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ABSTRACT
Alloy 625 is a Ni-based alloy used in aerospace, energy, chemical, oil and gas industries, mainly as
cladding material due to its corrosion resistance, high strength and creep resistance at high
temperature. In this study, microstructural evaluation and susceptibility to intergranular corrosion
of base metal and friction stir welded Alloy 625 were investigated. Friction stir welded joints
exhibited a lower corrosion rate and degree of sensitisation compared to the base metal. It is
mainly due to grain refinement and lower cooling rate of the friction stir welding process. The stir
zone of the present weld has a finer grain structure and lower density of twin boundaries than the
base metal and it led to the improvement of the mechanical and corrosion properties.
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Introduction

Ni alloys are used in chemical, oil and gas, energy and aero-
space industries because they have good resistance to oxi-
dation and corrosion under severe conditions and excellent
mechanical properties at elevated temperatures [1,2]. In par-
ticular, Alloy 625 is mainly used as a coating material in the
oil and gas industry [1,3]. In most of these applications,
fusion welding is employed for joining these components.
However, when fusion welding is used in nickel alloys,
some problems may arise, the major one being hot-cracking
in the weld zone due to the segregation of alloying elements
during solidification [4]. To alleviate the hot-cracking, care-
ful control of the composition of the weld metal and temp-
erature are usually needed during welding. Even if hot-
cracking is suppressed, an as-cast coarse microstructure
remains in the fusion zone. Additionally, the heat-affected
zone (HAZ) usually undergoes precipitation of Cr-rich car-
bides and grain growth during fusion welding, which reduces
corrosion resistance and ductility respectively [2]. Most of
the above-mentioned problems occur in this alloy during
fusion welding and are attributed to solidification [5]. There-
fore, it would benefit from a solid-state joining process. Fric-
tion stir welding (FSW) is an option to effectively avoid the
problems caused by fusion welding since it occurs in solid
state [1,6–9].

FSW involves a non-consumable rotating tool, composed
by a shoulder and a pin, which is inserted into the abutting
edges of the sheets or plates to be joined and moves along
the joint to be welded [10]. The side of the plate in which
the direction of the rotational speed of the tool is the
same as the welding direction is called the advancing side,
while the other side is called the retreating side [11]. This
difference in relative velocities produces asymmetry in
heat transfer [12] and material flow on both sides of the
weld.

During welding, heating can also promote sensitisation,
which is the precipitation of secondary phases, which results
in depleted regions of alloying elements important for resist-
ance to localised corrosion. To evaluate in a quantitative
manner the sensitivity to intergranular corrosion, the con-
ventional immersion method and electrochemical technique
DL-EPR were used. The latter was developed by Cihal [12–
14] to characterise the material sensitisation.

Material and methods

The material used in this study was the Alloy 625, provided
by Sandmayer Steel Company. The chemical composition of
the alloy is described in Table 1.

Welding conditions and process parameters used to pro-
duce Alloy 625 joints for further analysis and investigation
are presented in Table 2. FSW was performed in 6-mm-
thick plates, using a PCBN-WRe tool with a 5.74 mm pin.

Microstructural characterisation

Optical microscopy
Cross-sections of the welded joints were prepared by con-
ventional metallographic procedures and etched in a solution
of 10% chromic acid (10 g CrO3 and 90 mL water), and a vol-
tage of 2.5 V for 20 s.

Electron backscattered diffraction
Electron backscattered diffraction (EBSD) analysis was per-
formed in a scanning electron microscope Thermo Fisher
Scientific Quanta 650 FEG to assess the microstructural
development after the FSW process. Areas of 100 × 100
μm² were analysed, with a step size of 0.25 μm. Base metal
and both welding parameters were analysed.
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Vickers hardness
Mechanical properties of the welded joints were examined by
Vickers microhardness. Hardness maps were obtained across
the top of the welded joints using 0.2 kgf load for 15 s.

Double loop electrochemical potentiokinetic
reactivation
The susceptibility to intergranular corrosion of the Alloy 625
base metal and welded joints with different values of
rotational speed (75 and 100 rev min−1) was quantitatively
evaluated by the electrochemical method DL-EPR (Double
loop electrochemical potentiokinetic reactivation). DL-EPR
tests were performed in an electrochemical cell consisting
of three electrodes. A saturated calomel electrode (SCE)
and a platinum wire were used as reference electrode and
counter electrode, respectively. Alloy 625 specimens acted
as the working electrode. Specimens for DL-EPR tests were
mounted in epoxy resin and, prior to each electrochemical
test, subjected to metallographic preparation up to 1 μm dia-
mond paste (Figure 1).

