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A B S T R A C T   

Improvement in pitting corrosion resistance of the friction-surfaced (FSed) 17-4PH stainless steel coatings was 
mainly attributed to fragmentation of sulfide inclusions during friction surfacing (FS). Formation of vermicular 
δ-ferrite and grain refinement of martensitic matrix around the δ-ferrite affected the distribution of pits. FS 
parameters had a negligible effect on the pitting corrosion resistance of the FSed 17-4PH coatings. However, the 
decrease in pitting corrosion resistance of the FSed coatings after aging (H900) was due to the higher dislocation 
density for facilitating the metastable pit initiation and promoting the transition of metastable pits to the stable 
ones.   

1. Introduction 

AISI 304 (UNS S30400) is one of the most popular austenitic stainless 
steels (ASSs) owing to its good corrosion resistance in many environ-
ments and reasonable price. It has been widely used for industrial, 
architectural, and transportation applications [1]. However, its hardness 
and wear resistance are inadequate in some harsh working conditions. 
17-4PH (UNS S17400) is a martensitic precipitation hardening stainless 
steel (PHSS) with a high mechanical strength, and has been extensively 
used as the aircraft fasteners, compressor impeller, components in nu-
clear reactor, and parts of jet engine [2,3]. Compared with AISI 304, 
17-4PH possesses comparable corrosion resistance but higher mechan-
ical strength and hardness [4]. After solution treatment (ST), the me-
chanical strength and hardness of 17-4PH could be maximized by 
precipitation hardening at 482 ◦C (900 F̊) for 1 h (i.e. H900) [2,4,5]. 
Thus, the fabrication of 17–4PH coating on AISI 304 substrate is ex-
pected to enhance the hardness and keep the pitting corrosion resistance 
at the same time, which is a viable solution for corrosion protection 
against the harsh environments. Pitting corrosion is a form of localized 
corrosion, which produces pit-form attacks on the surface of stainless 
steels with the aid of aggressive anion, e.g. Cl- in seawater [6]. The 

pitting corrosion resistance governs the service time of 17–4PH parts in 
engineering applications [4,6]. Pitting corrosion attacks are very 
destructive, as the pits can deeply penetrate into the stainless steels 
causing catastrophic failures of engineering components with insignifi-
cant weight loss [7]. 

17–4PH workpieces have been reported to be fabricated by several 
additive fusion manufacturing methods, including selective laser 
melting (SLM) [8–10] and laser powder bed fusion (LPBF) [11]. During 
SLM and LPBF processes, the pores are often induced in the workpiece 
due to lack of fusion and gas coalescence leading to the deterioration in 
pitting corrosion resistance, as compared with the wrought 17–4PH 
[11]. Since the pores are the occluded space with oxygen depletion, the 
electrolyte inside the pores acidifies and makes them more conductive 
for pitting attack [11,12]. In a previous study of Guo’s group, the 
17–4PH coatings have been successfully fabricated by friction surfacing 
(FS) [13]. FS is a solid-state coating technique, in which a continuously 
feeding consumable rod rotates and linearly moves on the substrate 
surface after a short dwell time. The consumable rod can be deposited on 
the substrate by severe plastic deformation (SPD) as a coating with 
millimeter thick, at a temperature of ~80% of the melting temperature 
of the consumable rod material [14]. As a hard-facing technology, FS has 
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been applied for repairing turbine blade tips and manufacturing cutting 
tools and punches [14]. 17–4PH, with high corrosion resistance and 
high hardness, can be applied in form of a coating on the surface of the 
engineering components via FS for marine applications, including pro-
pellers, impellers and hydraulic cylinder blocks, which suffered from 
both mechanical and electrochemical attack, i.e. cavitation 
erosion-corrosion and tribocorrosion. 

Under the FS conditions, pore formation was significantly suppressed 
in the FSed 17–4PH coatings [13]. Thus, their corrosion resistances are 
expected to be higher than those of the coatings fabricated by the fusion 
methods. Besides, the pitting corrosion resistances of the stainless steels, 
including AISI 304 and 17–4PH, are always impaired by the manganese 
sulfide and niobium carbide inclusions, which act as the initiation sites 
for pitting attack [15–19]. These micro-scale inclusions still exist after 
solution treatment (ST), rolling and even in the workpieces fabricated 
using SLM [18,20]. In a previous study of Guo’s group, the sulfide in-
clusions were detected in the as-received (AR) 17–4PH consumable rod 
using XRD and EBSD [13]. These micro-sized inclusions in the AR 
17–4PH were successfully fragmented into the nano-sized particles (50 
nm) by severe plastic deformation (SPD) after FS [13]. Ke and Alkire 
pointed out that the critical size of MnS inclusions for pit initiation was 
0.7 µm [17]. As the fragmented inclusions (50 nm) in the FSed 17–4PH 
coatings are much smaller than the critical size for pit inhibition [16], 
the FSed 17–4PH coatings is expected to be more resistant to pitting 
corrosion than the AR 17–4PH. It was also reported that the fragmented 
nano-sized inclusions in the FSed 17–4PH coating could dissolve into 
martensitic matrix after H900 aging [13], which might eliminate the 
initiation sites for pitting corrosion. However, the dislocation density 
was found to be increased in the FSed 17–4PH coating after H900, which 
might deteriorate the passive film [21,22] and decrease the pitting 
corrosion resistance. Nakhaie and Moayed investigated the pitting 
corrosion behavior of cold-rolled 17–4PH via potentiostatic polarization 
tests [18]. They concluded that the plastic deformation during cold 
rolling increased the dissolution rate of metastable pits, while the 
metastable occurrence decreased due to the size reduction of sulfide 
inclusions after cold rolling. Tavares and his co-workers reported a high 
sulfide content could deteriorate the pitting corrosion resistance of 
17–4PH [16]. However, the size of inclusions in these studies was about 
1–2 µm, then the effect of nano-sized inclusions on the pitting corrosion 
resistance of 17–4PH was unknown. Moreover, other factors including 
the Cr-rich δ-ferrite and grain refinement induced by strain compati-
bility, and the reversed austenite formed in the FSed 17–4PH coating 
after H900 may also affect the pitting corrosion behavior as well. Thus, a 
thorough investigation is needed to elucidate the complex influences of 
the FS process and the subsequent heat treatment on the pitting corro-
sion resistance of the 17–4PH coating. 

In the present study, the pitting corrosion behavior of the AR 17–4PH 
and FSed 17–4PH coatings on AISI 304 without and with H900 were 
investigated by immersion test and cyclic potentiodynamic polarization 
(CPP) test for evaluating the feasibility of improving the pitting corro-
sion resistance of AISI 304 substrate with the FSed 17–4PH coatings. The 
potentiostatic polarization tests were also conducted to investigate the 
effect of nano-sized sulfide inclusions and the post heat treatment on the 
behavior of metastable pits initiation and development during pitting 
corrosion. 

2. Experimental details 

An as-received (AR) 17–4PH consumable rod (Fe - 0.04 C - 0.3Si - 
0.34Mn - 0.01 S - 0.02 P - 0.24 Nb - 4.74Ni - 15.56Cr - 3.21Cu in wt%) 
with diameter of 14 mm was used for FS on the AISI 304 substrate (Fe - 
0.05 C - 0.73Si - 1.71Mn - 0.03 S - 0.036 P - 10.05Ni - 18.11Cr, in wt%, 
with dimensions of 100 mm × 50 mm x 6 mm) through a commercial 
friction stir welding machine (FSW-TS-M16, China FSW Center). Two 
17–4PH coatings were fabricated using two sets of parameters (spindle 
speeds and translational speeds): (i) 1500 rpm and 200 mm/min; and (ii) 

2000 rpm and 400 mm/min. Then, H900 aging (482 ◦C for 1 hr) was 
applied. As the microstructure and hardness of two FSed 17–4PH coat-
ings were similar, the coating fabricated at 1500 rpm and 200 mm/min 
with larger thickness (0.8 mm vs 0.6 mm for the one fabricated at 2000 
rpm and 400 mm/min) was selected for H900 [13]. After solution 
treatment (ST) at 1050 ◦C for 1 hr, the solution-treated AR 17–4PH was 
also heat-treated (H900) for comparison purpose. The AR 17–4PH and 
FSed 17–4PH coatings without and with H900 were cut into small pieces 
using an abrasive cutter (AbrasiMatic 300 Buehler). The sections of the 
rods and the surfaces of the coatings were polished to 0.2 mm beneath 
the as-fabricated surface using monocrystalline diamond suspensions (9, 
3, 1 µm, MetaDi Combo, Buehler) and colloidal silica suspension (0.02 
µm, MasterMet, Buehler). The morphologies, elemental distribution and 
crystallographic characterization of specimens were investigated by a 
field emission scanning electron microscope (FESEM, Zigma, Zeiss, 
operated at 20 kV) equipped with an EDS detector (X-Max, Oxford In-
strument) and an EBSD detector (NordlysNano, Oxford Instrument). 
After the EBSD study, a focused ion beam system (FIB, Crossbeam, 540 
Zeiss, operated at 30 kV) was used to prepare the slices with 1-μm thick 
for TEM study (Talos F200X, FEI, operated at 200 kV). The AR 17–4PH 
was selected for topographic and Volta potential tests in air with a 
conductive metal-coated tip (HQ-NSC18/Cr-Au) using an atomic force 
microscope (AFM, Bruker Dimension Icon, 1 Hz) operated with the 
scanning Kelvin probe force microscope (SKPFM). 

