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A B S T R A C T   

The cavitation erosion (CE) behavior of friction-surfaced (FSed) 17-4PH precipitation hardening stainless steel 
coatings without/with post-aging (H900) in 3.5 wt% sodium chloride solution at 25 ◦C was investigated. The 
FSed 17-4PH coatings were more CE resistant than the AISI 304 substrate by 1.35-fold owing to grain refinement, 
high dislocation density in martensite and increase in hardness. Despite crack initiation at the soft δ-ferrite, the 
surrounding refined grains of martensite (α’) retarded the growth of cracks during CE. Moreover, the initiation 
sites for CE including the sulfide inclusions and the incoherent copper precipitations in the AR 17-4PH, were 
fragmented and dissolved into the α’ matrix after FS. Thus, the synergistic corrosion effect was suppressed and 
beneficial to the CE resistance of the FSed coatings. The effect of FS processing parameters on the CE resistance of 
the FSed coatings was negligible. After H900, the CE resistance of the FSed coatings was further improved by 1.9- 
fold due to the effective hardness increment and the formation of reversed austenite.   

1. Introduction 

17-4PH (AISI 630) is a martensitic precipitation hardening stainless 
steel (PHSS) with good corrosion resistance and mechanical strength 
[1]. 17-4PH has been widely used for many marine applications 
including pressure piping valves, pump blades, compressor impellers, to 
name a few [2,3]. It possesses comparable pitting corrosion resistance, 
higher hardness and mechanical strength as compared with austenitic 
stainless steel (ASS) AISI 304 [1]. Moreover, precipitation hardening at 
482 ◦C for 1 h (H900) could improve the mechanical strength and 
hardness of 17-4PH [1,2,4]. So fabricating 17-4PH coatings on the AISI 
304 can improve the hardness while the pitting corrosion resistance can 
be maintained [5]. In addition to the resistance to pitting corrosion, 
durability of the hydraulic components and underwater impellers also 
depends on the resistance to cavitation erosion (CE) of the engineering 
alloys [6]. CE is regarded as a unique kind of erosion in a fluid caused by 
the formation and implosion of bubbles under pressure fluctuation. The 
repetitive collapse of the bubbles generates shock wave or micro-jet and 

leads to erosion and damage of the surface of the hydraulic components 
[7–9]. Hattori and Ishikura indicated that hardness played a crucial role 
on the CE resistance of the stainless steels [10], in addition to other 
mechanical properties such as strain energy [11], ultimate resilience 
[12] and so on. The stainless steels with higher CE resistance possessed a 
larger product of Vickers hardness (HV) and material factor (Fmat). Fmat 
is defined as the ratio of surface hardness after and before CE test [10]. 
Although the Fmat of 17-4PH (1.1) is smaller than that of AISI 304 (1.7), 
the hardness of 17-4PH (345–411 HV) is high enough to generate a 
larger product and hence the CE resistance is higher than that of AISI 
304 (178 HV) [10]. Then, a 17-4PH coating fabricated on the AISI 304 
substrate is a feasible route for enhancing the CE resistance. 

It was reported that friction stir processing (FSP) of Mg with B4C with 
a double-pin tool could improve its hardness (117 HV) and wear resis-
tance due to higher dislocation density, finer B4C particles and grain 
structures in the Mg-B4C composite [13,14]. From the previous study of 
Guo's group [15], the hardness of the FSed 17-4PH coatings fabricated 
on AISI 304 (275 HV1) could be increased to 400 HV1. Their hardness 
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could be further enhanced to 456.2 HV1 after H900 aging. Thus, the CE 
resistance can be enhanced by fabricating the FSed 17-4PH coatings on 
the AISI 304 substrate with post-aging (H900). It was reported that the 
hardness of 17-4PH coatings fabricated by fusion was usually low (about 
300 HV1) because dislocation density in the martensitic matrix was low 
[16–18]. The powder-sintered specimens always have a large amount of 
δ-ferrite [19,20] which is a soft phase formed at elevated temperature 
[21]. In contrast, the high dislocation density in the martensitic matrix 
of the FSed 17-4PH coatings could enhance the hardness as evidenced by 
the transmission electron microscope (TEM) study [15]. Mitelea et al. 
indicated that CE started at the δ-ferrite in 17-4PH [22] and Santa et al. 
reported that a high volume fraction of δ-ferrite was detrimental to CE 
resistance of various stainless steels [8]. 

Although only 2% δ-ferrite was present in the FSed 17-4PH coatings 
[15], the cracks from δ-ferrite could induce stress concentration [23] 
which was detrimental to its CE resistance as well. On the other hand, 
many researchers indicated the martensitic transformation of austenite 
during CE is beneficial to the improvement in CE resistance [7,8]. More 
globular reversed austenite formed in the FSed 17-4PH coatings after 
H900 was because of the existence of δ-ferrite [15]. Thus, the detri-
mental effect of δ-ferrite on CE resistance will be compensated by 
martensitic transformation of the reversed austenite in the FSed 17-4PH 
coatings after H900 leading to a more complicated CE mechanism. In 
addition, Kwok and his co-workers reported the synergism between 
mechanical erosion and electrochemical corrosion was negligible in AISI 
304 and 316 L ASSs [24]. In contrast to AISI 304 and 316 L, the niobium 
sulfides inclusions and soft incoherent copper precipitates in the as- 
received (AR) 17-4PH [15] might trigger the synergistic effect. How-
ever, the CE behavior of the FSed 17-4PH coating without/with post- 
aging is not found in the literature. Thus, the objective of this study is 
to verify the feasibility of applying the FSed 17-4PH coatings on the AISI 
304 substrate for mitigating CE. The FSed 17-4PH coatings without/ 
with H900, AR 17-4PH and AISI 304 substrate were tested by the CE and 
nano-indentation tests. The CE mechanisms were also investigated. 

2. Materials and experimental methods 

The AR 17-4PH consumable rod with diameter of 14 mm was FSed 
on the AISI 304 substrate with dimensions of 100 × 50 × 6 mm3 using a 
commercial friction stir welding machine (FSW-TS-M16, China FSW 
Center). Their nominal compositions are shown in Table 1. Two FSed 
coatings were processed under different spindle speeds and translational 
speeds as shown in Table 2. Prior to aging at 482 ◦C for an hour (H900), 
AR 17-4PH was solution-treated (STed) at 1050 ◦C for an hour for 
comparison purpose. As both FSed 17-4PH coatings possessed similar 
microstructure and hardness, the wider and thicker one (processed at 
1500 rpm; 200 mm/min) was selected for H900 [15]. 

An abrasive cutter (AbrasiMatic 300, Buehler) was used to cut 
specimens into small pieces. 9-μm, 3-μm and 1-μm monocrystalline 
diamond suspensions (MetaDi Combo, Buehler) and 0.02-μm colloidal 
silica suspension (MasterMet, Buehler) were consecutively used to pol-
ish the cross-sections of the consumable rods (cut along RD) and the 
coating surfaces (0.2 mm beneath the as-fabricated coatings). Nano- 
indention test was conducted at the surfaces of the specimens for 
measuring their mechanical properties before CE test. The nano- 
indentation test was conducted using a nano-indentor (Nano-
mechanics, iNano) with a 50 mN peak load before unloading and a 
loading time of 30 s. 

