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a

Abstract

Pipes (rigid risers and flowlines) are employed to transport oil and gas from the wells to the platforms. In these 
pipes, the fluids can be very corrosive and, therefore, corrosion-resistant alloys (CRA) must be chosen. Alloy 625 is a 
well-known CRA with improved corrosion resistance. However, nickel-based alloys have high cost compared to that of 
the low alloy steels, thus pipes entirely made of CRA are economically unfeasible. Internal coating with a thin CRA layer 
is a less expensive and suitable alternative than the solid CRA. An internal coating by overlay manufacturing process 
can induce phase transformations at the interface. In this work, an alloy 625 cladding layer was deposited in an API X65 
steel substrate with an automatic weld overlay system using gas tungsten arc welding (GTAW) process (often referred to 
as tungsten inert gas (TIG) hotwire). Thus, this study aims at evaluating an API X65 steel pipe cladded with alloy 625. 
The results show a suitable nickel-based alloy overlay deposited in an API X65 carbon steel substrate.
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1 Introduction

High strength low alloy (HSLA) steels are used in 
gas and oil transportation due to their improved mechanical 
properties, allowing pipes to work with elevated pressure, 
ensuring high productivity operations. However, in harsh 
environments, larger volumes of corrosive fluids containing 
CO2 and H2S need to be transported through pipes, and 
this demand can be met by using corrosion-resistant alloys 
(CRA) [1,2]. Therefore, clad pipes were developed, where 
HSLA steels and CRA are combined to produce pipes with 
good mechanical and corrosion properties at a lower cost 
if compared to the solid CRA pipes [3]. Clad pipes consist 
of an outer carbon steel pipe with an inner CRA, where the 
steel pipe provides strength and toughness, while the CRA 
layer affords corrosion resistance [4]. Moreover, alloy 625 
is a nickel-based CRA, with good weldability, improved 
mechanical and corrosion properties [5-7].

Clad pipes have been available for over 50 years. 
The rigid pipes can be manufactured by hot roll-bonding, 
explosive bonding, and weld overlaying. Weld overlay is a 
fusion-based welding process for depositing coats, allowing 
manufacturing clad pipes with various thicknesses, diameters, 
and lengths [8]. Besides, weld overlay is employed to seal 

the liner at the pipe ends and joint preparation of lined 
pipes [9,10]. TIG hotwire is often used for cladding critical 
parts of subsea equipment because it presents high efficiency, 
low heat input, and high quality [11-13]. Controlling 
the chemical composition of the coating layer of HSLA 
steels with Inconel 625 is required to avoid brittle phases. 
DNVGL-ST-F101 standard [14] requires the maximum iron 
content of 10% in the weld overlay. For API 6A standard, 
the overlay iron content shall meet one of the following 
classes: Fe 5 and Fe 10, which requires a maximum of 5% 
and 10% content, respectively [15]. A welding process with 
low dilution should be used to meet these requirements. 
Therefore, the wire (in TIG hotwire) is heated by the Joule 
effect, which increases the deposition rate and consequently 
decreases the iron content on the alloy 625 cladding layer.

Song et al. [16] studied the influence of welding current 
at the alloy 625/X65 cladding interface of bead-on-plate welds. 
The niobium-rich MC carbide and Laves phase were mainly 
found in the columnar dendrite region. Niobium-rich MC carbide 
was noted for low peak current (170 A) and the Laves phase 
was observed for high current (250 A). The microstructures of 
the cladding layer were planar crystal, cellular crystal, dendrite 
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2 Materials and methods

An API 5L X65 steel pipe with 114 mm external 
diameter and 8 mm thickness was the base material (substrate) 
in this work, a carbon steel for rigid pipes of the offshore 
industry [21]. Then, the ERNiCrMo-3 (alloy 625) was the 
filler metal for cladding. This consumable filler is equivalent to 
Inconel 625 ®, a nickel-based alloy for harsh corrosion fields. 
The chemical composition of the API X65 steel (obtained by 
optical emission spectrometer) and the ERNiCrMo-3 alloy 
(data from the supplier) are given in Table 1.

An alloy 625 layer (3.0 mm thickness) was deposited 
by a TIG hotwire overlay system, with an ERNiCrMo-3 wire 
(1.14 mm gauge). The shielding gas was argon (Ar) 99.998%, 
with a flow rate of 12 L/min. To avoid pipe overheating 
during overlay, pulsed TIG was employed. The process 
conditions were: peak current of 180 A; base current of 
100 A; peak and base current time of 0.1 s; average voltage 
of 11.4 V; hotwire current of 50A; wire feed rate of 1.0 m.
min-1; welding speed of 1.5 mm.s-1; weaving amplitude of 
5 mm; and weaving frequency of 0.5 Hz. Figure 1 shows 
the clad pipe.

