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This study presents a compelling exploration of the microstructural and mechanical enhancements achieved with Inconel 718
hardfaced layers on AISI 1045 medium carbon steel through the advanced cold metal transfer (CMT) process. By precisely ad-
justing process parameters such as travel speed and wire feed rate, this research examines their effects on bead geometry and di-
lution for both stringer- and oscillation-type depositions. Microstructural analysis unveiled defect-free hardfaced layers, achiev-
ing seamless metallurgical bonding between the substrate and hardfacing material. Notably, oscillation-type deposition with
optimized parameters (6 m/min wire feed rate and 20 cm/min travel speed) achieved an impressively low dilution of 3.38 %,
surpassing stringer-type deposition in quality. Furthermore, hardness testing highlighted a significant improvement in the sur-
face durability as oscillation-type deposition reached 254 HV, while the value of the substrate was 172 HV. SEM-EDX analysis
confirmed the inclusion of critical alloying elements such as nickel, niobium, and molybdenum, reinforcing the hardfaced
layer’s robust composition. These findings underscore the CMT process’s capacity to fabricate high-quality, low-dilution
Inconel 718 hardfaced layers, providing substantial resistance to corrosion and wear. The finely tuned parameters identified here
offer valuable guidance for the industries seeking enhanced performance in demanding environments.
Keywords: cold metal transfer (CMT), Inconel 718, hardfacing, process parameters, bead geometry

V ~lanku avtorji opisujejo {tudijo karakterizacije mikrostrukture in mehanskih lastnosti nastalih s platiranjem Ni superzlitine
Inconel 718 na podlago iz srednje oglji~nega jekla AISI 1045. Postopek platiranja oziroma navarjanja so izvedli z naprednim
postopkom prenosa kapljic raztaljene kovine s kovniske elektrode na hladno kovinsko podlago (CMT; angl.: Cold Metal
Transfer Process). Z natan~nim vodenjem procesnih parametrov, kot sta: hitrost potovanja in doziranja kovinskih kapljic z `i~ne
elektrode na kovinsko podlago, so avtorji ugotavljali vplive na geometrijo nastale posteljice in na~in raztapljanja tako pri
oscilacijskem kot tudi nalagalnem (angl.: stringer type) na~inu depozicije. Mikrostrukturna karakterizacija je pokazala, da so s
poizkusi nastale trde plasti brez napak in pravo metalur{ko vezjo med podlago in nane{enimi trdimi tankimi plastmi. Avtorji
opozarjajo, da je pri oscilacijskem tipu optimalne depozicije (doziranje `ice 6 m/min in hitrost potovanja 20 cm/min) dose`eno
izrazito majhno raztapljanje (3,38 %) in s tem preseglo kakovost depozicije pri nalagalnem na~inu depozicije. Nadalje so
meritve mikrotrdote pokazale pomembno izbolj{anje odpornosti proti obrabi pri trdoti trde plasti 254 HV v primerjavi s trdoto
podlage, ki je bila 172 HV. SEM-EDX analize so potrdile vnos kriti~nih kemijskih elementov, kot so Ni, Nb in Mo pri nastanku
robustne trde plasti. Ugotovitve te {tudije so pokazale, da je s CMT postopkom mo`no izdelati visoko kakovostne trde plasti na
osnovi Inconela 718 z majhnim raztapljanjem, kar pomembno izbolj{a odpornost izbranega jekla proti obrabi in koroziji. V
zaklju~ku avtorji povdarjajo, da njihov na~in ugla{evanja procesnih parametrov lahko ponudi industriji nasvete, kako najti
u~inkovit na~in za doseganje ustrezne kvalitete v zahtevnih pogojih uporabe.
Klju~ne besede: nana{anje kapljic raztaljene kovine na hladno kovinsko podlago, Ni zlitina Inconel 718, trdo platiranje,
procesni parametri, geometrija posteljice raztaljene kovine

1 INTRODUCTION

AISI 1045 carbon steel is widely used in engineering
applications for transmission components that undergo
fluctuating stresses. It is valued for its cost-effectiveness,
ease of machining, and robust mechanical properties fol-
lowing quenching and tempering.1,2 However, its rela-
tively soft structure and limited wear resistance often

lead to wear and failure under challenging conditions.3

Rather than replacing worn components, which is costly
and resource-intensive, enhancing their durability is a
more sustainable solution. Researchers are focusing on
extending the life of these components by applying
high-quality ferrous coatings that increase the wear resis-
tance, enabling the parts to withstand harsh environ-
ments longer. Additionally, refurbishing worn parts in-
stead of replacing them helps reduce costs and minimize
material waste.4–6