Immersion tests of the polished samples were carried out in 3.07 
mol/L Cl- solution for 2 min and stirred with a magnetic stirrer at 50 ◦C. 
The solution was prepared by dissolving 15 g AlCl3 and 15 g FeCl3 in the 
mixture of 100 mL ethanol (99.5%) and 100 mL glycerol (99.9%), which 
possessed high Cl- concentration and low electrical conductivity to 
generate dense pits for microscopic analysis [23–25]. After the immer-
sion test, the samples were rinsed with ethanol and then dried using a 
stream of warm air. The morphologies, elemental distribution and 
crystallographic characterization of the pitted surfaces, were investi-
gated by FESEM, EDS and EBSD. 

In addition, the pitting corrosion behavior of the AISI 304 substrate, 
AR 17–4PH consumable rod and FSed 17–4PH coatings without and 
with H900 were evaluated by cyclic potentiodynamic polarization (CPP) 
test conforming to ASTM standard G61 [26]. The specimens were 
mounted in acrylic. To avoid crevice corrosion, the gap between the 
specimen and the mounting material was sealed by epoxy resin exposing 
a surface area of the specimen of about 1 cm2. The surface of the spec-
imens was ground using 1000-grit SiC paper for keeping consistent 
surface roughness. An electrochemical workstation (VersaSTAT 3, 
Princeton Applied Research) was used for the CPP analysis. A saturated 
calomel electrode (SCE) and a pair of platinum electrodes (1 cm × 1 
cm x 0.2 mm) were employed as the reference and counter electrodes 
respectively. The scan rate used was 1 mV/s. The test solution for CPP 
test was 3.5 wt% NaCl (0.6 M Cl-, open to air) keeping at 25◦C using an 
electronic water bath. The CPP test for each specimen was repeated 6 
times under the same testing conditions. Pitting potential (Ep vs. SCE) 
refers to the least positive current and potential at which pits develop or 
grow on a metallic surface. From the CPP curve, the Ep was determined 
at the inflection point. As the potential was scanned in the noble di-
rection, the current density was monitored continuously until reaching 
to 5 mA/cm2, at which the scan direction was reversed until the hys-
teresis loop closed, the protection potential (Epp vs SCE) was 
determined. 

In addition, as an advanced coating method, FS of 17–4PH coating 
can be applied on the underwater moving parts, in which erosion- 
corrosion and cavitation erosion may occur. Corrosion rate is essential 
during the analysis of synergistic effect between electrochemical 
corrosion and mechanical erosion [27]. The corrosion rate (CR, μm/hr) 
of the specimens were calculated from icorr, conforming to the ASTM 
standard G102 [28]: 
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Fig. 1. (a) Phase map (overlapped with band contrast map, Niobium Sulfides NbS2, ICSD[43696]), (b) corresponding EDS elemental maps (Nb, S, C, P, Si, N, Cr, Mn, 
Ni, Cu) and (c) mapping spectrum of AR 17–4PH rod before immersion test; (d) Bright field image of martensitic matrix and (e) corresponding EDS maps (Cu, Cr) of 
AR 17–4PH rod [13]; (f) Topographical map and (g) Volta potential map of AR 17–4PH rod before immersion test. 
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where K is a constant 3.27 × 10− 3 mm g/µA cm yr, and ρ is the density 
of 17–4PH or AISI 304 (7.9 g/cm3) [4], ni is the valence of the ith 

element of the alloy, fi is the mass fraction of the ith element in the alloy, 
and Wi is the atomic weight of the ith element in the alloy. For 17–4PH 
specimens, the major elements Fe (Fe2+), Cr (Cr3+), Ni (Ni2+) and Cu 
(Cu+) with the lowest variable valence were taken into consideration. 
For AISI 304, the major elements Fe (Fe2+), Cr (Cr3+), Ni (Ni2+) and Mn 
(Mn2+) were involved in the calculation. 

After an initial delay of 900 s, potentiostatic polarization test was 
conducted in 3.5 wt% NaCl solution at 25 ◦C using the same potentio-
stat. In order to investigate the effects of nano-sized sulfide inclusions 
and post heat treatment on the pitting corrosion behavior (especially the 
metastable pit transition) of the FSed 17–4PH coatings, the test was 
carried out at + 250 mVSCE, which was close to the pitting potential of 
the FSed 17–4PH coatings. This potential was in the passive region of the 
FSed 17–4PH coating after H900. The applied potential (+250 mVSCE) 
was held for 1200 s for each test, and the current responses were 
recorded at 50 Hz. The potentiostatic polarization tests were repeated 
three times for the FSed coating without and with H900. The kinematic 
information of metastable pits was obtained from counting at least 2000 
current spikes on the recorded current responses for each specimen. 

3. Results 

3.1. Immersion test in 3 M Cl- solution 

From Fig. 1a-c, some niobium sulfide inclusions with an average 
diameter of 1 µm could be observed in the martensitic matrix of the AR 

17–4PH consumable rod. From the EBSD characterization and EDS 
mapping, the crystallographic structure of the inclusion was NbS2. It was 
also noticed that the sulfide inclusion was P, C, N-rich with some Si and 
Mn. So the micro-sized inclusion in the AR 17–4PH rod was complex 
niobium sulfide, i.e. Nb(Mn)S2(C,P,N,Si). Some nano-sized Cu (25 nm) 
indicated by white arrows and CrN precipitates (50 nm) indicated by 
black arrows were found in the martensite as shown in the TEM 
micrograph (Fig. 1d-e). The niobium sulfide inclusion was a little bit 
higher than the polished specimen surface (Fig. 1f), and the Volta po-
tential of inclusion was lower than surrounding martensitic matrix 
(Fig. 1g). 

The pit morphologies of the AR 17–4PH after the immersion test (in 
3 M Cl- solution) are shown in Fig. 2a-b. A large number of pits are 
observed on the corroded surface of the AR 17–4PH with an average size 
of 2.5 µm. Some of the pits agglomerated into much bigger ones 
(10.4 µm) with complex shapes, as indicated by the black arrow 
(Fig. 2b). Moreover, tiny pits with average diameter of 0.27 µm were 
dispersed between the micro-sized pits as indicated by the white arrow 
(Fig. 2b). From the EDS maps of the corroded surface of the AR 17–4PH 
(Fig. 2c-h), the elemental distribution of the unattacked region was quite 
uniform. The micro-sized niobium sulfides inclusions were not detected 
after immersion test according to the EDS results (Fig. 2g-h). Thus, it is 
conceivable that these inclusions had been dissolved in the test solution 
during the immersion test. 

From the results of the previous study [13], the FSed 17–4PH coating 
(fabricated at 1500 rpm and 200 mm/min) possessed a small amount of 
δ-ferrite (1.7%) and retained austenite (0.1%) in the martensitic matrix 
as shown in the EBSD phase map (Fig. 3a). During FS, the strain in-
compatibility led to the formation of δ-ferrite with Cr-rich and Ni 
(Cu)-depleted regions (Fig. 3b). From Fig. 3c, the martensitic matrix of 
the FSed 17–4PH coating possessed more dislocations as compared with 

Fig. 2. Morphologies of corroded AR 17–4PH after immersion test: in 1000X (a); 2000X (b) with corresponding EDS elemental maps (c-h, Fe, Cr, Ni, Cu, Nb, S).  
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the AR 17–4PH (Fig. 1d). The nano-sized precipitates (Cu and CrN) in 
the AR 17–4PH was eliminated after FS. Moreover, the niobium sulfides 
complex inclusions in the AR 17–4PH (Fig. 1a) were fragmented into 
nano-sized particles during FS as indicated by the black arrow as shown 
in Fig. 3c. The average size of fragmented sulfides was about 50 nm, and 
the largest ones could reach 150 nm. From the HAADF image and EDS 
element maps shown in Fig. 3d, the fragmented sulfide inclusion was 
composed of MnS(Si) and NbS2(P,C,N,Si), which is similar to the EDS 
maps of micro-sized niobium sulfides shown in Fig. 1b. 