The CE tests for the specimens were carried out using an vibratory 

sonicator in unattachment mode according to ASTM G32-10 [25] 
(Fig. 1a). The vibration frequency and the peak-to-peak amplitude were 
20 ± 0.5 kHz and 30 ± 2 μm respectively. The clearance between the 
replaceable vibratory tip and the specimen was 0.5 ± 0.02 mm. The 
specimen was fixed on the Teflon holder with two nylon screws. An 
electronic water bath was used to maintain the temperature of the 3.5 wt 
% sodium chloride solution in a beaker at 25 ± 1 ◦C. From Fig. 1b, the 
diameter of the Ti6Al4V vibratory tip was 13 mm, and the distance 
between the fastening slots was 9 mm giving an effective area of 1.06 
cm2. In order to adapt the effective area of vibratory tip, the AISI 304 
plate substrate (Fig. 1c), AR 17-4PH consumable rod (without/with 
H900, cut along RD) (Fig. 1d) and FSed 17-4PH coatings (without/with 
H900 along ND) (Fig. 1e) were cut and then polished to a mirror-like 
surface. The surface morphologies and mass losses of the eroded speci-
mens were recorded in every 20 min in the first-hour test, every 30 min 
from the first to second hours, and every hour until 20 h. A tungsten 
filament SEM (S-3400 N, Hitachi) was used for observing the eroded 
morphology. A digital balance (ABJ 220-4 M, Kern) with 0.1 mg preci-
sion was used for measuring mass loss. The mean erosion rate (MER, 
μm/h) was calculated according to in Eq. (1): 

MER =
Δm

10ρAΔt
(1)  

where Δm is the mass loss (mg) during specific cavitation period (Δt in 
hr), ρ represents the density of the specimens (AISI 304: 7.98 g/cm3 and 
17-4PH: 7.93 g/cm3) [10], and A is the eroded area in cm2. At least three 
CE tests were done for each specimen. Moreover, the topographies of the 
specimens eroded for 1, 3 and 5 h were measured by an atomic force 
microscope (AFM, Park XE7). In addition, the evaluation of strain- 
induced martensitic transformation was performed by comparing the 
X-ray diffraction (XRD) patterns before and after the 20-h CE test using a 
X-ray diffractometer (MiniFlex 600, Rigaku) with Cu Kα radiation at 20 
kV and 40 mA. 

3. Results 

3.1. Microstructure 

According to the reported microstructural analysis [15], the AR 17- 
4PH consumable rod was over-aged with some micro-metric niobium 
sulfide inclusions in the martensitic matrix (Fig. 2a). From the TEM 
micrograph (Fig. 2b), the precipitates of 25-nm incoherent copper 
(indicated by white arrows) and 50-nm CrN (indicated by black arrows) 
were randomly dispersed in the martensitic matrix. After FS, the 
martensitic grains were refined under severe plastic deformation (SPD) 
with the formation of 2.7% δ-ferrite (Cr-rich and Ni-deficient) and 0.2% 
retained austenite (Fig. 2c). From Fig. 2d, the micro-metric niobium 
sulfide inclusions in the AR 17-4PH were fragmented to 50 nm (black 
arrow) after FS, and more dislocations could be observed in the 

Table 1 
Nominal compositions of the17-4PH consumable rod and AISI 304 substrate.  

Composition (wt%) Fe Cr Ni Cu Mn Nb Si C S P 

AISI 304 Bal.  18.11  10.05  0  1.71  0  0.73  0.05  0.03  0.036 
17-4PH Bal.  15.56  4.74  3.21  0.34  0.24  0.3  0.04  0.01  0.02  

Table 2 
FS processing parameters for the FSed 17-4PH coatings.  

Processing parameters Spindle speed 
(rpm) 

Translational speed 
(mm/min) 

FSed 17-4PH 
(1500 rpm; 200 mm/min)  

1500  200 

FSed 17-4PH 
(2000 rpm; 400 mm/min)  

2000  400  
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martensite. From Fig. 2e, 4.8% reversed austenite is formed in the 
martensitic matrix of the STed 17-4PH after H900, and the micro-metric 
niobium sulfide inclusions is still present. Compared with the AR 17-4PH 
(Fig. 2b), more dislocations are present in the STed 17-4PH after H900 
(Fig. 2f), and the nano-metric copper and CrN precipitates are elimi-
nated. Higher content of reversed austenite (9.1%) is found in the FSed 
17-4PH coatings after H900 (Fig. 2g). The fragmented nano-metric in-
clusions in the FSed 17-4PH coatings (Fig. 2d) were dissolved in the 
martensite with higher dislocation density after H900 (Fig. 2h). 

3.2. Nano-indentation 

Fig. 3a displays the plots of load (P) vs displacement (h) of various 
specimens obtained by nano-indentation tests. The displacement of the 
AISI 304 substrate was the largest among all specimens indicating that 
the largest total work (Wt) (Fig. 3b) was ascribed to its lowest hardness 
(Fig. 3c). It is well known that 17-4PH is harder than AISI 304 [1]. In the 
present finding, the difference between Wt of the AR 17-4PH and AISI 
304 substrate was so small and inconsistent with Peng's finding [26]. 
Since many misorientations were introduced in the AISI 304 substrate 
during cold rolling, a peak hardness has been achieved after cold 
working, while the AR 17-4PH has been over-aged with the lowest 
hardness [15]. 

The ductility indice of the specimens, defined as the fraction of 
irreversible work to total work (Wir/Wt) [27], and the fraction of 
reversible work to total work (We/Wt) (i.e. the index of elasticity) are 
shown in Fig. 3a and d respectively. This is the same as the physical 
plasticity (δH) proposed by Milman et al. [28,29]. The hardness of the 
AISI 304 substrate is the lowest (Fig. 3c) and its ductility (Wir/Wt) is the 
highest (Fig. 3d). From Fig. 3c, the hardness of the FSed 17-4PH coatings 
is increased as reflected by decrease in Wir/Wt and increase in We/Wt. 

The influence of the FS parameters on the hardness and ductility of the 
FSed coatings was insignificant. Moreover, H900 aging treatment could 
further improve the hardness but reduced the ductility of the AR 17-4PH 
and FSed 17-4PH coatings effectively. At the same time, the fraction of 
reversible work was increased implying the storing capacity of elastic 
energy has been enhanced by H900 aging [30]. Although the FSed 
coating after H900 is harder than the STed 17-4PH after H900 (6.01 vs 
5.63 GPa), the effect of H900 on the hardness improvement in the FSed 
coating (6.01–5.21 = 0.8 GPa, Fig. 3c) is less significant than in AR 17- 
4PH (5.63–4.44 = 1.19 GPa). 