Cold metal transfer (CMT), a cutting-edge welding
technology, is instrumental in these efforts. With precise
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control over the metal transfer and minimized heat input,
CMT effectively prevents heat distortion and supports a
smooth operation, making it especially suited for thin
and dissimilar materials like steel and aluminum.7

Compared to traditional methods like gas metal arc
welding (GMAW) or gas tungsten arc welding (GTAW),
CMT offers several advantages: lower energy consump-
tion, reduced filler material usage, and fewer post-weld
treatments.8 CMT’s automation compatibility also makes
it a top choice for industries like automotive, aerospace,
and electronics, where repeatable high-quality welds are
critical.

Developed by Fronius International, CMT is an ad-
vanced form of GMAW characterized by a lower heat in-
put. This "cold" technique retracts the filler wire during
metal transfer, significantly reducing the heat input,
making it ideal for the materials with vastly different
melting points, and minimizing intermetallic compounds
that weaken joints.9 This process also strengthens joints
by reducing intermetallic layer thickness and producing
low-dilution, durable coatings.10,11 For example, using
CMT to coat carbon-manganese steel with Inconel 625
has yielded excellent results, achieving a low, 2.45 % di-
lution of iron and a high deposition rate. Similarly,
Inconel 718 alloy cladding, with less than 10 % dilution,
is achievable with CMT, reducing the heat-affected zone
(HAZ) and intermixing in nickel-based alloy coat-
ings.12–16

This study examines CMT’s effectiveness in applying
Inconel 625 onto mild steel, analyzing how the heat flow
direction affects the grain structure and how molybde-
num (Mo) and niobium (Nb) enhance the microhardness
and improve erosion and corrosion resistance. Mo and
Nb segregate in the interdendritic regions, while hard
precipitates further reinforce the cladding’s resil-

ience.17–21 To improve the coating strength, wear resis-
tance, and hardness, CMT’s weaving techniques such as
stringer beads, triangles, zigzags, spirals, and double
eights spread the weld metal across a broader area, pro-
ducing a wider bead with minimal heat input and dilu-
tion.22–26

While research on the sine wave weaving in CMT is
limited, this study explores its potential for Inconel 718
hardfacing on AISI 1045 medium carbon steel. By opti-
mizing the travel speed and wire feed rate, alongside
macro- and microstructural analysis and hardness test-
ing, this investigation seeks the best bead pattern for im-
proved performance. The findings will enhance the dura-
bility of transmission components in both onshore and
offshore applications.

2 EXPERIMENTAL WORK

Medium carbon steel plates measuring (100 × 100 ×
10) mm were selected as the substrate, and a 1.2 mm di-
ameter Inconel 718 filler wire was used for hardfacing.
To remove surface oxides and contaminants, the steel
plates were polished with silicon carbide sandpaper and
cleaned with acetone. Table 1 provides the chemical
composition of the substrate and hardfacing alloy, re-
spectively.

The hardfacing was applied using a Fronius TPS 400i
synergic CMT machine paired with a 6-axis Yaskawa
Motoman robot for precise control over the travel speed
and path. Figure 1 displays the CMT experimental
set-up. Argon was used as the shielding gas. Based on
preliminary tests and previous research, parameters such
as wire feed rate and travel speed were selected for opti-
mal performance. Two deposition methods were applied:
(a) stringer and (b) oscillation.

Hardfacing was performed by (i) varying the wire
feed rate between 4 m/min and 7 m/min while keeping a
travel speed of 20 cm/min, and (ii) adjusting the travel
speed to 15–30 cm/min while keeping the wire feed rate
at 6 m/min. The process parameters used for both depo-
sition methods are shown in Table 2. The standoff dis-
tance was kept at 12 mm with an argon flow rate of 15
LPM throughout. For the bead geometry, bead width
(B1), penetration depth (B2), and reinforcement height
(B3) were measured, and dilution percentage (B4) was
calculated using Equation (1):

B
A

A A
4 100=

+
×p

r p

(%) (1)

where Ap – penetration area, Ar – reinforcement area.
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Table 1: Chemical composition of the substrate and hardfacing alloy (w/%)

Material
Elements

C Si Mn P Cr Mo Ni Nb Al Ti Fe
Medium carbon steel 0.476 0.184 0.860 0.013 – – – – – – Bal
Inconel 718 filler wire 0.05 0.1 0.1 – 17.6 3.0 53.5 5.2 0.45 0.95 19.5

Figure 1: CMT experimental set-up



Microstructural analysis was conducted using an RS
Pro USB Digital microscope. The specimens were pol-
ished with emery paper, followed by diamond paste, and
etched using Nital and Kalling’s solutions. Microhard-
ness was tested with a Mitutoyo microhardness tester at a
500-gram load and 30-second duration. Elemental com-
position at different zones was analyzed using a ZEISS
scanning electron microscope (SEM) and Bruker en-
ergy-dispersive X-ray spectroscopy (EDX).