The dilution was calculated via Equation 1, where: 
D(%) is the dilution, AM and AR are the areas of molten 
substrate and weld reinforcement, respectively. Figure 2 
illustrates the areas AM and AR on the cross-section of a 

crystal, and equiaxed crystal from the interface with the base 
metal to the top of the bead. Moreover, the thickness of the 
planar crystal region and the dendrite crystal size increased with 
an improvement in the welding peak current.

Rajkumar et al. [17] investigated the mechanical 
properties of alloy 625 overlay on AISI 347 pipes produced 
by the GMAW-hardfacing process. Tensile tests of alloy 625 
showed yield strength (YS) of 273 MPa and ultimate tensile 
strength (UTS) of 690 MPa. Chong et al. [18] studied the 
mechanical properties at different temperatures (24, 100, 
and 180°C) of an API X65 steel pipe cladded with Incoloy 
825® by the GMAW process. At 24°C, the base material 
(API X65) presented YS of 524 MPa and UTS of 573 MPa. 
Elango and Balaguru [19] studied the mechanical properties 
of alloy 625 overlay on carbon steel by the GMAW process. 
The overlay top reached 215 HV, while the overlay surface 
(mid-cross-section) achieved 210 HV.

Lessa et al. [20] presented friction stir welding (FSW) 
to an API X65 steel cladded with alloy 625. In their study, 
Laves and Nb rich MC carbides were found in the cladding 
layer. Thus, the segregation of Nb and Mo elements into the 
interdendritic region occurred during solidification.

The current work aims at evaluating an API X65 
steel pipe cladded with alloy 625®. Thus, mechanical 
properties were evaluated by microhardness and tensile 
testing. Furthermore, the microstructure of the materials 
(steel and nickel-based alloy) was analyzed.

Table 1. Chemical composition of the materials (mass %)
Material C Mn Si P Al Nb Cu Cr Ni V Ti Fe

API X65 0.013 1.3 0.3 0.004 0.02 0.001 0.19 0.11 0.07 0.06 0.003 Bal.
ERNiCrMo-3 0.012 0.02 0.14 0.007 0.17 3.55 0.02 21.5 65.2 8.7 0.21 0.41

Figure 1. Clad pipe: (a) before cutting (b) cross-section.
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Microhardness measurements were used to evaluate 
local mechanical properties of the substrate (API X65 steel) 
and the cladding overlay (alloy 625).

Optical microscopy (OM) was firstly used to verify the 
microstructural features, with color etching (37.5% phosphoric 
acid in ethanol, used electrolytically, at 6 V for 75 seconds). 
These images were taken using Nomarski DIC (differential 
interference contrast) illumination. Next, for an SEM investigation 
in a Tescan Vega 3 LM, the microstructure was revealed by 
10% oxalic acid (electrolytically) at 6V for 10 seconds.

Bending tests were done with an adaptation of the 
DNVGL-ST-F101:2017 standard [14], which specifies 
rectangular specimens extracted perpendicularly to the clad 
direction, to evaluate the overlay quality. Thus, bending samples 
shall be bent laterally up to 180º without cracks or defects. 
Afterward, the samples were assessed by dye penetrant testing.

Finally, Figure 4 illustrates the locations for microhardness 
measurements, microsize tensile tests, and bending tests.

3 Results and discussion

3.1 Mechanical properties

Figure 5 presents the mechanical properties of the API 
X65 steel pipe cladded with alloy 625. Therefore, subsize (SS) 
samples were selected to classify the X65 steel substrate in 
PLS1 or PSL 2 grade. As an average, the API X65 SS samples 
reached YS and UTS of 529 and 575 MPa, respectively. Thus, 
this steel can be classified as an API X65 PSL2 [24] (based 
on its chemical composition and tensile tests).

weld bead [22]. The areas AM and AR were measured via 
ImageJ software.
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Three tensile tests (ASTM E8M standard [23]) were 
performed to evaluate the mechanical properties of the 
API 5L X65 steel substrate (without cladding layer). Due 
to the available steel wall thickness, subsize specimens 
were extracted from the longitudinal direction of the pipe. 
Figure 3a shows the subsize dimensions. Furthermore, 
microtensile tests were carried out to investigate the local 
properties of the APIX65 steel and alloy 625 cladding 
layer. For evaluating the base metal and the weld metal, 
each two micro-sized specimens were machined by electric 
discharge machining (EDM), with dimensions shown in 
Figure 3b. Figure 4b further displays the location of the 
micro-sized specimens.

Figure 2. Weld bead geometry characteristics.

Figure 3. Tensile testing samples dimensions (in mm): (a) subsize (SS), (b) microsize (MS).
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Figure 4. Locations for: (a) microhardness measurements; (b) microsize tensile test specimens, and bending test samples.