3.3. Cavitation erosion 

3.3.1. Damage morphology 

3.3.1.1. AISI 304 substrate. The surface morphologies of the AISI 304 
substrate eroded for different time observed using SEM and AFM are 
shown in Fig. 4. To avoid CE fracture at grinding lines [31], the surfaces 
of the specimens were polished to be mirror-like as shown in Fig. 4a. The 
MnS inclusion with a micro-crack was observed on the surface of AISI 
304 substrate. After eroded for an hour, some undulations and slip lines 
were observed on the surface (Fig. 4b). The inner grains of the AISI 304 
substrate was plastically deformed towards the grain boundaries (GBs), 
where the deformed material accumulated as upheavals. Moreover, the 
detachment of MnS inclusion induced by the propagation of the micro- 
crack was observed as shown in in Fig. 4b (indicated by the black 
arrow). From Fig. 4c, the AFM image confirmed the presence of surface 
undulations, upheaval at GB with slip lines (white circle) and MnS 
detachment (white arrow). After eroded for 1.5 h, the degree of plastic 
deformation became more serious as evidenced by denser slip lines 
within the grains and larger surface undulations (Fig. 4d). The swelled 

Fig. 1. (a) Illustration of the setup for cavitation erosion test; (b) bottom view of vibratory tip; (c) AISI 304 substrate, (d) 17-4PH rod and (e) FSed coating after 
cavitation erosion test. 
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material at the GBs started to fracture and the micro-crack from MnS 
detachment was enlarged as a crater. After eroded for 2 h, more material 
at the GBs was fractured as the craters (black arrows), and some cracks 
(white arrows) were observed at the GBs (Fig. 4e). Those cracks and 
craters started to coalesce and left the original grains as islands on the 
sample surface. As the incubation period was characterized as the 
plastically deformed material with negligible mass loss [7,32], the in-
cubation period of the AISI 304 substrate was about 1.5 h as the craters 
began to form. After eroded for 3 h (Fig. 4f), the sample surface was 
completely damaged with enlarged cracks and craters. Some fatigue 
striations were observed in the crater (indicated by black arrows), 
demonstrating the mechanism of CE was related to fatigue [30,32]. The 
grains of the AISI 304 substrate started to detach integrally leading to 
the formation of huge craters as shown in Fig. 4f (indicated by the white 
arrow). The surface roughness increased dramatically as evidenced by 
the AFM image (Fig. 4g). From the surface roughness profiles at different 
exposure time to CE obtained using AFM (Fig. 4j), both the amplitude 
(Ymax and Ymin, ±1.3 μm) and the number of the craters of the AISI 304 
substrate eroded for 3 h increased as compared with the one eroded for 
1 h (±0.7 μm). After eroded for 5 h (Fig. 4h), the cracks penetrated 
deeper, and the surface became rougher. Then CE of the sample surface 
was kept until 20 h (Fig. 4i). In addition to the craters formed from the 
detachment of larger integrated grains, the average size of the debris 
detached from the surface of the AISI 304 substrate was about 9.6 μm. It 
was confirmed by the larger undulation (±2.5 μm) as shown in the 

surface roughness profile (Fig. 4j). 

3.3.1.2. As-received 17-4PH consumable rod. Fig. 5 shows the surface 
appearance of the AR 17-4PH after CE at different time. Before the CE 
test, a niobium sulfide inclusion was found on the polished surface of the 
AR 17-4PH as shown in Fig. 5a. After eroded for 1 h, some upheavals 
formed on the lathy GBs, and some micro-cracks induced by the 
detachment of inclusion were observed as shown in Fig. 5b (indicated by 
the white arrow). Moreover, a few of fracture cracks present at the GBs 
are indicated by the black arrows. The AFM image (Fig. 5c) and the 
surface roughness profile (Fig. 5n) confirmed the existence of plastically 
deformed undulation on the specimen surface after eroded for 1 h. 
Compared with the AISI 304 substrate, more peaks and valleys were 
presented on the surface roughness profile of the AR 17-4PH eroded for 
1 h, and the undulation was slightly decreased to ±0.6 μm. Besides the 
cracks found in the AR 17-4PH after eroded for 1 h, many small pits with 
an average diameter of 0.25 μm were randomly dispersed in both inte-
rior lathy sub-grains and GBs as shown in Fig. 5d (indicated by the black 
arrows). After eroded for 1.5 h, the cracks at the GBs of the AR 17-4PH 
started to coalesce (Fig. 5e). More small craters could be observed near 
those cracks. These observations suggested the incubation period of CE 
was about 1.5 h. Compared with the AISI 304 substrate, no slip lines 
were found in the AR 17-4PH. Moreover, the small pits were enlarged at 
1.5 h as shown in Fig. 5f (indicated by the black arrows). Coalescent 
cracks were fully developed after eroded for 2 h (Fig. 5g). The small pits 

Fig. 2. (a) Phase map (with grain boundaries of martensitic matrix) and (b) bright field image (with Cu and Cr distribution) of the martensitic matrix of AR 17-4PH; 
(c) phase map (with Cr and Ni distribution) and (d) the bright field image of the martensitic matrix of FSed 17-4PH coating (1500 rpm, 200 mm/min); (e) the phase 
map and (f) the bright field image of the martensitic matrix of STed 17-4PH after H900; (g) the phase map and (h) the bright field image of the martensitic matrix of 
FSed 17-4PH coating (1500 rpm, 200 mm/min) after H900 [15]. 

Fig. 3. Load-displacement (P-h) indentation curves (a), total work (b), hardness (c) and irreversible (Wir) and reversible work (We) fraction (d) of AR 17-4PH, FSed 
17-4PH coatings under different parameters, STed 17-4PH after H900, FSed 17-4PH coating after H900 and the AISI 304 substrate. 
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Fig. 4. Surface morphologies of AISI 304 substrate after CE test for 0 h (a, with line scan of Mn and S), 1 h (b), 1.5 h (d), 2 h (e), 3 h (f), 5 h (h) and 20 h (i); surface 
morphologies measured by AFM of 304 substrate after CE test for 1 h (c) and 3 h (g); comparison of sectional profiles (j) at 0 h, 1 h, 3 h and 5 h along the white line 
extracted from AFM images. 
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became the micro-craters as indicated by the black arrows in Fig. 5h, 
which tended to coalesce leading to further material removal. In addi-
tion, the AR 17-4PH possessed much fewer fatigue striations (Fig. 5h) as 
comparing with the AISI 304 substrate (Fig. 4e, f). After eroded for 3 h 

(Fig. 5i), the detachment of integrated grains from the surface of the AR 
17-4PH caused deeper craters, but their average size was smaller than 
that from the AISI 304 substrate. In addition to the integrated grain 
detachments, it could be noticed that the small debris started to detach. 

Fig. 5. Surface morphologies of AR 17-4PH after CE test up to 0 h (a), 1 h (b)(d), 1.5 h (e)(f), 2 h (g)(h), 3 h (i), 4 h (k), 5 h (l) and 20 h (m); surface morphologies 
measured by AFM of AR 17-4PH after CE test up to 1 h (c) and 3 h (j); comparison of sectional profiles (n) at 0 h, 1 h, 3 h and 5 h along the white line extracted from 
AFM images. 
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The surface of the sample was eroded seriously, and the micro-craters 
have developed to a larger size as shown in Fig. 5i (indicated by the 
black arrows). From the AFM results (Fig. 5j and n), more undulations 
with some small fluctuations were observed, and the amplitude of sur-
face roughness profile was increased to ±1.75 μm. Then, the detachment 
of the integrated grains was reduced, and the debris detachment was 
promoted from 4 to 5 h CE (Fig. 5k and l), as evidenced by more small 
fluctuations and slightly increase in undulation (±2 μm) from the sur-
face roughness profile (Fig. 5n). After eroded for 20 h, the debris has 
detached with an average size of 5.4 μm as shown in Fig. 5m. 

