhami, M.; Karimi, A.; Rahmatabadi, D.; Alizadeh, M.; Hashemi, R. Effects of strain accumulation and annealing
on interfacial microstructure and grain structure (Mg and Al3Mg2 layers) of Al/Cu/Mg multilayered composite fabricated by
ARB process. J. Mater. Res. Technol. 2021, 14, 392–406. [CrossRef]

40. Tayyebi, M.; Alizadeh, M. A novel two-step method for producing Al/Cu functionally graded metal matrix composite. J. Alloys
Compd. 2022, 911, 165078. [CrossRef]

41. Wang, X.; Li, C.; Zhang, Y.; Ali, H.M.; Sharma, S.; Li, R.; Yang, M.; Said, Z.; Liu, X. Tribology of enhanced turning using
biolubricants: A comparative assessment. Tribol. Int. 2022, 174, 107766. [CrossRef]

42. Wang, X.; Li, C.; Zhang, Y.; Said, Z.; Debnath, S.; Sharma, S.; Yang, M.; Gao, T. Influence of texture shape and arrangement on
nanofluid minimum quantity lubrication turning. Int. J. Adv. Manuf. Technol. 2022, 119, 631–646. [CrossRef]

43. Wang, Y.; Tayyebi, M.; Assari, A. Fracture toughness, wear, and microstructure properties of aluminum/titanium/steel multi-
laminated composites produced by cross-accumulative roll-bonding process. Arch. Civ. Mech. Eng. 2022, 22, 49. [CrossRef]

44. Wang, Z.; Qiang, H.; Wang, J.; Duan, L. Experimental Investigation on Fracture Properties of HTPB Propellant with Circumferen-
tially Notched Cylinder Sample. Propellants Explos. Pyrotech. 2022, 47, e202200046. [CrossRef]

45. Wu, Y.; Chen, J.; Zhang, L.; Ji, J.; Wang, Q.; Zhang, S. Effect of boron on the structural stability, mechanical properties, and
electronic structures of γ′-Ni3Al in TLP joints of nickel-based single-crystal alloys. Mater. Today Commun. 2022, 31, 103375.
[CrossRef]

46. Xin, T.; Tang, S.; Ji, F.; Cui, L.; He, B.; Lin, X.; Tian, X.; Hou, H.; Zhao, Y.; Ferry, M. Phase transformations in an ultralight BCC Mg
alloy during anisothermal ageing. Acta Mater. 2022, 239, 118248. [CrossRef]

47. Zhang, H.; Li, L.; Ma, W.; Luo, Y.; Li, Z.; Kuai, H. Effects of welding residual stresses on fatigue reliability assessment of a PC
beam bridge with corrugated steel webs under dynamic vehicle loading. Structures 2022, 45, 1561–1572. [CrossRef]

48. Konat, Ł. Technological, Microstructural and Strength Aspects of Welding and Post-Weld Heat Treatment of Martensitic, Wear-
Resistant Hardox 600 Steel. Materials 2021, 14, 4541. [CrossRef] [PubMed]
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