The electrolyte used consisted of 146 ml of sulphuric acid
(H2SO4), 120 ml of hydrochloric acid (HCl), 97 mg of pot-
assium thiocyanate (KSCN) and 734 ml of distilled water.
All experiments were conducted at 25°C. BioLogic SP-200
potentiostats were used and before each test, the time to
stabilise the open circuit potential (OCP) was 120 s. Then,
the test was initiated at −100 mV/OCP and the sample was
anodically polarised to a potential of +150 mV/SCE at a
scanning rate of 6 V h−1. The scanning direction was
reversed, and the sample was cathodically polarised, at the
same scanning rate, back to the corrosion potential [6].
Thus, two curves were obtained. In the anodic polarisation
curve (obtained from −100 mV/OCP to the passivating
potential), the current density at the peak is designated as
Ia, while the cathodic polarisation curve, which is a reactiva-
tion, has the current density peak Ir. Therefore, in this
method, the measurement of the degree of sensitisation
(DOS) is usually taken as the ratio of the two peak currents
Ir/Ia.

Ferric sulphate-sulphuric acid test
The boiling ferric sulphate-sulphuric acid test (Streicher test)
may be applied to Alloy 625 in the welding conditions
according to ASTM G28 [15]. This test method is widely
used to evaluate the effects of post-weld heat treatments.
The total surface area of each specimen subjected to this
test method was approximately 20 cm2 and all the facets of
the specimens were ground using 100 grit abrasive SiC
paper. Then the samples were degreased using suitable and
non-chlorinated agents such as soap and acetone, dried,
and weighed with an accuracy of 0.001 g. Subsequently, the
samples were inserted into a glass cradle, which guarantees
that all surfaces were exposed to the same conditions, as
shown in Figure 2.

The specimens were exposed for 120 h to the actively boil-
ing solution consisting of 236 mL of sulphuric acid, 400 mL
of distilled water, and 19.75 g of ferric sulphate. At the end of
the 120 pre-set hours, the samples were taken out of the sol-
ution and carefully cleaned, dried and weighed again to allow
the calculation of the total weight changes in order to deter-
mine the corrosion rate.

Results

The surface appearance of the joints is shown in Figure 3 [16]
and it is observed that, in both cases, good surfaces were
obtained with the absence of flash or defects.

Two types of precipitates were found in as-received Alloy
625: MC and M23C6, both with different morphologies. The
characterisation of the Alloy 625 base metal was carried out
in a previous study [17]. MC precipitates present polygonal
shape, with diameters from 5 to 10 μm. MC carbides are Ti
and Nb-rich and are preferably located at the grain bound-
aries. M23C6 are smaller than 1 μm and are rounded or poly-
gonal shaped, located at grain or twin boundaries. M23C6

carbides are enriched in Cr, with some Mo solubility. In

Table 2. Welding conditions and process parameters.

Rotational speed
(rev min−1)

Welding speed
(mm min−1)

Axial force
(kN)

Heat input
(kJ mm−1)

1 100 50.8 83.2 4.37
2 75 72.3 3.90

Figure 1. Apparatus for DL-EPR test.

Table 1. Chemical composition of investigated Alloy 625 (% weight).

Ni Cr Mo Nb Fe Si Ti Al Mn Co C

60.7 22.5 9.39 3.50 3.00 0.22 0.24 0.18 0.09 0.05 0.02

Figure 2. Apparatus for ferric sulphate-sulphuric acid test.
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Figure 4, smaller precipitates can be noticed at grain and
twin boundaries. Some bigger carbides are distributed ran-
domly into the grains [16].

The cross-section of thewelded joints for bothwelding par-
ameters showed similar characteristics, as seen in Figure 5.

Figure 5 also shows the microstructural details of the
FSWed joints with different rotational speeds, 100 and
75 rev min−1. The microstructural changes between different
regions (SZ, TMAZ and BM) can also be observed, exposing
a redistribution of precipitates and deformation of the grains,
as previously reported in the literature [17]. The MC and
M23C6 precipitates identified in the base metal were redistrib-
uted according to the material flow and deformation of the
grains.

The microstructure of the top surface of FSWed Alloy
625 was investigated by electron backscatter diffraction
(EBSD), as shown in Figure 6. Both stir zones presented
equiaxed grain structure due to recrystallisation with a sig-
nificant refinement in grain size as compared to the base
metal. The base metal exhibited elongated grain micro-
structure due to the rolling process, and a grain size of
12.1 ± 1.3 μm.