Fig. 4a illustrates different locations of the surface of the FSed 

17–4PH coating at the advancing side (AS), the center (C) and the 
retreating side (RS), which were defined based on the directions of 
rotational velocity and translational velocity of the consumable rod 
during FS [14]. The pit morphologies, Cr and Ni distributions, and grain 
area maps of the coating surface at the AS, C and RS after the immersion 
test are shown in Fig. 4b-m, in which the pits are distributed along the 
plastic flow (red arrows) of FS. The average diameter of the pits on the 
coating surface was 1.6 µm, which was smaller than that of the AR 
17–4PH (2.5 µm). Neither the agglomerated pits nor the tiny dispersive 
pits were detected on the corroded surface of the FSed coating. From the 

Fig. 3. (a) Phase map (overlapped with band contrast map), (b) corresponding EDS elemental maps (Fe, Cr, Ni, Cu); (c) Bright field image of martensitic matrix of 
FSed 17–4PH coating before immersion test; (d) HAADF image of fragmented inclusions with corresponding EDS element maps (Nb, S, P, C, Mn, Si, N). 
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Fig. 4. (a) Top view of FSed coating and the analyzed locations AS, C and RS; morphologies (b-d), EDS Cr maps (e-g), Ni maps (h-j) and grain area maps (k-m) of the 
AS (b)(e)(h)(k), C (c)(f)(i)(l) and RS (d)(g)(j)(m) of corroded surface of FSed 17–4PH coating after immersion test (fabricated under 1500 rpm 200 mm/min con-
dition, 1000X). 
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Cr and Ni distributions as shown in Fig. 4e-j, the localized Cr-rich and 
Ni-depleted regions were band-like and aligned with the direction of 
plastic flow of FS as shown in Fig. 4a. From Fig. 3a-b, the existence of 
Cr-rich and Ni-depleted regions was attributed to the formation of 
δ-ferrite induced by the strain incompatibility during FS. The effect of 
strain incompatibility also caused grain refinement of dynamic recrys-
tallized (DRXed) prior austenite around δ-ferrite and the elongation of 
prior austenite grains during SPD, which transformed to martensite 
during cooling [13]. From the grain area maps as shown in Fig. 4k-m, the 
larger grains were stretched along the direction of plastic flow, and some 
refined grains were identified between them. Moreover, it is noticed that 
the pits preferred to initiate near the Cr-rich / Ni-depleted regions and 
refined-grain regions. In order to examine the favorable sites for pit 
initiation, investigation at higher magnification is required. 

Fig. 5a-b shows the pit morphology and band contrast map 
(providing more metallographic information including grain bound-
aries, misorientations and phases) of corroded surface of the FSed 
17–4PH coating at a higher magnification, from which denser pits were 
found to gather in the martensitic matrix near the δ-ferrite. The 
vermicular δ-ferrite possessed higher band contrast than the surround-
ing martensite, since the distorted bct structure of martensite lowered 
the image quality [29,30]. The pits were more likely to initiate at the 
grain boundaries of the martensite, especially for the martensite with 
lower band contrast as induced by the increase in misorientations. Ac-
cording to the grain area map (Fig. 5c) and strain map (Fig. 5d), the pits 
initiated at the finer grains with stress concentration, i.e. white-circle 

region vs black-circle region as shown in Fig. 5d. Confirmed by the 
EDS results (Fig. 5e-g), more pits were concentrated at the Cr-rich but 
Ni/Cu-deficient regions. However, as the vermicular δ-ferrite was too 
small, observation at higher magnification is required for investigating 
the pits near the δ-ferrite. The pit morphology and maps of band 
contrast, phase, grain area, misorientations and EDS of the selected area 
(the red grid in Fig. 5a-b) are shown in Fig. 6. The pits preferred to 
initiate at the grain boundaries of the refined martensite near the 
δ-ferrite, which possessed a larger amount of misorientations as 
compared with the δ-ferrite, as well as the enrichment in Cr and defi-
ciency in Ni and Cu. Although the pits initiated at the martensite / 
δ-ferrite interface, the martensitic phase was selectively attacked while 
the δ-ferrite was immune to pitting corrosion. In addition, more pits 
initiated at the upper part of phase boundaries around δ-ferrite at 
‘location 1′ (Fig. 6b), which was connected with refined martensite 
grains with more misorientations. A few of pits present at the lower part 
of phase boundaries was related to the martensite with larger grain size 
and less misorientations. 

From Fig. 7a-b, some acicular reversed austenite (4.8%) were formed 
on the prior austenite grain boundaries (PAGBs) of the martensitic 
matrix of AR 17–4PH after ST followed by H900 (STed 17–4PH after 
H900). The acicular reversed austenite was formed displacively with 
similar Cr and Ni contents as the surrounding martensite [13]. It is also 
noticed that the niobium sulfide inclusions still exist in the STed 17–4PH 
after H900 (Fig. 7a-b). According to the TEM results (Fig. 7c), the STed 
17–4PH after H900 possessed much more dislocations as compared with 

Fig. 5. The morphology (a), band contrast map (b), grain area map (c), strain map (d) and corresponding EDS elemental maps (e-g, Cr, Ni, Cu) of the corroded 
surface of FSed 17–4PH coating after immersion test (RS, 2000X). 
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the AR 17–4PH (Fig. 1d), and the nano-precipitates of Cu and CrN 
present in the AR 17–4PH (Fig. 1d) were eliminated after ST followed by 
H900 (Fig. 7c). Immersion test for the STed 17–4PH after H900 was also 
carried out for comparison purpose. The pit morphology was shown in 
Fig. 7d-e. The average diameter of the pits was 1.8 µm. As compared 
with the pit morphology of the AR 17–4PH (Fig. 2a-b), the large irreg-
ular pits were not observed but more pits were found to initiate at the 
grain boundaries of the STed 17–4PH after H900. From Fig. 7f, g and l, 
the pits initiated at both acicular reversed austenite and lathy 
martensitic matrix of the STed 17–4PH after H900, and both grain and 
phase boundaries. From Fig. 7h-j, the Cr and Ni distributions in the 
uncorroded regions were uniform, but some scattered points with higher 
Nb content were observed. Unlike the dispersive small pits and the 
agglomerated pits as observed in the AR 17–4PH (Fig. 2b), the corroded 
surface of STed 17–4PH after H900 was characterized by some hazy 
regions at the interior of the grains, which was attributed to a large 
amount of tiny dense pits with average diameter around 0.07 µm as 
shown in Fig. 7d and k (indicated by the white arrows). From the cor-
responding phase map (Fig. 7l), the pits initiated at both acicular 
reversed austenite and lathy martensite which possessed similar pitting 
corrosion resistance. In addition, those scattered Nb-rich sites were 
likely to be the residual niobium sulfide inclusions [Nb(Mn)S2(C,P,N, 
Si)] after the immersion test (Fig. 7j and m). 