3.3.1.3. FSed 17-4PH coatings. The surface morphologies of the FSed 
17-4PH coating (1500 rpm; 200 mm/min) eroded at different time are 
shown in Fig. 6. From Fig. 6a, no scratch lines or cracks were observed 
on the as-polished surface before CE. After eroded for 1 h, undulations 
and upheavals induced by plastic deformation could be found on the 
surface of the FSed coating (Fig. 6b). The materials swelled at the GBs 

are confirmed by the SEM micrograph at higher magnification (Fig. 6d) 
and AFM surface topography (Fig. 6c). Compared with the AR 17-4PH 
rod (±0.6 μm) (Fig. 5n), the amplitude of surface roughness profile of 
the FSed 17-4PH coating after eroded for 1 h is smaller (±0.3 μm) 
(Fig. 6n). Moreover, the small undulation between the peaks was 
attributed to the smaller grain size in the FSed 17-4PH coatings [15]. In 
addition, the small pits observed on the eroded surface of AR 17-4PH 
(Fig. 5d) were absent on the FSed 17-4PH coating (Fig. 6d). After 
eroded for 1.5 h, the swelled materials at the GBs of the FSed coating 
started to fracture as initial cracks (Fig. 6e). Some swelled materials 
were in vermicular shape corresponding to the δ-ferrites as shown in 
Fig. 6f (indicated by the black arrows). The initiation of cracks at the 
δ-ferrite and the delineated GBs of martensite developed to leave the 
original surface islands, and the coalescence of cracks occurred after 
eroded for 2 h (Fig. 6g), which was also the termination of incubation 
period. After eroded for 3 h, the FSed 17-4PH coating surface was 
severely fractured, although some locations were still remained intact 

Fig. 5. (continued). 
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Fig. 6. Surface morphologies of FSed 17-4PH coating fabricated at 1500 rpm 200 mm/min after CE test up to 0 h (a), 1 h (b)(d), 1.5 h (e)(f), 2 h (g), 3 h (h), 4 h (j), 5 
h (k), 7 h (l) and 20 h (m); surface morphologies measured by AFM of FSed 17-4PH coating after CE test up to 1 h (c) and 3 h (i); comparison of sectional profiles (n) 
at 0 h, 1 h, 3 h and 5 h along the white line extracted from AFM images. 
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(Fig. 6h). The debris detachment governed the erosion morphology 
which was confirmed by the AFM image (Fig. 6i). Some deep craters 
were enlarged by the stress concentration of the vermicular cracks 
(Fig. 6f) as shown in Fig. 6h (indicated by the white arrows). From 
Fig. 6n, the surface roughness profile of the FSed 17-4PH (±1 μm) was 
less undulated than that of the AR 17-4PH (±1.75 μm) (Fig. 5n). After 
eroded for 4 h, the debris was eroded from the surface which was 
completely deformed and widely developed with only a few of deep 
craters as depicted in Fig. 6j. Then the size of the debris from the surface 
was about 4.9 μm after eroded for 5 and 7 h as shown in Fig. 6k and l 
respectively. Until eroded for 20 h (Fig. 6m), severe surface damage was 
evidenced by deeper depressed regions (white arrows). After eroded for 
5 h, the surface roughness of the FSed 17-4PH coating was lower than 
that of the AR 17-4PH (±1.3 μm vs ±2 μm) as shown in Fig. 6n. 

3.3.1.4. 17-4PH rod after H900. Fig. 7 shows the surface morphologies 
of the STed 17-4PH after H900 eroded at different time. Fig. 7a 

confirmed the absence of scratch lines and voids on its surface before the 
CE test. After eroded for 1 h, some upheavals started to swell at the lathy 
GBs of the STed 17-4PH after H900 (Fig. 7b). Few micro-voids induced 
by the detachment of inclusions could be observed as shown in Fig. 7d 
(indicated by the black arrow). From the AFM image as shown in Fig. 7c, 
the undulations started to form on the specimen surface after eroded for 
1 h, and there were some tiny protrusions as indicated by the black 
arrow. They are regarded as the tiny upheavals at the triple points of 
specimen surface indicated by the white arrows as shown in Fig. 7d. 
From Fig. 5d, the small pits observed in the AR 17-4PH were not found in 
the STed 17-4PH after H900. From the roughness profiles of the surfaces 
(Fig. 7l), the AR 17-4PH possessed smaller undulation (±0.3 μm) after 
eroded for 1 h as compared to the AR 17-4PH (±0.6 μm) (Fig. 5n). After 
the specimen was eroded for 1.5 to 2 h (Fig. 7e and f), the undulations 
and upheavals has developed, and the swelled material at GBs started to 
fracture. Moreover, detached inclusions induced voids were enlarged 
and deepened under the CE impact as shown in Fig. 7f (indicated by the 

Fig. 6. (continued). 
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Fig. 7. Surface morphologies of STed AR 17-4PH after H900 after CE test up to 0 h (a), 1 h (b)(d), 1.5 h (e), 2 h (f), 3 h (g), 4 h (i), 5 h (j) and 20 h (k); surface 
morphologies measured by AFM of AR 17-4PH after H900 after CE test up to 1 h (c) and 3 h (h); comparison of sectional profiles (l) at 0 h, 1 h, 3 h and 5 h along the 
white line extracted from AFM images. 
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black arrows). After eroded 3 h, the swelled material at GBs fractured as 
cracks and these cracks started to coalesce (Fig. 7g). According to the 
undulations of the specimen, the dislodged debris left the rectangular 
marks on the surface as confirmed by the AFM iamge (Fig. 7h). 
Compared with the surface roughness profile of the AR 17-4PH after 
eroded for 3 h (Fig. 5n), the STed 17-4PH after H900 possessed smaller 
undulation, i.e. ±1 μm (Fig. 7l). After eroded for 4 h, the cracks at GBs 
have coalesced extensively, with fewer attacked grains remained, as 
depicted in Fig. 7i. At this moment, the end of incubation period has 
been reached. After eroded for 5 h (Fig. 7j), it was found that the original 
surface of the specimen were seriously damaged and the material 
removal relied on detachments of larger integrated grain (black arrows) 
and small debris (white arrow) and was resemble to that of the AR 17- 
4PH (Fig. 5l). The surface roughness of the eroded STed 17-4PH after 
H900 was increased to ±1.5 μm at 5 h (Fig. 7l) and was lower than that 
of AR 17-4PH (±2 μm). Then, the small debris detachment was domi-
nant over integrated grain detachments for the eroded STed 17-4PH 
after H900 for 20 h as depicted in Fig. 7k. The average size of de-
tached debris was about 4.4 μm. 

3.3.1.5. FSed 17-4PH after H900. The surface morphologies of the FSed 
17-4PH coating after H900 eroded for different time are shown in Fig. 8. 
Before the CE test, the specimen has been polished to mirror-like surface 
as shown in Fig. 8a. After eroded for 1 h, some undulations formed inside 
the grains, as confirmed by the small rectangular protrusions in the AFM 
image (Fig. 8b). From Fig. 8c and d, the specimen surface exhibited 
undulations and small upheavals at the GBs after eroded for 1 h. Similar 
to the STed 17-4PH after H900 (Fig. 7c), some swelled material at the 
triple points could be observed as shown in Fig. 8b (indicated by the 
white arrows). From the surface roughness profile (Fig. 8n), the FSed 
coating after H900 eroded for 1 h possessed smaller undulation (±0.2 
μm), as compared to one without H900 (±0.3 μm) (Fig. 6n). More GB 

upheavals existed on the specimen surface eroded for 1.5 h as depicted 
in Fig. 8e and f. The swelled material at the GBs aggravated but the 
fracture cracks have not fully formed after eroded for 2 h (Fig. 8g). From 
Fig. 8h, the rectangular debris detachments have been further developed 
with some triangle regions besides cracks after eroded for 3 h, which 
also increased the undulation to ±0.6 μm (Fig. 8n). After eroded for 3 h, 
the upheavals at GBs were fractured as micro-cracks as depicted in 
Fig. 8i. Coalescence of cracks was found in the specimen after eroded for 
4 h (Fig. 8j). After eroded for 5 h, although the debris detachments were 
revealed in the fracture surface, some grains were less affected as shown 
in Fig. 8k (indicated by the white arrows). Thus, the surface roughness of 
the FSed coating after H900 eroded for 5 h (Fig. 8n) was smaller (±1 μm) 
as compared to the one without H900 (±1.3 μm) (Fig. 6n). From the 
above observations, the incubation time of the FSed coating after H900 
was about 5 h, which was longer than those of other specimens. In 
contrast to the STed 17-4PH after H900, the large integrated grain de-
tachments did not appear on the FSed coating after H900 eroded for 20 
h, and the microstructure was dominant by the small debris detachment 
with an average size of 4 μm (Fig. 8l and m). 