The stir zones of the two welding conditions, 100 and
75 rev min−1, showed average grain size of 1.06 ± 0.02 and
0.86 ± 0.01 μm, respectively. Vickers hardness maps of the
cross-section of the welded joints for the two conditions
studied (75 and 100 rev min−1 are shown in Figure 7.

Figure 3. Surface appearance for the Alloy 625 after Friction stir welding.

Figure 4. Optical micrographs of Alloy 625: γ matrix with MC and M23C6
carbides.

Figure 5. Optical micrographs after electrolytic etching showing the FSW zones.
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The microhardness maps show that the SZ is harder than
the BM as a result of the finer microstructure. In addition,
the welded joint performed at lower rotational speed pre-
sented a finer microstructure, as evidenced by EBSD analysis,
thus registered the highest microhardness values, as shown
in Table 3.

The results of the DL-EPR test for the base metal and the
stir zone are represented in Figure 8 for comparison pur-
poses. SEM images of the alloy 625 after DL-EPR tests are
shown in Figure 9(a–c) to base metal, SZ with 75 rev min−1

and SZ with 100 rev min−1, respectively. The percentages of
the DOS measured by the ratio between the current density

peaks are shown in Figure 10. The SZ of Alloy 625 exhibited a
lower DOS (3.53% and 4.52%) compared to the base metal
(6.52%), which showed a correlation between higher current
densities. Thus, sensitisation resistance of the fine-grained
SZ microstructure is higher than that of the BM coarse-
grain microstructure.

The corrosion rates obtained by the immersion tests are
shown in the histogram of Figure 11. The values were calcu-
lated by the following expression:

Corrosion Rate = (K×W)/(A×T × D),

where K is a constant (8.76 × 104 for corrosion rate in milli-
meters per year), T is the time of exposure in hours to the
nearest 0.01 h, A is the area in cm2 to the nearest 0.01 cm2,

Figure 6. Euler orientation maps obtained for base metal (left) and across the top of the stir zone (centre and right).

Figure 8. DL-EPR curves for Stir Zone of friction stir welded Alloy 625 and for
Base Metal.

Figure 7. Microhardness maps shows the overall increase of hardness in the
welded joint compared to the base metal.
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W is the mass loss in grams to the nearest 0.001 g andD is the
density in g cm−3 (8.44 g cm−3 for Alloy 625).

The stir zone of friction stir welded joints exhibited a
lower corrosion rate (0.38 and 0.42 mm year−1) compared
to the base metal (0.49 mm year−1).

Discussion

Intergranular corrosion is typically caused by the precipi-
tation of carbides at grain boundaries. Precipitation con-
sumes Cr, leaving a depleted zone along grain boundaries.
Thus, the corrosion rate is affected by the volume fraction
of the precipitated carbides per unit area of the grain bound-
aries. As shown in the time–temperature-transformation
diagram of the Alloy 625 [17], carbides form when the
material is exposed to temperatures ranging from 800°C
and 1000°C for about 1 hour. Liu et al. [18] conducted ther-
momechanical simulation of the TIG welding HAZ in alloy
617 and concluded that M23C6 carbides were found along
grain boundaries in HAZ at lower temperatures (1150°C)
and reduced between 1300°C and 1350°C. However, due to
the temperature increase from 1150°C to 1350°C the yield
and ultimate tensile stresses decrease due to the presence
of coarse carbides. In conventional welding, the sensitisation
phenomena are significantly delayed in the coarse-grained
specimens. This is attributable to the lower driving force
available in the coarser microstructures for the diffusion of
elements, such as Cr, Mo, and Nb from the grain to the

boundary [19,20]. Pulsed current GTAW also produces
fine equiaxed dendrites in the fusion zone, and CO2 laser
welding causes micro-level segregation of Cr, Mo, and Ti
into interdendritic regions in the fusion zone [21,22].
However, FSW occurs in the solid state and the cooling
rate is fast enough to hinder carbide coarsening, forming
a shallow Cr depletion zone [2]. It has been reported
that FSW of Alloy 625 reaches a peak temperature of
1150°C with a cooling time between 800°C and 500°C
(t8/5) below 20 s [23]. Therefore, there is not enough
time for significant carbide coarsening during FSW.
Thus, the area of the grain boundaries has a major influ-
ence on sensitisation in this case [24].