From Fig. 8a-b, some reversed austenite (9.2%), including both 
acicular and globular ones, formed in the FSed 17–4PH coating after 
H900. The globular reversed austenite was found to preferentially 
generate at the phase boundaries of the δ-ferrite and martensite owing to 
the concentration gradients of Cr and Ni [13]. From the bright field 
image (Fig. 8c), the FSed 17–4PH coating with H900 possessed much 
more dislocations as compared with the FSed coating without H900 
(Fig. 3c), and the nano-sized fragmented inclusions in the latter were 
dissolved into the martensitic matrix after H900. Pit morphologies of AS, 
C and RS of the FSed 17–4PH coating with H900 are shown in Fig. 8d-f. 
The pits distributed along the direction of plastic flow were the same as 
those of the FSed 17–4PH coating without H900 (Fig. 4b-d). In addition 
to the large dispersive pits, some hazy regions were also observed on the 
surface of the FSed 17–4PH coating with H900 (Fig. 8f, indicated by the 
black arrows). From the SEM images of the RS of the FSed coating with 
H900 after the immersion test at higher magnification (Fig. 8g and  
Fig. 9a), the hazy regions consisted of tiny dense pits with an average 
diameter of 0.05 µm, and the average size of the larger isolated pits was 
1.3 µm, which was comparable with the size of the pits on the FSed 
coating without H900 (1.6 µm) as shown in Fig. 4. Moreover, the density 
of larger isolated pits in the FSed coating with H900 was similar to that 
of the FSed coating without H900. The presence of tiny dense pits in the 
FSed coating with H900 implied that its susceptibility to pitting 

Fig. 6. The morphology (a), band contrast map (b), phase map (c), grain area map (d), misorientation map (e) and corresponding EDS elemental maps (f-h, Cr, Ni, 
Cu) of the selected area from Fig. 5a,b (4000X). 
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Fig. 7. (a) The phase map (over-
lapped with band contrast map), (b) 
the corresponding EDS maps (Nb, S, 
P), (c) the bright field image of 
martensitic matrix of STed 17–4PH 
after H900 before immersion test 
[13]; the morphologies of the 
corroded surface of AR 17–4PH after 
H900 after immersion test at 1000X 
(d), 2000X (e) and 4000X (k); the 
phase map (f), grain area map (g) and 
EDS elemental maps (h-j, Cr, Ni, Nb) 
corresponding to (e); the phase map 
(l) and Nb distribution (m) corre-
sponding to (k).   
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Fig. 8. (a) The phase map (overlapped 
with band contrast map), (b) the corre-
sponding EDS maps (Cr, Ni), (c) the bright 
field image of martensitic matrix of FSed 
17–4PH coating after H900 age treatment 
before immersion test [13]; the morphol-
ogies of the AS (d), center (e) and RS (f) of 
the corroded FSed 17–4PH coating after 
H900 after immersion test, 1000X; the 
morphology of RS (g) in 2000X, with 
corresponding band contrast map (h), 
phase map (i), grain area map (j) and EDS 
elemental maps (k-m, Cr, Ni, Cu).   

D. Guo et al.                                                                                                                                                                                                                                     



Corrosion Science 193 (2021) 109887

11

Fig. 9. The morphology (a), band contrast map (b), phase map (c), misorientation map (d) and EDS elemental maps (e-g, Cr, Ni, Cu) of the selected region in 
Figs. 8gh; the morphology (h), band contrast map (i), phase map (j) and misorientation map (k) of the selected region in (a)(b). 
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corrosion had increased after heat treatment. The large isolated pits 
preferred to initiate at the grain boundaries of the refined grains as 
shown in the grain area map (Fig. 8j), which was also the place with 
higher Cr content but lower Ni and Cu contents (Fig. 8k-m). As 
compared with the FSed coating without H900 (Fig. 5b), the band 
contrast of the martensite in the FSed coating with H900 was lower 
(Fig. 8h), reflecting that more dislocations had been introduced in this 
specimen, which was consistent with the TEM observation (Figs. 3c and 
8c). The phase maps (Figs. 8i and 9c and j) confirmed the formation of 
globular reversed austenite in the FSed 17–4PH coating with H900. 
Similar to the δ-ferrite, there were few misorientations within the 
globular reversed austenite as shown in Fig. 9d and k. It was found that 
the tiny dense pits and large isolated pits tended to initiate at the 
martensite grains with more misorientations. Although a few tiny pits 

were observed at the δ-ferrite and the globular reversed austenite grains 
(Fig. 9a,c,h,j), more tiny pits were observed at the surrounding of the 
martensitic matrix. Some large isolated pits were located at the phase 
boundaries of the δ-ferrite and the globular reversed austenite. Thus, the 
pitting corrosion resistance of the δ-ferrite and the globular reversed 
austenite was higher than that of martensitic matrix for the FSed 
17–4PH coating with H900. 

3.2. Cyclic potentiodynamic polarization in 3.5 wt% NaCl solution 

The CPP curves of the AISI 304 substrate, AR 17–4PH and FSed 
17–4PH coatings without and with H900 are shown in Fig. 10a. The 
corrosion parameters extracted from the CPP curves are listed in Table 1. 
The corrosion potential (Ecorr) of AR 17–4PH (− 188 mVSCE) is higher 
than that of the AISI 304 substrate (− 207 mVSCE). Compared to the AISI 
304 substrate (Ep = +282.6 mVSCE, Epp = − 145.4 mVSCE, and Icorr =

124.6 nA/cm2), the AR 17–4PH possessed lower Ep (+168.0 mVSCE), 
comparable Epp (− 140.3 mVSCE), and higher Icorr (146.9 nA/cm2). In 
spite of different FS conditions, the corrosion parameters of two FSed 
17–4PH coatings were very close. After FS, the Ep and Epp of the FSed 
17–4PH coatings were shifted to nobler potentials around + 355 mVSCE 
and 0 mVSCE respectively, and the Icorr was decreased to 80 nA/cm2 

approximately (the corrosion parameters were the average values for 
the two FSed 17–4PH coatings). Compared with the AISI 304 substrate, 
the FSed 17–4PH coatings possessed higher Ecorr, Ep and Epp and smaller 
Icorr, reflecting that the pitting corrosion resistance of the AISI 304 
substrate has been enhanced by depositing the FSed 17–4PH coatings. 
For the STed 17–4PH with H900, the Ep, Epp and Icorr were increased to 
+ 262.2 mVSCE, − 112.2 mVSCE and 173.2 nA/cm2 respectively as 
compared with AR 17–4PH. Compared with the FSed 17–4PH coatings, 
the Epp and Icorr of the FSed 17–4PH coating with H900 was increased to 
20 mVSCE and 166.4 nA/cm2 respectively. Ep was reduced to 
334.2 mVSCE, but it was still higher than that of the AISI 304 substrate 
(282.6 mVSCE). According to the values of CR (Table 1), the CR of AISI 
304 substrate could be reduced by applying the FSed 17–4PH coatings, 
while their CR was increased after H900 treatment. 

The pitting potential of stainless steels always possesses probabilistic 
nature [18, 31–33], so the statistic method, i.e. cumulative probability is 
applied. 

P
(
Ep
)
=

n
N + 1

(2) 

The probability function [P(Ep)] is defined according to Eq. (2), 
where n stands for the nth test, and N is the total number of samples 
tested [33]. In present study, N was equal to 6 as mentioned in Section 2. 
The cumulative probability of pitting potentials for the specimens are 
shown in Fig. 10b, in which each point represents the pitting potential 
extracted from the individual CPP curve of a freshly ground specimen. 
Normally, the medians of cumulative probability [P(Ep) = 0.5] are used 
to compare the pitting potential of different specimens [34]. From 
Fig. 10b, the values of pitting potentials at P(Ep) = 0.5 for the specimens 
were in small deviations. According to the ranking of medians of Ep, the 
pitting corrosion resistance of AR 17–4PH has been improved by FS. The 
FS parameters have negligible effect on the pitting corrosion resistance 
of the FSed coatings, and H900 heat treatment can lower the pitting 
corrosion resistance of the FSed coatings. 

Fig. 10. The cyclic potentiodynamic polarization curves (a) and the cumulative 
probability of pitting potentials (b) obtained from the cyclic polarization test of 
various specimens in 3.5 wt% NaCl at 25 ◦C open to air. 

Table 1 
Corrosion parameters extracted from the CPP curves in Fig. 10a.   