3.3.2. Phase transformation after CE 
The XRD patterns of the FSed 17-4PH coatings without/with H900, 

AR 17-4PH and AISI 304 substrate before and after 20-h CE test are 
depicted in Fig. 9. From Fig. 9a-b, the diffraction peak of MnS of the AISI 
304 substrate disappeared after the CE test. Moreover, reduction in the 
intensity of the austenite (γ) peaks and increase in the intensity of 
martensite (α’) peaks reflecting martensitic transformation after CE. 

For the AR 17-4PH (Fig. 9c-d), the amount of manganic niobic sul-
fides inclusions encompassed by the martensitic matrix was reduced 
after the CE test as evidenced by the decrease in the intensity of the 
inclusion peaks. For the FSed 17-4PH coatings before the CE test, no 
inclusions were detected but there was a few of retained austenite in the 

Fig. 7. (continued). 
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Fig. 8. Surface morphologies of FSed 17-4PH coating (1500 rpm 200 mm/min) after H900 after CE test up to 0 h (a), 1 h (c)(d), 1.5 h (e)(f), 2 h (g), 3 h (i), 4 h (j), 5 h 
(k), 7 h (l) and 20 h (m); surface morphologies measured by AFM of FSed 17-4PH coating after H900 after CE test up to 1 h (b) and 3 h (h); comparison of sectional 
profiles (n) at 0 h, 1 h, 3 h and 5 h along the white line extracted from AFM images. 
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martensitic matrix (Fig. 9e and g). After the 20-h CE test, the intensity of 
the γ peak were much reduced (Fig. 9f and h) implying the occurrence of 
martensitic transformation during CE. From Fig. 9i, the existence of 
manganic niobic sulfide inclusions and reversed austenite in the STed 
17-4PH after H900 was confirmed according to the Electron Backscatter 
Diffraction (EBSD) results (Fig. 2) [15]. After eroded for 20 h, the 
amount of the sulfide inclusions and austenite was found to be reduced 
as evidenced by the decrease in their peak intensities (Fig. 9j). From 
Fig. 9k, some reversed austenite was detected without the inclusions in 
the FSed 17-4PH coating after H900. The reversed austenite was also 
transformed into martensite after the CE test (Fig. 9l). 

3.3.3. Surface roughness after CE 
The average surface roughness (Ra) of the eroded specimens in the 

early stage (up to 5 h) of the CE test is compared as shown in Fig. 10a. 
The surfaces of specimens were polished to be mirror-like with very 
small Ra circa 0.006 μm before the CE test. Then the Ra of all specimens 
were increased after the CE test. After eroded for 1 to 5 h, the values of 

Ra of the AISI 304 substrate are found to be the largest among the 
specimens and the Ra values of the FSed 17-4PH coatings are smaller 
than those of the AR 17-4PH and AISI 304. Influence of the FS param-
eters on the Ra of the FSed coatings after CE was inconspicuous. 
Nevertheless, H900 aging could reduce the Ra of the FSed 17-4PH 
coating and AR 17-4PH. Although H900 could further decrease the Ra 
of the FSed coatings after CE, it offered a smaller reduction in Ra as 
compared to the AR 17-4PH. 

3.3.4. Mass loss measurement 
The plots of mass loss vs exposure time for various specimens are 

depicted in Fig. 10b. The mass loss of the AISI 304 substrate was larger 
than that of the AR 17-4PH. The CE induced mass loss could be sup-
pressed after FS, as evidenced by the curves of the FSed 17-4PH coatings 
with smaller mass loss. The FS parameters do not affect the erosion loss 
of the FSed coatings. Compared to the AR 17-4PH without H900, the 
mass loss of the STed 17-4PH after H900 is much reduced. While the 
H900 treatment could further suppress the mass loss of the FSed 

Fig. 8. (continued). 
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coatings. The cumulative mass loss increases with the increase in surface 
roughness (Fig. 10a), as reported by Escobar and his co-workers [31]. 
Also, the incubation periods extracted from the mass loss-time curves for 
various specimens agree with the degree of deformation observed by 
SEM: 

AISI 304 substrate < AR 17-4PH < FSed 17-4PH coatings < STed 17- 
4PH with H900 < FSed 17-4PH coating with H900. 

Then, the mean erosion rate (MER, as shown in Fig. 10c) could be 
calculated from mass loss-time curves according to Eq. (1). The MER vs 
time curves were fitted as dash lines according to the following equation 

[33]: 

MER(t) = A
(
1 − e− Bt)+ABe− Brt − Ct (2)  

where A, B and C are constants. The maximum MER (MERmax) of the 
AISI 304 substrate was 2.7 μm/h, which was just a little bit larger than 
that of the AR 17-4PH (2.5 μm/h). Compared with the AISI 304 sub-
strate, the AR 17-4PH possessed longer incubation period which delayed 
the MER peak. Moreover, the steady MER of AR 17-4PH was smaller 
than that of the AISI 304 substrate. After FS, delay in the MER peak 
became more significant, as evidenced by the smaller MERmax value 

Fig. 9. XRD patterns comparisons of 304 substrate (a)(b), AR 17-4PH (c)(d), FSed 17-4PH coating under 1500 rpm 200 mm/min (e)(f), FSed 17-4PH coating under 
2000 rpm 400 mm/min (g)(h), STed 17-4PH after H900 (i)(j) and FSed 17-4PH coating after H900 (k)(l) before CE test (a)(c)(e)(g)(i)(k) and after CE test (b)(d)(f)(h) 
(j)(l). 
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(about 2 μm/h) and lower steady MER for the FSed 17-4PH coatings. The 
FS parameters had no influence on the MERmax for the different FSed 
coatings. Moreover, H900 aging could significantly reduce the MER of 
the FSed 17-4PH coatings and AR 17-4PH. The MERmax of the FSed 17- 
4PH coating after H900 and STed 17-4PH after H900 were reduced to 
1.05 and 1.4 μm/h respectively. Thus, FS could decrease the MERmax of 
the AR 17-4PH (from 2.5 to 2 μm/h, i.e. 20% reduction), and H900 was 
able to further reduce the MERmax of the FSed 17-4PH coating effectively 
(from 2 to 1.05 μm/h, i.e. 47.5% reduction). 

4. Discussion 

4.1. AISI 304 substrate and AR 17-4PH consumable rod 

Among all specimens, the CE resistance of the AISI 304 substrate is 
the lowest as evidenced by the largest roughness, the highest total mass 
loss after eroded for 20 h and MERmax (Fig. 10). The relation between the 
mass loss or MER and the surface roughness of the specimens was also 
reported by other researchers [23,31,32,34,35], because the surface 
morphology reflected the material detachment during CE. In the present 
study, roughness analysis mainly focused on the incubation period and 
the earlier stage of acceleration period using the sensitive AFM analysis. 