Figure 5. Mechanical properties of the materials.
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3.2 Microhardness

Table 2 presents the microhardness values of the 
regions analyzed (Figure 4a). The hardness values should be 
lower than 250 HV, as indicated in [24]. Therefore, none of 
the measurements exceeded these recommendations. Also, the 
API X65 steel reached higher microhardness than the alloy 
625. The same trend of increased mechanical properties was 
observed in tensile testing (Figure 5).

3.3 Microstructural observation

Figure 6 shows the microstructure of the alloy 625 
cladding layer. As the weld metal was deposited by fusion 
welding, the dendritic feature is observed. As a consequence 

For microsize (MS) samples, the alloy 625 presented 
reduced mechanical properties compared to that of the API 
X65 steel. The diminished properties of the alloy 625 overlay 
might be related to the resulting microstructure from fusion 
welding. Thus, the alloy 625 microsize samples showed 
average YS and UTS of 215 and 397 MPa, respectively. 
Moreover, MS samples of the API X65 steel reached higher 
mechanical properties (YS and UTS).

The differences between SS and MS results of the 
API X65 steel are expected due to variations in the samples’ 
dimensions (Figure 3). Therefore, MS samples considered a 
local and small part of the API X65 steel (close to its internal 
surface (Figure 4b), whilst the SS samples a greater area 
(related to the pipe wall thickness).

Table 2. Microhardness results at different locations

Measurement location #1 # 2 # 3
Alloy 625 deposit at the surface (A1, A2, and A3) 175HV 186HV 182HV
Limit region between two weld beads (B1, B2, and B3) 209HV 184HV 175HV
API 5L X65 steel (C1, C2, and C3) 224HV 223HV 221HV

Figure 6. Dendritic structure of the alloy 625 cladding layer at distinct regions.
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Thus, in Figure 8b, carbides displaced into the dendritic 
arms can be observed.

Figure 9 displays the limit region between two weld 
beads. The microstructural transformations promoted by the 
reheating, which occurs during the overlay, can be seen. 
Therefore, the previous weld bead’s fusion did not lead to 
defects (as the lack of fusion).

Figure 10 shows the SEM micrographs at the interface 
between the materials (API X65 and alloy 625). In this context, 
a grain growth near the interface is observed. Furthermore, 
the weld presented 8.2% of dilution (verified via Equation 1). 
The iron content estimated in the weld was 8.36% from the 
dilution data, which complies with the requirements of the 
API 6A standard [15].

of the temperatures reached during the welding overlay, 
associated with the helical shape that the metal is deposited, 
the reheat of the previous weld bead occurs. Thus, the 
alloy 625 microstructure can be modified by annealing 
the prior bead.

Microstructural features of the materials (API X65 
and alloy 625) were also evaluated via SEM. Therefore, 
Figure 7 presents the API X65 steel microstructure. It can 
be noticed a microstructure based on ferrite, which may 
be a characteristic of HSLA steels. It can also be seen 
the grain boundaries and the ferrite in finer grains of 
varying sizes.

In Figure 8, at the surface of alloy 625, SEM images 
show the overlay microstructure at different magnifications. 

Figure 7. SEM micrographs of the X65 steel. Magnification: (a) 1000X; and (b) 6000X.

Figure 8. SEM micrographs of the alloy 625 layer. Magnification: (a) 1000X; and (b) 6000X.
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Figure 9. SEM micrographs of the limit region between two weld beads: (a) 1000X; and (b) 6000X.

Figure 10. Micrographs at the interface. (a) Optical microscopy; SEM images: (b) 1000X; and (c) 6000X.
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3.4 Bending tests

Figure 11a shows the samples bent, while Figure 11b 
displays the dye penetrant test applied to them. The LPT 
results were very similar for all three samples. Thus, the 
non-destructive test inspection showed the samples bent 
(Figure 11 b), which are free of cracks or defects at the interface.

4 Conclusions

An API 5L X65 carbon steel pipe cladded with alloy 
625 was evaluated in this work. Therefore, the following 
conclusions can be drawn:

i) A cladding layer of alloy 625 was successfully 
deposited in an API X65 steel substrate using TIG 
hotwire process;

ii) In microsize tensile tests, it was observed that the 
alloy 625 has lower mechanical properties than the 
API X65 steel. In the same way, the microhardness 
values of the alloy 625 overlay were lower than 
the API X65 steel. Thus, the API X65 PSL2 steel 
presented enhanced mechanical properties;

iii) Bending tests showed no defects or cracks at the 
interface. Furthermore, the dye penetrant test proved 
a suitable overlay quality.

Figure 11. (a) Samples bent, (b) Samples after the dye penetrant test.
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