Ecorr (mVSCE) Icorr (nA/cm2) Ep (mVSCE) Epp (mVSCE) CR (μm/hr) 

AR 17–4PH -188.0 ± 8  146.9 ± 20  168.0 ± 6 -140.3 ± 10 1.8 × 10− 4 

FSed 17–4PH (1500 rpm-200 mm/min) -200.3 ± 10  78.4 ± 33  356.3.4 ± 9 4.2 ± 5 0.97 × 10− 4 

FSed 17–4PH (2000 rpm-400 mm/min) -202.7 ± 11  91.1 ± 28  354.4 ± 11 -4.2 ± 8 1.1 × 10− 4 

ST 17–4PH-H900 -184.5 ± 5  173.2 ± 20  262.2 ± 9 -112.2 ± 15 2.2 × 10− 4 

FSed 17–4PH-H900 -210.0 ± 6  166.4 ± 30  334.2 ± 9 20.0 ± 10 2.1 × 10− 4 

AISI 304 -207.0 ± 3  124.6 ± 18  282.6 ± 12 -145.4 ± 6 1.5 × 10− 4  
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3.3. Potentiostatic polarization in 3.5 wt% NaCl solution 

For the stainless steels, the early stage of pitting corrosion was 
related to the formation and development of metastable pits, in which 
the possibility of metastable pits occurrence and the transition ability to 
the stable ones are significant [33,34]. In order to investigate the pitting 
corrosion mechanism of the FSed 17–4PH coating without and with 
H900, potentiostatic polarization tests were conducted. Fig. 11a-b de-
picts two typical current-time curves for the FSed 17–4PH coating 
without and with H900, where each current transient corresponds to the 
occurrence of a metastable pit. There were more metastable pits at the 
early stage of the test, especially for the FSed coatings without H900. 
The overall transient density was larger for the FSed coating with H900. 
From Fig. 11b, both samples possessed large and small current tran-
sients, but the proportion of small transient was larger in the FSed 
coatings without H900. Fig. 11c illustrates the definitions of peak cur-
rent (Ipeak), growth time (tg) and passivation time (tr) of a typical 
metastable pit. Besides the individual current transients, some over-
lapped transients (Fig. 11d) were observed in both samples, but more 
frequently observed in the FSed coating without H900. The overlapped 
current transients were formed due to the exposure of sulfur-containing 
inclusions or other metallographic defects during the growth of a 
metastable pit [25,31]. Nucleation of a secondary pit led to the gener-
ation of overlapped current transients, and the frequency of overlapped 
transient was even higher at potentials approaching Ep [34]. Extraction 
of tg, tr and Ipeak from the overlapped current transients are shown in 

Fig. 11d. 
The metastable pits occurrence (λ), defined as the number of current 

transients per unit surface area dividing the time interval, indicates the 
frequency of metastable pits formed during potentiostatic polarization 
[33]. The metastable pit occurrence (counted for every 200 s) of the 
FSed 17–4PH coatings with and without H900 are shown in Fig. 12a. It is 
noticed that the overall metastable pit occurrence has been increased 
after H900 except the one at the beginning of test. The metastable pits 
occurrence of the FSed 17–4PH coating possessed a sharper drop from 
200 s to 400 s 

The cumulative probabilities in Fig. 12b-h were calculated based on 
Eq. 2, i.e. n stands for the nth pits and N is equal to the amount of 
metastable pit events. The cumulative probability versus growth time 
and repassivation time of the metastable pit are shown in Fig. 12b and c 
respectively. At P(x) = 0.5, both the growth time (tg) and repassivation 
time (tr) increased slightly after H900 from 0.137 to 0.147 s and from 
0.085 to 0.088 s respectively, indicating the overall lifetime of the FSed 
coating with H900 was extended after H900. The cumulative probability 
of peak current distribution is depicted in Fig. 12d, in which the dis-
tribution of the FSed 17–4PH was abnormal, i.e. about 75% (major) Ipeak 
possessed a median value of 0.036 μA and other 25% (minor) had a 
larger median value of 0.87 μA. Thus, the overall median of Ipeak of the 
FSed 17–4PH coating was 0.056 μA, which is closer to the value of 
majority of transients. After H900, the Ipeak distribution became more 
normal. The Ipeak value at P = 0.5 increased to 0.2 μA. 

The growth rate (Vg) and repassivation rate (Vr) of the metastable pit 

Fig. 11. (a)(b) Typical current-time curves of FSed 17–4PH coatings with and without H900 polarized at 250 mVSCE; (c)(d) Illustration diagrams of typical current 
transients obtained from the potentiostatic polarization test in 3.5 wt% NaCl solution. 
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Fig. 12. (a) The metastable pitting 
occurrence, and the cumulative proba-
bility (one point represented 20 data) of 
(b) metastable pit growth time (tg), (c) 
metastable pit repassivation time (tr), (d) 
pit peak current (Ipeak), (e) metastable 
pit growth rate (Vg), (f) metastable pit 
repassivation rate (Vr), (g) metastable 
pit radius (r) and (h) metastable pit sta-
bility product for FSed 17–4PH coatings 
with and without H900 extracted from 
the potentiostatic polarization test at 
250 mVSCE in 3.5 wt% NaCl solution 
(major: majority of metastable pits, 
75%; minor: minority of metastable pits 
25%; as indicated by the gray curved 
arrows).   
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were defined as Ipeak divided by tg and tr respectively. The plots of cu-
mulative probability distribution versus Vg and Vr are shown in Fig. 12e 
and f respectively. It is found that the distribution of rates of the FSed 
17–4PH coating are also abnormal as mentioned in Fig. 12d, and most 
pits possessed smaller Vg and Vr as compared with the others. The overall 
medians of the FSed 17–4PH coating (Vg = 0.38 μA/s and Vr = 0.65 μA/ 
s) were increased to 1.42 μA/s and 2.67 μA/s respectively after H900. 

Assuming the semispherical feature of the metastable pit [35], its 
radius was calculated by the Faraday’s law [33]: 

r =
[

3Z
2πnFρ ×

(
tg + tr

)
Ipeak

2

]1
3

(3)  

where Z is the mean molecular weight of 17–4PH (55.1 g/mol), ρ is the 
density of 17–4PH (7.9 g/cm3), F is the Faraday’s constant (96485.3 C/ 
mol), and n is the average oxidation state of cations of 17–4PH 
(2.1 mol− 1, assuming the alloy elements are oxidized to Fe2+ Cr3+, Ni2+

and Cu1+ during dissolution). The cumulative probability distribution of 
metastable pit radius for the FSed 17–4PH coatings are shown in 
Fig. 12g. On the surface of the FSed coating, the major pits had a median 
radius of 0.34 µm, and others possessed a larger median of 1.13 µm, 
which lead to the overall median reached 0.43 µm. After H900, the 
radius of the metastable pits was increased to a larger median of 
0.61 µm. 

Pit stability product was a criteria related to diffusion, which was 
proposed by Pistorius and Burstein [35]. A metastable pit grows un-
stably after the nucleation. The lacy cover over the pit mouth provides 
an effective barrier to diffusion. If the cover ruptures, the anolyte dilutes 
below the critical value, so repassivation occurs and the pit stops 
growing. Otherwise, the depth of pit can maintain the diffusive barrier, 
and the metastable pit grows to become a stable one [35]. The pit sta-
bility product is defined as the product of unidirectional metastable pit 
depth (a, equal to r under semispherical assumption) and current density 
(i). It is used to evaluate the formation susceptibility of stable pits. From 
Fig. 12h, the distribution of the FSed 17–4PH coating was also 
abnormal, and major pits possessed a small value of 0.00045 μA/m, and 
other pits have a much larger value of 0.04 μA/m. After H900, the 
overall median stability product of the FSed 17–4PH coating has 
increased from 0.00088 μA/m to 0.0056 μA/m. 

4. Discussion 

4.1. AISI 304 substrate and AR 17–4PH 

The pitting corrosion resistances of AISI 304 and 17–4PH could be 
deteriorated by the presence of MnS inclusions, as reported in the 
literature [15–17, 19, 36]. For instance, the MnS inclusions could not be 
thermodynamically stable at the passivation potentials of the stainless 
steels, and an early dissolution of MnS created a crevice at the inclu-
sion/metal matrix interface [37]. Baker and his co-workers pointed out 
the hydrolysis of dissolved MnS could increase the concentration of Cl- 

within the crevice [15]. The pit growth and propagation were then 
accelerated, which facilitated the metastable pit growth inside the 
crevice [7]. The autocatalytic pit growth became more difficult to be 
terminated by repassivation [7]. According to the EBSD (Fig. 1a,b) and 
EDS maps (Fig. 3c,d), it is found that the complex inclusions were mainly 
NbS2, with some MnS and other elements (C, N, P and Si). So the com-
plex niobium sulfide inclusions could be denoted as Nb(Mn)S2(C,N,P,Si). 
SKPFM (Fig. 1f,g) was used to demonstrate the complex niobium sulfide 
inclusions were more active (lower Volta potential) than surrounding 
martensitic matrix, which acted as the pit initiation site as MnS [38] or 
other complex sulfide inclusions i.e. (Al,Ca)O+ (Mn,Ca)S in Ref [39]. 
Tavares et al. [16] and Nakhaie and Moayed [18] found the inclusions 
MnS and NbC in 17–4PH. Oikawa et al. pointed out that Nb has a strong 
affinity to C, N and S [40], and Kaneko et al. proposed the 
sulfide-forming tendency in steels is Zr > Ti > Mn > Nb > V [41]. 