Fig. 9. (continued). 
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On the other hand, Hattori and Ishikura found a good correlation be-
tween hardness (H) and erosion resistance (ER = 1/MERmax) of various 
stainless steels (with correlation coefficient of 0.98) [10]: 

ER = 2.6× 10− 7 ×(H × Fmat)
2.4 (3)  

where H is the Vickers hardness of the specimen before CE, and the 
material factor (Fmat) is the ratio of Vickers hardness after CE to the 
Vickers hardness before the CE. Hattori and Ishikura reported that AISI 
304 possessed lower CE resistance, and its MERmax (4.3 μm/h) was 
higher than that of 17-4PH (2.5 μm/h) owing to its lower hardness (178 
HV for AISI 304 vs 345 HV for 17-4PH), although the Fmat of AISI 304 
was larger (1.7 for AISI 304 vs 1.1 for 17-4PH) [10]. From the plot of 
MER vs time (Fig. 10c), however, the MERmax of the AISI 304 substrate 
was only a bit larger than that of AR 17-4PH (2.7 vs 2.5 μm/h), as the 
hardness of the AISI 304 substrate has been improved effectively (to 275 
HV1) by cold rolling [15]. Many researchers reported that the MERmax of 
ASS could be decreased greatly by cold rolling, and the incubation 
period was prolonged as well [36–38]. It is well accepted that the in-
crease in hardness could increase the fraction of elastic work in the 
nano-indentation test (Fig. 3a) and more CE impact energy could be 
absorbed elastically, hence prolonged the incubation period [26,30,38]. 
On the other hand, the ductility index, defined as the irreversible work 
ratio in nano-indentation test, always represents the toughness of ma-
terials [27]. Compared with the large detachment from the integrated 

grains, fracture of the small debris during CE always increases with the 
reduction in toughness [27,36] or increase in elastic work leading to 
smaller MER [26]. As the irreversible work is always regarded as the 
major part in indentation work (Fig. 3a), normally the MER increases 
with the total work of nano-indentation test [27]. From Fig. 3a, the AISI 
304 substrate possessed the lowest hardness and elastic work ratio, and 
the highest total work and ductility index as compared with other 17- 
4PH specimens. Owing to the higher toughness, the AISI 304 substrate 
was plastically deformed by the shock wave caused by the collapse of the 
cavities, as evidenced by the obvious undulations and slip lines in the 
beginning of the CE test (Fig. 4). The swelled materials on GBs were 
easily fractured owing to the stress concentration effect [23,39]. The 
fractured crack grew and coalesced quickly resulted in a short incuba-
tion period. As the surface roughness increased, the stress concentration 
would further accelerate the growth of crack and induce integrated grain 
detachments with larger size, leading to the largest total mass loss and 
MERmax for the AISI 304 substrate (Fig. 10b and c). Moreover, as the 
repetitive impacts of imploding cavities during CE cause fatigue loading, 
the CE always regards as a low-cycle fatigue phenomenon [30,38]. Thus, 
the fatigue striations frequently appeared around the cracks and de-
tachments of the AISI 304 substrate, which agreed with the observation 
by Selvam et al. [24] and Hajian et al. [30,32]. In addition, owing to the 
toughness reduction induced by martensitic transformation, the debris 
fracture appeared on the eroded AISI 304 substrate beyond the accel-
eration period led to the decrease in MER after 7 h (Fig. 10c). The 

Fig. 10. Comparisons of surface roughness within the incubation period (a), plot of cumulative mass loss vs time (b) and plot of mean erosion rate vs time (c) of AR 
17-4PH, FSed 17-4PH coatings under different parameters, STed 17-4PH after H900, FSed 17-4PH coating after H900 and AISI 304 substrate. 
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martensitic transformation was confirmed by the XRD patterns before 
and after the 20-h CE test (Fig. 9a and b). As a deformation process, the 
strain in CE induces martensitic transformation in the ASSs. The strain- 
induced martensitic transformation absorbs considerable amount of 
impact energy from the collapsed cavities, resulting in the decrease in 
crack generation and propagation hence CE resistance increases 
[7,23,40]. The stability of austenite could be evaluated by nickel 
equivalent (Nieq) [10]: 

Nieq = Ni+ 0.65Cr+ 0.98Mo+ 1.05Mn+ 0.35Si+ 12.6Cwt% (4) 

If 16 < Nieq < 26, the austenite is metastable [10] and can transform 
to martensite during CE. The Nieq of the AISI 304 substrate is 24, so its 
martensitic transformabilty during CE is beneficial to its CE resistance. 

As the 3.5 wt% NaCl solution is corrosive, the synergistic interaction 
between mechanical erosion and electrochemical corrosion during CE 
test should be considered. Normally, the corrosion and cavitation- 
erosion synergism play a negligible role for the stainless steels [24]. 
From Table 3, the CR values were much lower than the MERmax. During 
the growth of the metastable pit in quiescent Cl− solution, the pit mouth 
was covered by a perforated cover, which provided an additional barrier 
to maintain the local acidified anolyte with high Cl− concentration 
induced by metal cations hydrolysis at the interior of pits [41,42]. 
During CE, the stirring turbulent flow will rupture the perforated cover 
and dilute the interior anolyte, then the metastable pit growth is 
retarded and the repassivation will be easier to occur, as evidenced by 
the increase in Ep and Epp under cavitation [9]. Thus, CE can prohibit 
pitting to occur. However, the existence of sulfide inclusions and in-
termetallics may induce considerable synergistic effect [9,24]. As the 
AISI 304 substrate was eroded for 1 h, the MnS inclusions in the AISI 304 
substrate started to detach from its surface (Fig. 4b). Since the potential 
limit for the MnS inclusions was − 100 mVSHE (or − 342 mVSCE) [43], 
which is more active than the corrosion potential of the AISI 304 sub-
strate (Ecorr = − 207 mVSCE) [5]. So the MnS started to dissolve even at 
the open circuit potential during the CE test. Under repetitive CE attack, 
the MnS inclusions were easily detached and small craters were left on 
the surface. More material loss occurred at the proximity with the aid of 
stress concentration. Thus the MnS peak was absent in the XRD patterns 
of the AISI 304 substrate after eroded for 20 h (Fig. 9b). Hence, the 
lowest CE resistance of the AISI 304 substrate is mainly due to its lowest 
hardness, secondly, removal of MnS inclusions through the synergistic 
effect of mechanical erosion and corrosion. 