3 EXPERIMENTAL RESULTS AND DISCUSSION

Inconel 718 hardfaced layers were applied onto the
medium carbon steel plate at two different sets of pro-

cess parameters for both stringer and oscillation deposi-
tion. These process parameters were determined based
on the geometrical and microstructural characteristics
observed in the stringer and oscillation deposition during
the experimental phase.

3.1 Macro (geometrical) investigation

Compared to the other surfacing processes, CMT ap-
plies hardfaced layers with lower heat input, minimizing
distortion. However, excessive penetration depth and di-
lution can negatively impact the base alloy’s properties
and reduce the adhesion between the substrate and
hardfaced materials. Thus, optimal process parameters
are essential for achieving a suitable bead geometry and
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Table 2: Hardfacing process parameters

Set I (Constant travel speed) Set II (Constant wire feed rate)

Stringer Oscillation Wire feed rate
(m/min)

Travel speed
(cm/min) Stringer Oscillation Travel speed

(cm/min)
Wire feed rate

(m/min)
S1 O1 4

20

S5 O5 15

6
S2 O2 5 S6 O6 20
S3 O3 6 S7 O7 25
S4 O4 7 S8 O8 30

Figure 3: Macro view of bead geometry for stringer deposition

Figure 2: a) CMT hardfaced layer, b) hardfaced specimen, c) geometrical view



minimize dilution. Figure 2a to 2c illustrates the hard-
faced layer, hardfaced specimen, and its geometry.

Figures 3 and 4 show the macro views of the bead
geometry for both stringer and oscillation deposition.
Defect-free hardfaced specimens were achieved with two
types of bead shapes observed: (i) curved beads formed
during stringer deposition and (ii) slightly flat beads
formed during oscillation deposition. The amount of
hardfacing material applied to the substrate depends on
the application needs and can be optimized by adjusting
process parameters such as wire feed rate and travel
speed.

Based on the findings, the ideal criteria for hard-
facing are the maximum bead width and minimal dilu-
tion, with the penetration depth and reinforcement as
secondary considerations for strong bonding between the
hardfaced layer and substrate.27 Table 3 presents the
bead geometry for each specimen. For stringer deposition
(Set I), an increase in the wire feed rate from 4 m/min to
6 m/min at a constant travel speed of 20 cm/min in-
creased the bead width while reducing dilution. The opti-
mal bead width (4.43 mm) with low dilution (4.76 %)
was achieved with a wire feed rate of 6 m/min in sample
S3. This result is due to the higher current increasing the
heat energy, which rapidly melts the hardfacing material,
forming a wide but shallow molten pool that minimizes
dilution.

In oscillation deposition, a maximum bead width of
13.22 mm and low dilution of 4.35 % were obtained with
a wire feed rate of 5 m/min and a travel speed of
20 cm/min in sample O2. The oscillation technique cov-
ers a larger width with minimal penetration, making it
suitable for applications where reduced dilution is pre-
ferred. Overall, oscillation deposition demonstrated

better control over dilution compared to stringer deposi-
tion under similar conditions.

At a constant wire feed rate of 6 m/min, increasing
the travel speed from 15 cm/min to 25 cm/min led to a
broader bead width and decreased dilution. Lower travel
speeds produce a narrower bead with a higher liquid
metal pressure on the substrate, resulting in increased di-
lution. Conversely, higher travel speeds reduce the
amount of deposited material, forming a shallower weld
bead. The maximum bead width (10.54 mm) and lowest
dilution (4.27 %) were recorded in sample S8 due to a
lower heat input and less material deposition, while the
oscillation sample O6 achieved an even greater bead
width (14.06 mm) and even lower dilution (3.38 %).

In summary, experiment O6 consistently achieved the
maximum bead width and minimum dilution with both
parameter sets, and samples S8 and O6 were selected for
further microstructural analysis.