Brisenmark and Valencik used to found NbTiC(S) inclusions in a 
nickel-based alloy [42]. The complex niobium sulfide inclusions, with 
higher contents of Mn, C and N is possible to form in the present AR 
17–4PH according to the strong affinity of Nb, C, N and S as well as the 
similar sulfide-forming tendency of Mn and Nb. The complex inclusions 
with higher P and Si content were conceivable because during the 
steelmaking process, both indigenous and exogenous sources (i.e. res-
idue and slag) induced other elements to form complex non-metallic 
inclusions. 

Although the AISI 304 substrate and AR 17–4PH had been cold- 
rolled, the inclusions still existed with an average diameter of 1–2 µm 
(Fig. A1 and Fig. 1a). Since rolling was not an effective way to eliminate 
the sulfide inclusions in the stainless steels, the inclusions were observed 
in the rolled AISI 304 and 17–4PH [16,18,33]. Ke and Alkire suggested 
that the critical size of sulfide inclusions was 0.7 µm, which had an 
dominant effect on the pitting corrosion resistance of AISI 304 [17]. In 
the present study, the sulfide inclusions of the AISI 304 substrate and AR 
17–4PH were larger than the critical size leading to the low Ep and Epp 
(Fig. 10 and Table 1), and the huge gathered pits after immersion test 
(Fig. 2b, indicated by the black arrow). Generally, the pitting corrosion 
resistance of 17–4PH is comparable to that of AISI 304 [4], however the 
sulfide inclusions content has a strong detrimental impact on their 
pitting corrosion resistance in the seawater [16,33]. From Table 1, the 
AR 17–4PH possessed a lower Ep (+168.0 mVSCE) than the AISI 304 
substrate (+282.6 mVSCE), indicating a lower resistance to pitting 
corrosion. In the literature [18,33], the AISI 304 and 17–4PH with 
different grain sizes and rolling conditions could affect the occurrence of 
metastable pits and the probability of stable pit transformation. How-
ever, the effect of grain size and rolling conditions on Ep was minor as 
compared to that of sulfide inclusions [16,25]. From the XRD results 
reported in the previous study [13], the AR 17–4PH possessed more 
sulfide inclusions than that of AISI 304 substrate leading to a lower 
pitting corrosion resistance. The AR 17–4PH was in over-aged condition 
as evidenced by the existence of many dispersive incoherent nano-sized 
Cu precipitations (25 nm) and some CrN particles (50 nm) (Fig. 1d). 
According to the galvanic series [43], the Cu precipitates are more active 
than the surrounding stainless steel matrix (passivated) in the seawater 
(or 0.6 M Cl-), but Cu is nobler when the stainless steel matrix is dis-
solving. During the immersion test in solution with high Cl- concentra-
tion (3 M), the micro-galvanic couple between 17 and 4PH matrix and 
Cu precipitates is difficult to form, as both Cu precipitates and 
martensitic matrix were attacked. The tiny dense pits formed during the 
immersion test, as indicated by the white arrow as shown in Fig. 2b, 
were not likely to be induced by the selective dissolution of Cu via 
micro-galvanic corrosion. One of explanations is the related to kinetics: 
i.e. Cu precipitates dissolved faster than martensitic matrix during im-
mersion test. Moreover, the formation of niobium sulfide inclusion 
lowered the Nb content in the AR 17–4PH matrix, which could also 
reduce the pitting corrosion resistance of the AR 17–4PH matrix by 
decreasing the passive film stability [44]. However, Nb only played a 
minor role owing to its low content in the AR17–4PH (0.24 wt%). 

4.2. FSed 17-4PH coatings 

Compared with the AR 17-4PH, the pitting corrosion resistance of the 
FSed 17–4PH coatings was improved dramatically as evidenced by the 
noble shift in Ep (+168 to +355 mVSCE) and Epp (− 140.3 to 0 mVSCE) 
(the average values of two FSed 17–4PH coatings) (Fig. 10a and 
Table 1). The agglomerated pits induced by the niobium sulfide in-
clusions were observed in the corroded AR 17–4PH (Fig. 2a and b), 
while these types of pits were absent on the corroded surfaces of the 
FSed 17–4PH coatings (Fig. 4b-d). During FS, the micro-sized sulfide 
inclusions in the AR 17–4PH were thermo-mechanically fragmented into 
nano-sized inclusions (50 nm) under SPD with high-strain rate (Fig. 3c, 
d). The fragmented inclusions contained various phases including 
NbS2(P,C,N,Si) and MnS. As the size of the fragmented inclusions was in 
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nano-metric level and sparsely distributed in the martensitic matrix, the 
corresponding peaks were absent in the XRD patterns of the FSed 
coatings [13]. The detrimental influence of nano-sized fragmented sul-
fide inclusions on the pitting corrosion resistance might be negligible, as 
their size (50 nm) is much smaller than the critical size of 0.7 µm [17]. 
The fragmentation of inclusions during FS is one of the main reasons for 
the improvement in pitting corrosion resistance of the FSed coatings, as 
suggested by Puli and Ram [45]. However, the improvement in pitting 
corrosion resistance of the FSed 316 L coatings in Puli and Ram’s study 
(ΔEp = 30 mV, the difference in Ep of consumable rod and FSed coating 
[45]) was less significant than that of the present study (ΔEp = 187 mV). 
In their study, the MnS inclusions in 316 L were fragmented into elon-
gated strips (10 µm × 1 µm) which were still larger than the critical size 
of 0.7 µm. In the previous study of the Guo’s group [24], the existence of 
the fragmented nano-sized MnS in the FSed 316 L coating was indirectly 
proven by EBSD and infrared temperature analysis. The micro-sized MnS 
inclusions were fragmented into an inconspicuous size by the EBSD 
analysis [24], but the processing temperature of FS was 1000 ◦C, which 
is much lower than the melting temperature of MnS (1610 ◦C) [46]. So it 
is difficult to confirm the MnS inclusions have been fragmented and 
dissolve in the steel matrix in a short time during FS. In the present 
study, the nano-sized fragmented sulfides inclusions were observed in 
the FSed 17–4PH coatings using TEM (Fig. 3c). Moreover, as a ‘dynamic’ 
solution treatment process (1050 ºC [1]), stainless steels and mild steels 
sustained high strain rate at elevated temperature (1000–1200 ◦C) [24, 
47,48]. Thus, the nano-sized incoherent Cu and CrN precipitates in the 
AR 17–4PH (Fig. 1d-e) were re-dissolved into the prior austenite matrix 
during FS (Fig. 3c), which was beneficial for the structure homogeneity 
and the pitting corrosion resistance of the FSed 17–4PH coatings. 

From Fig. 3a-b, the strain incompatibility of plastic flow during SPD 
facilitated the formation of Cr-rich and Ni/Cu-deficient δ-ferrite, and the 
localized grain refinement of surrounding martensitic matrix (Fig. 5c). 
From Figs. 4–6, the pits formed after the immersion test were distributed 
on the surfaces of the FSed 17–4PH coatings along the direction of 
plastic flow during SPD. Moreover, those pits initiated at the locations 
with lower Ni content, whereas the Cr-rich δ-ferrite was immune to 
pitting attack, except for those located at the δ-ferrite/martensite in-
terfaces. Potgieter and his co-workers reported that the increment in Ni 
content of a duplex stainless steel was very promising for improving its 
pitting corrosion resistance in the chloride solution [49]. As Ni was less 
readily oxidized than Cr and Fe [50], the metal closest to the oxide 
layer/metal interface possessed an enrichment of Ni in its metallic state, 
which facilitated the coalescence and crystallization of the passive film 
[51], thereby the pitting corrosion resistance of the duplex stainless steel 
was improved [49]. For the FSed 17–4PH coatings, the Cr-rich δ-ferrite 
also induced the formation of adjacent Ni-deficient martensite (Fig. 6c 
and g), where the passive film was less stable and more susceptible to pit 
initiation, as compared with other martensite grains far from δ-ferrite. 
Although the δ-ferrite possessed less Ni, its Cr content was higher 
(17.5 wt%) [13] and beneficial for the stability of the passive film, as Cr 
is the primary element for the formation of passive film in the stainless 
steels [4,50,52,53]. The phase boundaries of the δ-ferrite were the 
preferential sites for sulfur and phosphorus segregation [54,55], which 
caused instability of the passive film and deteriorated the localized 
corrosion resistance [56]. From Fig. 5 and Fig. 6, the δ-ferrite was im-
mune to pitting corrosion but some pits formed locally at the interface of 
δ-ferrite and the martensitic matrix of the FSed 17–4PH coating, which 
agreed with the observation in the austenitic and duplex stainless steels 
[57,58]. Moreover, Kim reported that δ-ferrite could act as the cathode 
in the galvanic couple that formed with surrounding austenitic matrix in 
316 L owing to its higher Cr-content [59]. In the present study, the 
δ-ferrite was cathodic hence no pit was found there. In addition to the 
effect of chemical compositions, the distribution of dislocations also 
strongly affected the pitting corrosion resistance of the FSed 17–4PH 
coatings. From the TEM micrograph of the FSed 17–4PH coatings, many 
tangled dislocations could be observed in the martensitic matrix 