The AR 17-4PH is more CE resistance than the AISI 304 substrate as 
evidenced by lower surface roughness, lower total mass loss and lower 
MERmax (Fig. 10). Although the hardness of the AR 17-4PH is not high 
under the over-aged condition, it is still harder than the AISI 304 sub-
strate owing to its lathy martensitic structure [15]. With the increase in 
We/Wt but decrease in Wir/Wt as compared with the AISI 304 substrate, 
it was more difficult to deform the AR 17-4PH plastically by CE impact 

resulting in a longer incubation period. The fatigue striations and slip 
lines seldom appeared on the surface of the AR 17-4PH, and more 
fractured debris (with size 5.4 μm) was observed with the detachment of 
lathy martensite grains (Fig. 5). Thus, the AR 17-4PH was more CE 
resistant than the AISI 304 substrate. From Fig. 2, there is no retained 
austenite in the lathy martensitic matrix of the AR 17-4PH hence 
martensitic transformation is impossible to occur. According to the 
surface morphology (Fig. 5b) and the XRD patterns (Fig. 9c and d), 
detachments of manganic niobic sulfide inclusions caused by corrosion- 
induced erosion can be observed in the AR 17-4PH. In addition, the 
widely distributed incoherent copper precipitates in the AR 17-4PH are 
detrimental to its CE resistance as well. As these incoherent over-aged 
copper precipitates are soft [44], they were easily fractured by the 
cavitation impact with the aid of micro-galvanic effect between the 
copper precipitates and surrounding martensitic matrix [45]. From 
Fig. 5d, f and h, the widely distributed tiny pits formed within the in-
cubation period were grown into craters quickly under stress concen-
tration. The adjoining craters were coalesced together to induce more 
material loss resulting in a low CE resistance of the AR 17-4PH. 

4.2. FSed 17-4PH coatings 

The hardness of the FSed 17-4PH coatings was higher than that of AR 
17-4PH (Fig. 3c) due to dynamic recrystallization (DRX) induced 
refinement of prior austenite grains and the increment of tangled dis-
locations followed by martensitic transformation during FS [15]. During 
friction stir processing (FSP) of ASS [32] and DSS [31] without 
martensitic transformation, the hardness of the FSPed surface always 
increases (increment in hardness around 150 HV), since the austenite 
(ferrite) grains are refined by DRX. According to the Hall-Petch equa-
tion, smaller the grain size, harder the material [46]. In the present 
study, DRX refined the prior grains of the austenite in the FSed 17-4PH 
coatings, then the martensite grains were formed after cooling, and the 
hardness of the coatings was increased. In contrast to the annihilation of 
dislocations in the over-aged AR 17-4PH (Fig. 2b), the number of dis-
locations in the FSed 17-4PH coatings was significantly increased 
(Fig. 2d). The enhanced hardness of the FSed 17-4PH coating was pre-
dominantly due to the high dislocation density while the grain refine-
ment was not obvious (Fig. 2a, c). From Fig. 3, the increase in hardness 
and elastic work fraction for the FSed 17-4PH coatings prolonged the 
incubation period, and the reduction in ductility index retarded the 
formation of slip lines and facilitated smaller size debris fracture (4.9 
μm) as evidenced by the eroded surface morphologies (Fig. 6). 
Compared with the AR 17-4PH, the higher CE resistance of the FSed 17- 
4PH coatings was reflected by lower surface roughness, lower total mass 
loss after 20 h and smaller MERmax (Fig. 10). It is noticed that the two 
FSed 17-4PH coatings processed with different FS parameters have 
similar CE resistance (Fig. 10b-c). The presence of martensite was the 
dominant factor contributed to hardness improvement, although the 
FSed 17-4PH coating processed at a higher spindle speed (2000 rpm) 
had a slightly elongated martensitic matrix [15]. However, it contained 
a small amount of vermicular δ-ferrite (1.8–2.7%) (Fig. 2c). The δ-ferrite 
is always regarded as the weak site for initiation of cavitation attack, as 
it is much softer than the surrounding martensitic matrix [21,22]. From 
the eroded surface morphologies of the FSed 17-4PH coating (Fig. 6f and 
h), the vermicular δ-ferrites were eroded as cracks first, and then the 
cracks propagated deeply under the stress concentration. During FS, the 
martensite grains around δ-ferrite were refined by the strain in-
compatibility of SPD [15]. Due to the increased hardness and local 
strength of refined grains of the martensite around the δ-ferrite, devel-
opment of vermicular cracks tends to be suppressed. It compensates 
some detrimental effects of vermicular δ-ferrites during CE. From Fig. 9e 
and g, the FSed 17-4PH coatings possess very low content of retained 
austenite (0.2%) (Fig. 2c). The metastable retained austenite (Nieq = 16) 
was easily transformed to martensite during CE, as reflected by the 
absence of the austenite peaks in the XRD patterns of the FSed 17-4PH 

Table 3 
Corrosion rate (CR) [5], maximum mean erosion rate (MERmax) and normalized 
erosion resistance (with respect to AISI 304) of AR 17-4PH, FSed 17-4PH coat-
ings, STed 17-4PH after H900, FSed 17-4PH coating after H900 and AISI 304 
substrate.   

AR 
17- 
4PH 

FSed 
17-4PH 
(1500 
rpm; 
200 
mm/ 
min) 

FSed 
17-4PH 
(2000 
rpm; 
400 
mm/ 
min) 

STed 
17-4PH 
(H900) 

FSed 
17-4PH 
(H900) 

AISI 
304 

CR (μm/h) [5] 1.8 ×
10− 4 

9.7 ×
10− 5 

1.1 ×
10− 4 

2.2 ×
10− 4 

2.1 ×
10− 4 

1.5 ×
10− 4 

MERmax (μm/ 
h) 

2.5 2 2 1.4 1.05 2.7 

Normalized CE 
resistance 

1.1 1.35 1.35 1.9 2.6 1  

D. Guo et al.                                                                                                                                                                                                                                     



Surface & Coatings Technology 434 (2022) 128206

19

after CE for 20 h (Fig. 9f and h). Although some cavitation energy was 
absorbed through martensitic transformation during CE, the corre-
sponding improvement in CE resistance was negligible owing to the 
small amount of retained austenite. In addition, the manganic niobic 
sulfide inclusions in the AR 17-4PH have been fragmented to be nano- 
metric, and also the uniformly distributed soft incoherent copper pre-
cipitates have dissolved into the martensitic matrix after FS (Fig. 2c-d). 
Hence, the adverse effects caused by the sulfide inclusions and inco-
herent copper precipitates could be avoided, which were beneficial to 
enhance the CE resistance of the FSed 17-4PH coatings. Many re-
searchers pointed out the CE resistance of FSPed stainless steels 
increased with the decrease in grain size. On the one hand, grain re-
finements after FSP or FS can improve the mechanical strength (i.e. 
hardness), the plastic deformation and strain hardening in the grains 
also make them possessing higher ability to absorb the energy from 
shock waves during CE. On the other hand, grain refinement made the 
grain detachment less serious [30,31]. However, as the grain refinement 
in the FSed 17-4PH coatings was not so obvious [15], the improvement 
of CE resistance is mainly contributed by the dislocation density incre-
ment in the martensitic matrix for the FSed 17-PH coating. 