Tool wear could also affect the corrosion resistance of the
welded joint. It has been reported for steel joints that W and
Re might diffuse into the matrix, while boron nitride par-
ticles remain as fragments in the SZ [25]. However, accord-
ing to the literature [8,26], tool wear in FSW of Ni alloys can
be reduced when processing at low rotational speeds, such as
the ones used in the current study. Binder et al [27] evidence
that the increase of boron concentration in Cr–Ni–Co–Fe
alloys accelerates the development of complex spinels at
the protective oxide Cr2O3, improving the corrosion resist-
ance. Vernier et al. [28] found boron atoms – initially in
the solid solution in the matrix – incorporated in the pro-
tective oxide layer of the Inconel 718. Besides, the litera-
ture presents that the addition of B in Ni–Cr superalloys
can reduce the agglomeration of M23C6 carbides [29],
diminishing the sensitisation. However, in the SEM ana-
lyses, no region with an evident concentration of BN
particles nor B in solid solution was detected. Thus,
the difference in corrosion resistance between the base
metal and the welded joint can be attributed to the micro-
structural refinement and the sensitisation and desensitisa-
tion phenomena.

Figure 9. Optical microscopy images of the Alloy 625 after DL-EPR tests (a) base metal, (b) SZ (75 rev min−1 and 50.8 mm.min−1) and (c) SZ (100 rev min−1 and
50.8 mm min−1).

Table 3. Highest Vickers microhardness values (HV)

Sample HV0,2/15
Base metal 270 ± 5
Stir zone (75 rev min−1) 393 ± 6
Stir zone (100 rev min−1) 361 ± 5
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Since DL-EPR test is sensitive to Cr depletion, which can
be associated with carbide precipitation and/or growth [2],
the results can be rationalised as the effectiveness of the sen-
sitisation and desensitisation phenomena. As the grain size
decreases, the time required for the desensitisation becomes
shorter. Figure 9 presents the difference of the grain size,
comparing the base metal (bigger grain size) and the stir
zone (smaller grain size). Eventually, the time interval
between the sensitisation and desensitisation will be
insignificant for sufficiently small grain sizes, because the
profusion of grain boundaries allows very efficient diffusion
of chromium. In addition, the distances for chromium to
diffuse from the grain interior to grain boundaries are
very small, so that both factors facilitate the replacement
of chromium-depleted regions at the grain boundaries
and thus the desensitisation occurs almost simultaneously
with sensitisation [30]. This is the main reason for the
lower current density ratio (Ir/Ia) of the stir zone in com-
parison to the base metal, which is shifted towards a
lower potential compared to the stir zone, as shown in
Figure 10. Thus, the stir zone presents a higher corrosion
resistance when compared to the base metal. In contrast,
Li et al [31] affirm that the corrosion resistance of Ni-based
welded underwater was inferior to that of base metal, but

still maintained a high level based on the corrosion current
density.

During Streicher test, the corrosion severity is determined
by the volume of chromium-depleted zones dissolved, as well
as by the volume of detached grains [32]. The results of the
DL-EPR tests were similar to those obtained from the Strei-
cher test, showing a good agreement between both tests. The
higher the sensitisation of the specimen, the higher the
amount of detached grains, and therefore the higher the cor-
rosion rate.

Thus, the DL-EPR analysis is a rapid and reliable method
for detecting sensitisation of the Alloy 625 welded by FSW.
The test time with this technique is reduced dramatically
to a few minutes and it requires smaller samples. Another
advantage of this method is its high sensitivity to a lower
DOS compared with the standard immersion tests. As a dis-
advantage, highly skilled laboratory staff is required to exe-
cute the DL-EPR tests in a proper way. Another
disadvantage of this test is that test parameters must be opti-
mised to each tested material [30].

Conclusions

The welding parameters for Alloy 625 joints showed good
results and it was possible to obtain volumetric joints with-
out defects. The application of the FSW process in Alloy
625 leads to a grain refinement of about 20 μm in the base
metal to about 1 μm in the stir zone. This resulted in an
improvement of mechanical properties of the stir zone,
where the hardness increased by about 40% compared to
the base metal.

The stir zone of friction stir welded joints exhibited a
lower corrosion rate (0.38 and 0.42 mm year−1) compared
to the base metal (0.49 mm year−1) according to Streicher
test. The stir zone exhibited a lower DOS (3.53% and
4.52%) compared to the base metal (6.52%) according to
DL-EPR test, due mainly to grain refinement, which reduces
the time required for desensitisation. Both tests exhibited
similar results, so there is a good agreement between Strei-
cher and EPR tests in the investigated conditions.
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Figure 10. Ir/Ia ratios of the DL-EPR test for the studied conditions of Alloy 625.

Figure 11. Corrosion rates calculated for the studied conditions of Alloy 625 by
the ferric sulphate-sulphuric acid test.
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