(Fig. 3c). These tangled dislocations gathered as dislocation walls to 
increase the misorientations in the martensitic grains (Fig. 6e), but there 
were very few misorientations in the δ-ferrite. Compared to the δ-ferrite, 
more pits were formed at the grain boundaries of adjacent martensitic 
grains (Fig. 6b-c). The pitting corrosion resistance of stainless steels was 
governed by the performance of the thin passive film, which was 
strongly affected by the interfacial bonding between the film and the 
metal substrate [53]. Wang and his co-workers pointed out that high 
dislocations density in the stainless steel tended to weaken the interfa-
cial bonding between the passive film and metal matrix leading to 
decrease in corrosion resistance [53]. Moreover, the high-angle grain 
boundaries (HAGB, >10̊) and low-angle misorientaions (<10̊) had 
higher energy and hence higher reactivity than the surrounding crystal 
[33], which would increase the kinetics of pit growth and increase the 
probability of transforming metastable pits to stable pits [18]. Thus, 
more pits were localized at the grain boundaries of the martensite in the 
FSed 17–4PH coatings. In addition, grain refinement of the martensitic 
grains around the δ-ferrite increased the local residual stress of the 
coating as shown in Figs. 5c-d and 6d. Wang and his co-workers reported 
that the higher tensile residual stress tended to increase the donor 
density of the passive film, and promoted faster diffusion path for Cl- 

[60]. Vignal and his co-workers found that the local residual stress 
promoted the transformation of metastable pits to stable pits [61]. 
Hence, the refined martensitic grains possessed lower pitting corrosion 
resistance, where more pits initiated. From Fig. 5c-d, more pits located 
in the finer grains (white circle region) as compared with the larger 
grains (black circle region). The plastic flow during SPD of FS induced 
tensile stress, especially the elastic strains in the {111} grains of the FSed 
316 L coatings, which acted as the initiated sites for pitting attack [24, 
62]. As the strain rate of SPD was sensitive to the processing parameters 
such as the spindle speed of FS, the crystallographic effects on the pitting 
corrosion resistance of the FSed 316 L coatings was influenced by 
different spindle speeds [24]. However, during the martensitic trans-
formation of the FSed 17–4PH coating, the volume expansion of 
martensite tended to induce compressive stress [63,64], which could 
compensate some tensile stress of prior shear deformed austenite caused 
by SPD and the thermal shrinkage after FS. Takakuwa and his 
co-workers reported that the compressive residual stress could improve 
the formation and maintenance of passive film owing to the reduction of 
inter-atomic distance [65]. If the compressive stress induced by 
martensitic transformation could completely compensate the tensile 
stress from SPD, the pitting corrosion resistance of the FSed 17–4PH 
coating would be even higher. Thus, unlike the FSed 316 L coating, the 
detrimental effect of elastic tensile strain on the corrosion resistance was 
not observed on the FSed 17–4PH coatings. 

The difference in the pitting corrosion resistance of the FSed 17–4PH 
coatings fabricated under different processing parameters was negli-
gible, as evidenced by the similar Ep (1500 rpm; 200 mm/min: 
356.3 mVSCE vs 2000 rpm; 400 mm/min: 354.4 mVSCE) and Epp 
(4.2 mVSCE vs − 4.2 mVSCE) (Fig. 10 and Table 1). Thus, it is more 
desirable to fabricate the FSed 17–4PH coating under 1500 rpm and 
200 mm/min for pitting corrosion resistant application, since lower 
spindle speed and processing speed could produce thicker coatings [13]. 
Furthermore, many researchers had pointed out that grain refinement 
was good for the stability of passive film, as more Cr could diffuse 
through the grain boundaries [52, 66–68]. However, this effect was 
mainly found in nano-crystals with dramatic grain refinement. As the 
grain refinement in present martensitic matrix was not profound, the Cr 
diffusion in the grain boundaries was not considered as a major factor 
for the enhanced corrosion resistance. 

As the immersion tests were conducted in the concentrated Cl- so-
lution, the metastable pits developed to stable ones in a very short time. 
The behavior of pit nucleation was then investigated via potentiostatic 
polarization test in 3.5 wt% NaCl solution. From Fig. 11a and Fig. 12a, 
the metastable pit occurrence decreased rapidly at the beginning of test, 
which was associated with the amount reduction of the surface sites 
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available for the metastable pitting initiation [33]. As mentioned before, 
the fragmented sulfides with an average size of 50 nm were the initia-
tion sites of the metastable pits, which dissolved firstly under the applied 
potential. As the fragmented sulfides were much smaller than the critical 
size (0.7 µm) [17], repassivation occurred quickly after fragmentation of 
the sulfide inclusions, so that many small current transitions were 
observed in Fig. 11b. According to Fig. 3c, some of the fragmented in-
clusions could reach to the size of 150 nm, which can initiate as the 
metastable pits with a larger current. During the growth of primary 
metastable pit, martensitic matrix was exposed in the as-formed pore 
under acidification leading to the initiation of secondary pits [31] as 
shown in Fig. 11d. Thus, the peak current distribution in the FSed 
17–4PH coating was divided into two parts instead of the normal dis-
tribution like tg and tr: majority (75%) of metastable pits possessed 
smaller median peak current (0.036 μA), and others (25%) had larger 
median peak current (0.87 μA), as shown in Fig. 12d. Owing to the 
presence of fragmented inclusions, the kinematic information including 
Vg, Vr, radius and stability product of the metastable pits in the FSed 
17–4PH coating possessed two-parts distribution as shown in Fig. 12e-h. 
It is noticed that most metastable pits possessed a median radius of 
0.34 µm (Fig. 12g), which was larger than the average size for the 
fragmented inclusions (about 50 nm), indicating the martensitic matrix 
has dissolved. The fragmented inclusions with larger size induced faster 
growth of the metastable pits and were easier to transform to stable pits. 
The results in the present study were compared with those in Ref [18] 
which focused on the potentiostatic polarization of cold-rolled 17–4PH 
in 3.5 wt% NaCl solution at an applied potential of 0 mVSCE. Normally, 
the metastable pits grew slowly and followed by a rapid drop in current 
corresponding to the repassivation [18]. However, the applied potential 
for the present study was + 250 mVSCE, which was much higher than 
that in Ref [18]. Aghuy et al. demonstrated that the increase in applied 
potential could increase the metastable pit frequency and promote the 
growth kinetics of the metastable pits [33]. Moreover, they also pointed 
out grain refinement (i.e. increment of grain boundaries) increased the 
kinetics of metastable pit dissolution and the probability of transition 
from metastability to stability [33]. It was also demonstrated that cold 
rolling increased the dissolution rate of the metastable pits in a manner 
which facilitated the transition from metastable to stable pits [18]. As 
the FSed 17–4PH coatings sustained much severer plastic deformation 
so they have more dislocations than the cold-rolled 17–4PH. Together 
with the effect of higher applied potential, the growth rate of metastable 
pits for the FSed 17–4PH coatings was much faster, as evidenced by the 
sudden increase in current (Fig. 11c,d), larger metastable pitting 
occurrence, larger metastable pit growth rate, larger Ipeak and larger 
stability product (Fig. 12) as compared with corresponding values in Ref 
[18]. 