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

In accordance to the literature [26,47], the improved hardness of the 
STed 17-4PH after H900 was attributed to the increase in dislocation 
density and micro-strain during the coherent precipitation of copper in 
the early stage, together with the increase in We/Wt and decrease in 
ductility index (Wir/Wt) as shown in Fig. 3d. Then, the absorbing ca-
pacity of elastic energy of CE was increased but the toughness was 
decreased. The incubation period became longer, and the debris fracture 
governed the detachment structure with smaller average size of 4.4 μm 
(Fig. 7k), although a few of large detachments of lathy martensite grains 
were observed. The striations and slip lines were absent on the eroded 
surface of the STed 17-4PH after H900, which agreed with the finding of 
Peng et al. [26]. It was found that H900 treatment could strengthen 17- 
4PH and decrease its fracture toughness, so the crack growth rate 
increased during the low-cycle fatigue test [48,49]. Owing to the high 
hardness and low toughness of STed 17-4PH after H900, there are a few 
swelled materials at the GBs. The erosion fracture started at the up-
heavals of the triple junctions of the grains which are the stress con-
centrators owing to the differences between the Taylor factors in 
surrounding grains [32]. Thus, the CE resistance of AR 17-4PH was 
effectively enhanced after H900 due to the decrease in the surface 
roughness, total mass loss and MERmax (Fig. 10). From the microstruc-
ture analysis [15], the STed 17-4PH after H900 possessed 4.81% acic-
ular reversed austenite (Fig. 2e), which was transformed to martensite 
during CE, as evidenced by the XRD patterns before and after the CE 
tests as depicted in Fig. 9i-j. Some cavitation energy was consumed 
during martensitic transformation, which is favorable for enhancing CE 
resistance. However, the AISI 304 substrate possessed 100% austenite 
with higher stability (Nieq = 24) as compared with AR 17-4PH after 
H900 (4.81% reversed austenite with Nieq=16). Compared with STed 
17-4PH after H900, martensitic transformation is dominant in the AISI 
304 substrate for improving its CE resistance. In fact, the strain-induced 
transformed martensite needs more space to accommodate its volume 
expansion from austenite, as reported by Hidalgo et al. [50]. Compared 
with the AISI 304 substrate, there is less space for the martensite in the 
STed 17-4PH after H900 to accommodate the volume expansion of the 
martensitic transformation from the acicular austenite. During H900, 
the space around acicular austenite has already been consumed by the 
volume expansion of the martensite induced by the early stage of copper 
precipitation with much more dislocations and micro-strain [15]. 
Compared with the AISI 304 substrate, the martensitic transformation in 
the STed 17-4PH after H900 may consume more CE impact energy. In 
addition, as the incoherent soft nano-metric copper precipitations in the 
AR 17-4PH were dissolved into the martensitic matrix after ST and then 

H900 (Fig. 2f), their detrimental effects on CE resistance were elimi-
nated. From the XRD patterns (Fig. 9c and i), the sulfide inclusions of the 
STed 17-4PH after H900 were reduced, but the effect of inclusions still 
existed as evidenced by detachment of inclusions (Fig. 2e and 7d) and 
decrease in the peak intensity of the inclusions (Fig. 9j). Owing to the 
existence of acicular austenite and the hardness improvement in the 
STed 17-4PH after H900, the detrimental effect of the inclusions was less 
significant, and its CE resistance has been improved. 

The FSed 17-4PH coating after H900 has the highest hardness and 
We/Wt, and the lowest ductility index Wir/Wt (Fig. 3), owing to the DRX 
induced grain refinement, pre-existing tangled dislocations in the FSed 
coatings and the increment of dislocations and micro-strains from early 
stage of coherent copper precipitates during H900 (Fig. 2h). The incu-
bation period was further prolonged, and the material were fully frac-
tured and detached as the debris with the smallest size of 4 μm from the 
eroded surface of the FSed 17-4PH coating after H900 (Fig. 8). The 
surface undulation was very small, and the swelled materials formed on 
the GBs with few corner upheavals. Moreover, the development of 
coalescence of fractured cracks was the slowest as compared with other 
specimens. From the AFM images as shown in Fig. 8h, some triangular 
regions formed by the rectangular debris are due to coalescence of 
cracks. Although the triangular regions are regarded as one of the 
characteristics of transformation of ε-martensite [8,40], this speculation 
was excluded as there was no peaks of ε-martensite in the XRD patterns 
of the eroded FSed coating after H900 (Fig. 9l). Thus, the surface 
roughness, total mass loss and MERmax of the FSed 17-4PH coating after 
H900 were the lowest (Fig. 10). As the martensitic matrix of the FSed 17- 
4PH coating after H900 was harder than that of the coating without 
H900, the propagation of cracks that initiated at vermicular δ-ferrite was 
suppressed effectively. Moreover, from the microstructural analysis in 
the previous study [15], the FSed 17-4PH coating after H900 had more 
diffusion-induced globular reversed austenite (9.15%) as compared to 
the STed 17-4PH after H900 (Fig. 2e and g). The corresponding 
martensitic transformation according to the XRD patterns (Fig. 9k and l), 
could absorb more impact energy during CE. On the other hand, as the 
martensite of the FSed 17-4PH coating after H900 contained more dis-
locations than the STed 17-4PH after H900 (Fig. 2f and h). More impact 
energy should be consumed to overcome the larger suppression effect 
for accommodating the volume expansion of martensitic transformation 
during the CE of the FSed 17-4PH coating after H900. Thus, the 
martensitic transformation contributes more on the improvement in the 
CE resistance of the FSed 17-4PH coating after H900. In addition, as the 
fragmented nano-metric sulfide inclusions in the FSed 17-4PH coatings 
has been dissolved into the martensite during H900, as confirmed by the 
TEM studies (Fig. 2d and h), the detrimental effect of the inclusions of 
the FSed 17-4PH coating after H900 is absent during the CE. From 
Fig. 10, the CE resistance of the FSed 17-4PH coatings has been further 
enhanced by H900. It is also noticed that the improvement in CE resis-
tance of the STed 17-4PH after H900 (ΔMERmax = 2.5–1.4 μm/h = 1.1 
μm/h) was more effective than that of the FSed coatings (ΔMERmax =

2–1.05 μm/h = 0.95 μm/h), because some of the pre-existing tangled 
dislocations in the FSed 17-4PH coatings were annihilated first during 
H900. Then decrease in hardness induced by the annihilated disloca-
tions was compensated by the dislocations and micro-strains formed 
during the early-stage copper precipitation, which induced a limited 
enhancement in hardness for the FSed 17-4PH coating after H900 [15]. 

5. Conclusions 

The CE behavior of the FSed 17-4PH coatings and AR 17-4PH 
without/with H900 were examined using nano-indentation and vibra-
tory CE testing. The conclusions are drawn as follows:  

1. The as-received (AR) 17-4PH consumable rod possessed slightly 
higher CE resistance than that of the AISI 304 substrate, owing to its 
higher hardness from lathy martensitic structure. However, the 
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manganic niobic sulfide inclusions and incoherent, soft and nano- 
metric copper precipitations were susceptible to cavitation attack.  

2. Compared to the AISI 304 substrate, the CE resistance of the friction- 
surfaced (FSed) 17-4PH coatings was enhanced by 1.35-fold owing to 
grain refinement and high dislocation density in martensitic matrix 
leading to high hardness. The sulfide inclusions and the incoherent 
copper precipitates in the AR 17-4PH were fragmented and re- 
dissolved into martensitic matrix during FS and the fracture crack 
growth initiated at δ-ferrite was retarded by the surrounding refined 
martensite grains.  

3. Owing to the effective hardness increment and the formation of 
reversed austenite, the CE resistances of the FSed coatings after H900 
were further improved by 1.9-fold.  

4. With the aid of inclusion fragmentation, grain refinement, pre- 
existing dislocations in the FSed coatings before H900 and more 
reversed austenite formed after H900, the FSed 17-4PH coating after 
H900 possessed higher CE resistance than that of the solution-treated 
(STed) 17-4PH after H900. Due to the annihilation of some pre- 
existing dislocations during H900, the extent of improvement in CE 
resistance the FSed 17-4PH coating after H900 (ΔMERmax = − 0.95 
μm/h) was slightly lower than that of STed 17-4PH after H900 
(ΔMERmax = − 1.1 μm/h). 
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