Table 3: Hardfaced specimens’ bead geometry parameters

Set I
(Constant travel speed)

Set II
(Constant wire feed rate)

Bead B1
(mm)

B2
(mm)

B3
(mm)

B4
(%)

Bead
ID

B1
(mm)

B2
(mm)

B3
(mm)

B4
(%)

S1 2.92 0.63 3.11 6.48 S5 3.73 0.66 5.48 7.09
S2 4.24 0.39 2.18 5.71 S6 4.39 0.32 3.01 5.71
S3 4.43 0.55 2.45 4.76 S7 4.99 0.26 2.35 4.83
S4 3.29 0.29 4.46 5.64 S8 10.54 0.21 1.83 4.27
O1 7.67 0.31 1.89 8.17 O5 14.64 0.42 3.87 4.64
O2 13.22 0.19 1.48 4.35 O6 14.06 0.28 2.24 3.38
O3 13.11 0.22 1.7 6.77 O7 11.59 0.21 8.10 3.68
O4 11.81 0.43 1.26 5.52 O8 11.37 0.32 3.25 4.06
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Figure 4: Macro view of bead geometry for oscillation deposition



3.2 Microstructure evolution of hardfaced Inconel 718

Microstructural analysis was conducted on different
zones of the hardfaced specimens, as shown in Figure 5.
The lower region, representing the substrate, displays
ferrite and pearlite grains. In contrast, the upper region
of the Inconel 718 hardfaced layer exhibits an equiaxed
dendritic microstructure, enhancing the mechanical prop-
erties.

The heat from the molten wire softens the base mate-
rial at the interface zone, leading to coarser grains in the
HAZ. Due to the low heat input of the CMT technique,
intergranular liquation and the HAZ size are reduced.28

Between the substrate and hardfacing material lies a par-
tially mixed zone (PMZ), where liquid Inconel 718 inter-
faces with solid AISI 1045. This PMZ, a critical bound-
ary separating the substrate and weld material, is smaller
with oscillation deposition compared to stringer deposi-
tion. Monitoring this zone is essential for tracking
compositional changes in the substrate and hardfacing
layer.

The material composition significantly influences so-
lidification morphology, affecting the thermal conductiv-
ity of the hardfacing layer and consequently influencing
constitutional supercooling. This supercooling affects the
solidification morphology, particularly in stringer beads,
where increased heat accumulation slows cooling, wid-
ening the spacing between dendritic arms. At the inter-
face, columnar grains develop, but they transition to fine
equiaxed grains near the upper surface of the hardfaced

layer (Figure 5a). The oscillation deposition technique,
which involves torch movement to control transverse
flow and create swirling, accelerates cooling rates. This
results in reduced secondary arm spacing, as shown in
Figure 5b. Equiaxed dendrites in the hardfaced layer
align orthogonally to the substrate, oriented opposite to
the direction of heat flow during solidification.29

3.3 Microhardness evaluation of hardfaced specimens

Microhardness is a key indicator of performance of
hardfaced coatings, providing essential insights into ma-
terial resilience. Figure 6 shows the microhardness pro-
files of both stringer and oscillation deposition methods,
with measurements taken across the unaffected zone
(UAZ), heat affected zone (HAZ), interface zone (IZ),
and hardfaced zone (HZ). The analysis shows consis-
tently high hardness values in the hardfaced zone for
both deposition techniques.

For oscillation deposition, microhardness measure-
ments reveal a smooth distribution of heat input, achiev-
ing a maximum hardness of 254 HV in the hardfaced
zone and a minimum of 172 HV in the unaffected zone
(substrate). This elevated hardness in the hardfaced layer,
compared to the substrate, is attributed to specific chemi-
cal elements, such as Nb, Ni, Cr, C, and an abundance of
carbides formed during the final solidification stage.
These carbides play a critical role in inhibiting disloca-
tion movement at grain boundaries, thereby enhancing
material strength and hardness.

A gradual decrease in the hardness is noted from the
Inconel 718 hardfaced layer towards the substrate, with
the CMT process reaching peak temperatures near the
fusion zone (FZ). The thermal effects of hardfacing lead
to a coarser grain structure in the HAZ, resulting in a
lower hardness than that of the FZ or HZ, yet higher than
that of the substrate. The PMZ, blending characteristics
of both the HAZ and HZ, marks a transition in hardness,
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Figure 5: Microstructures of hardfaced specimens: a) stringer and b)
oscillation deposition

Figure 6: Microhardness profiles of hardfaced specimens for stringer
and oscillation deposition



reflecting the gradual shift from the substrate to hard-
faced region properties.