4.3. STed 17-4PH and FSed 17-4PH coatings after H900 

The pitting corrosion resistance of the solution-treated (STed) AR 
17–4PH had been improved after H900 as evidenced by nobler Ep 
(+262.2 mVSCE) and Epp (− 112.2 mVSCE) as compared with that of the 
AR 17–4PH (Ep = +168.0 mVSCE and Epp = − 140.3 mVSCE) (Fig. 10 and 
Table 1). According to the XRD results of the previous study [13], both 
the amount and size of niobium sulfide inclusions in the STed 17–4PH 
with H900 were decreased. However, the size of inclusions was still 
larger than the critical size (0.7 µm) (Fig. 7a). The 1-hour ST could not 
eliminate the inclusions in the AR 17–4PH effectively as reported by 
Cheruvathur et al. [20]. The Ep and Epp of STed 17–4PH with H900 was 
nobler than that of AR 17–4PH owing to the reduction in size of the 
sulfide inclusions (Fig. 10a and Table 1). However, the Ep and Epp of the 
STed 17–4PH with H900 was lower than those of the FSed 17–4PH 
coatings, because the micro-sized inclusions in the AR 17–4PH were 
fragmented into nano-metric scale (50 nm) after FS (Fig. 3c), which is 
much smaller than the critical size (0.7 µm). So, the large gathered pits, 
induced by sulfide inclusions on the corroded AR 17–4PH surface (black 

arrow in Fig. 2b), were not observed on the surface of the STed 17–4PH 
with H900 after the immersion test (Fig. 7d and e). From the TEM mi-
crographs (Figs. 1d and 7c), the incoherent nano-metric Cu and CrN 
precipitates in the AR 17–4PH have been dissolved in the martensitic 
matrix of the STed 17–4PH with H900. As a result, the small pits (white 
arrow in Fig. 2b) were absent in the STed 17–4PH with H900 (Fig. 7). 
Moreover, the surface of the STed 17–4PH with H900 presented a large 
amount of dense tiny pits, and more pits located at the grain boundaries 
of the lathy martensite. From the TEM images (Figs. 1d and 7c), H900 
treatment tended to increase the density of dislocations in the 
martensitic matrix along with the early stage of coherent Cu pre-
cipitations [3,69]. The dislocations could reduce the stability of passive 
film leading to a lower pitting corrosion resistance [53]. Thus, a large 
amount of dislocations in the STed 17–4PH with H900 should be 
responsible for the regions with dense tiny pits (Fig. 7d and e). More-
over, Manojkumar reported that the micro-strain of 17–4PH was 
increased after H900 as well [70], which could promote higher doping 
concentrations, especially the acceptor concentration in the passive film 
to deteriorate the passive film as indicated by Lv [71]. Besides, both 
grain boundaries and dislocations could increase the reactivity of 
martensite [33]. The pits preferred to initiate at the grain boundaries of 
the lathy martensite and grew in promoting kinematics, as evidenced by 
the increase in Icorr of the STed 17–4PH with H900, as compared with AR 
17–4PH (Table 1). In addition, according to the phase maps in Fig. 7f 
and l, the formation of acicular austenite in the STed 17–4PH with H900 
possessed negligible influence on the pitting corrosion resistance, as the 
acicular austenite were formed in diffusionless mechanism with a large 
amount dislocations, which were similar to the surrounding martensitic 
matrix [72]. 

From Fig. 8d-f, the pit morphology of the FSed 17–4PH with H900 
was similar to that of the FSed 17–4PH coatings without H900 (Fig. 4b- 
d), except the hazy regions formed on the refined martensitic matrix 
around δ-ferrite and globular reversed austenite (Figs. 8i and 9c). The 
distribution of the larger pits was similar to that of the FSed 17–4PH 
coatings, since the distribution of δ-ferrite and grain refinement of 
martensitic matrix did not alter after H900. According to the previous 
study [13], the globular reversed austenite was formed diffusively and 
possessed much less dislocations as compared with the martensitic 
matrix, which had many dislocations along with the early stage coherent 
Cu precipitations during H900 treatment (Figs. 8c vs 3c). Similar to the 
STed 17–4PH with H900, the increment in dislocation density and 
micro-strains in the martensite lowered its pitting corrosion resistance 
resulting in the tiny gathering dense pits. As the globular reversed 
austenite had much fewer dislocations and low-angle misorientations, it 
possessed higher pitting corrosion resistance hence less pits initiated 
there, which was also reported by Lei et al. [51]. Although the 
nano-sized fragmented complex sulfide inclusions in the FSed 17–4PH 
coatings were dissolved into the martensitic matrix after H900, this 
dissolution did not effectively improve the pitting corrosion resistance, 
as the size of fragmented inclusions (50 nm) was originally much 
smaller than the critical size (0.7 µm). Thus, the detrimental effect 
induced by the dislocations and micro-strain increment during H900 
treatment governed the pitting corrosion resistance of the FSed 17–4PH 
with H900, as confirmed by lower Ep (+334.2 mVSCE vs +355 mVSCE) 
and higher Icorr (166.4 nA/cm2 vs 85 nA/cm2) than those of the FSed 
17–4PH coatings (Fig. 10 and Table 1). Although the pitting corrosion 
resistance of the FSed 17–4PH coating after H900 was decreased, it was 
still higher than that of the AISI 304 substrate, as confirmed by the 
higher Ep (334.2 mVSCE vs 124.6 mVSCE) and Epp (20 mVSCE vs 
− 145.4 mVSCE) (Fig. 10 and Table 1). 

From the results of potentiostatic polarization in the 3.5 wt% NaCl 
solution, the FSed 17–4PH coatings after H900 possessed higher meta-
stable pits occurrence (Fig. 12a), i.e. more pits were generated on the 
coating surface due to reduction in passive film stability [33]. H900 
treatment eliminated the nano-sized fragmented sulfide inclusions 
(common initiation sites of metastable pits) and induced more 
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dislocations in the martensitic matrix. Although the elimination of 
fragmented sulfide inclusions conduced to the reduction of metastable 
pit initiation, increase in dislocation density after H900 was a dominant 
factor leading to the reduction in passive film stability of the FSed 
17–4PH coatings. It is also noticed that the distribution of metastable 
pits in the FSed coating was closer to the normal distribution after H900 
owing to elimination of fragmented inclusions. Moreover, the median 
values of growth rate, repassivation rate, metastable pit radius and 
stability product were increased after H900, implying the increment of 
dislocation density in the martensitic matrix accelerated the develop-
ment of metastable pits and facilitated the transition of metastable pits 
to stable ones. The pitting corrosion resistance of the FSed 17–4PH 
coating after H900 was reduced because the high dislocation density 
lowered the stability of the passive film and promoted the development 
of metastable pits to stable pits. This is in accord with the finding of 
Nakhaie and Moayed [18], who claimed that the deformation increment 
from cold rolling increased the transition probability from metastability 
to stability for the 17–4PH in the 3.5 wt% NaCl solution. However, 
Nakhaie and Moayed also concluded that the deformation from cold 
rolling could reduce the metastable pit occurrence, which was not ac-
curate enough, as the size of the sulfide inclusions after cold rolling 
(1 µm) was still larger than the critical value (0.7 µm) in their study. In 
the present study, the unique structures of the FSed 17–4PH coatings 
after H900 (the sulfide inclusions were eliminated) suppressed the 
interference from the sulfide inclusions, and demonstrated that the 
dislocation density increment promoted the initiation of metastable pits 
for the 17–4PH in the 3.5 wt% NaCl solution. 

5. Conclusions 

In this study, the pitting corrosion behavior of the AR 17–4PH, FSed 
17–4PH coatings without and with post-aging (H900) were examined by 
immersion test in concentrated Cl- solution and polarization tests 
(potentiodynamic and potentiostatic) in 3.5 wt% NaCl solution. Based 
on the results, the following conclusions were drawn:  

• The AR 17–4PH consumable rod was in over-aged condition. Its low 
pitting corrosion resistance was due to the presence of micro-sized 
complex niobium sulfide inclusions.  

• Improvement in pitting corrosion resistance of the FSed 17–4PH 
coatings was attributed to fragmentation of sulfide inclusions and re- 
dissolution of incoherent Cu precipitates in the AR 17–4PH after FS. 
Formation of vermicular δ-ferrite and grain refinement of the 
martensitic matrix around the δ-ferrite induced by the strain in-
compatibility of SPD affected the distribution of pits. The FS pa-
rameters such as rotation speed and processing speed had a 
negligible effect on the pitting corrosion resistance.  

• The pitting corrosion resistance of the STed 17–4PH after H900 was 
improved owing to the reduction in the size of sulfide inclusions. 
However, the large amount of dislocations formed after H900 low-
ered the pitting corrosion resistance the FSed 17–4PH coatings by 
promoting the initiation of metastable pits and facilitating the 
transition of metastable pits to stable ones.  

• The pitting corrosion resistance of AISI 304 could be effectively 
improved by applying FSed 17–4PH coatings on it. Although the 
pitting corrosion resistance of the FSed coating after H900 was 
slightly reduced, it was still much higher than that of AISI 304. 
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