This detailed microhardness evaluation highlights the
effectiveness of oscillation deposition in achieving a ro-
bust hardfaced layer, which ultimately strengthens the
coating and enhances its wear resistance.

3.4 SEM micrographs with an EDX analysis of a
hardfaced specimen

Figure 7 presents the SEM-EDX analysis of a hard-
faced specimen. In the initial stage, there is a significant
transfer of elements between the hardfaced layer and the
substrate. The overlay process increases the iron concen-
tration in the hardfaced zone compared to the base metal.
When Inconel 718 is deposited onto medium carbon
steel, the niobium concentration tends to decrease in the
interface zone due to (i) dilution, restricted diffusion of
elements, and phase transformation, and (ii) the reaction
of nickel with iron and carbon. In the hardfaced zone, the
niobium concentration remains higher than in the inter-
face zone because niobium tends to form stable niobium
carbides (NbC).

The formation of primary dendrites (�) within the
hardfaced layer is driven by heat buildup, a slower solid-
ification rate, and the depletion of niobium and carbon.
Carbide growth is influenced by the volume of carbon
diffusion. When niobium reaches the eutectic composi-
tion, a Laves phase begins to develop, as shown in Fig-
ure 8. The concentration of the Laves phase and NbC is
determined by the carbon-to-niobium ratio.30–32 A lower
ratio results in reduced concentrations of the Laves phase
and NbC. Other alloying elements, apart from niobium,

also affect the formation of the Laves phase, with solu-
bility limits and the segregation behavior of these
elements playing crucial roles.33–35

SEM-EDX analysis in Figure 7 shows the segrega-
tion of alloying elements such as Fe, Cr, Ni, Si, and Ti in
the � matrix. Mo and Nb, due to their high segregation
tendencies, exhibit higher concentrations within the
Laves phase and interdendritic zones.36–39

4 CONCLUSION

The CMT process has proven to be an effective
method for hardfacing Inconel 718 onto medium carbon
steel. This study’s findings highlight the key outcomes
that make this approach a valuable solution for restoring
and enhancing medium carbon steel components used in
transmission systems across various industries.
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Figure 8: SEM morphology of a hardfaced specimen

Figure 7: SEM-EDX spectra of a hardfaced specimen



The hardfacing of Inconel 718 produced defect-free
components, demonstrating its suitability for the repair
of worn or service-damaged carbon steel-based parts in
transmission applications.

The macrostructural analysis revealed distinct fusion
characteristics: while stringer beads showed curved fu-
sion, oscillation beads exhibited flat fusion. Notably, os-
cillation deposits achieved a maximum bead width and
lower dilution percentage at optimal parameters
(6 m/min wire feed rate and 20 cm/min travel speed),
further enhancing the quality of the hardfacing.

The microstructural analysis confirmed a robust met-
allurgical bond between the Inconel 718 layer and the
medium carbon steel substrate, with a defect-free,
crack-resistant bead structure, underscoring the process
reliability.

Microhardness measurements indicated that the
hardfaced zone exhibited the highest hardness (254 HV),
attributed to key alloying elements Nb, Ni, Cr, and C, as
well as the formation of carbides during solidification.
Hardness increased progressively from the substrate
(172 HV) to the hardfaced layer, highlighting a gradient
in the mechanical properties.

The SEM-EDX analysis confirmed the distribution of
critical elements, with niobium concentrated in inter-
dendritic regions, and other alloying elements (Ni, Cr, Si,
Ti, and Fe) more prominent in dendritic areas, contribut-
ing to enhanced wear resistance.

Oscillation hardfacing demonstrated a superior
microstructure, increased hardness, and stronger bond-
ing, making it the preferred technique for surface resto-
ration in demanding conditions.

In conclusion, CMT-based Inconel 718 hardfacing
provides a durable, high-performance solution for ex-
tending the lifespan of medium carbon steel components,
providing significant benefits for applications requiring
enhanced surface resilience and wear resistance.

Nomenclature:

CMT – Cold metal transfer
GMAW – Gas metal arc welding
GTAW – Gas tungsten arc welding
HAZ – Heat affected zone
LPM – Litre per minute
B1 – Bead width
B2 – Penetration depth
B3 – Reinforcement height
B4 – Dilution percentage
SEM – Scanning electron microscope
EDX – Energy-dispersive X-ray spectroscopy
Ap – Penetration area
Ar – Reinforcement area
PMZ – Partially mixed zone
UAZ – Unaffected zone
HAZ – Heat affected zone
IZ – Interface zone
HZ – Hardfaced zone

FZ – Fusion zone
NbC – Niobium carbide
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