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Abstract  

Hot corrosion studies were performed on pristine and abrasive water jet peened (AWJP) Ti–6Al–

4V surfaces. Oxide scales form on the peened and pristine surfaces when coated with NaCl and 

exposed to 600 °C for 100 h. Despite similar oxide compositions on both surfaces, the thickness 

and roughness of the oxide scale on the AWJ peened surface is lower. The hot corrosion rate of 

the pristine surface is 2.5 times higher than that on the AWJ peened surface. Enhanced hot 

corrosion resistance of the latter is attributed to compressive residual stresses on the surface that 

retards diffusion of chloride in the material. 
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1. Introduction 

Ti–6Al–4V alloy is widely used in the fabrication of gas turbine engine components and fuel 

storage tanks of jet engines [1,2,3] due to its high specific strength and excellent elevated 

temperature mechanical properties [4,5]. Additionally, they have good corrosion resistance in 

ambient conditions as a stable and coherent TiO2 film, which prevents its further oxidation, forms 

on the surface. However, when exposed to corrosive environments at high temperatures, 

components made from Ti–6Al–4V undergo hot corrosion. Hot corrosion occurs when a metallic 

component is repeatedly exposed to extremely high temperatures in the presence of difficult 
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service environments like alkali sulphate deposits or sulfur-containing gases [[6], [7], [8]]. For 

instance, some of the by-products that get generated from the combustion of low-grade oil fuels 

such as, Na2SO4, NaCl and V2O5, are highly corrosive [9]. Of these, NaCl causes the most intense 

hot corrosion damage in Ti–6Al–4V [10]. Prolonged exposure of the component to NaCl at 

temperatures ≥600 °C leads to the formation of a dense oxide scale over the alloy surfaces. Anuwar 

et al. [11] also noted that low altitude flying aircraft components made from Ti–6Al–4V 

experiences hot corrosion attack while flying across the sea, which is abundant in NaCl. It the 

context of preventive measures for hot corrosion, it was observed that several surface modification 

techniques such as Hot Isostatic Pressing (HIPing) [12], laser shock peening [13,14], surface 

coating [15], shot peening [16], ultrasonic peening [9] and electrochemical processing [17] help in 

mitigating hot corrosion damage caused by NaCl. The subsurface modification depth in these 

techniques can range from few μm to mm [18]. For instance, Kumar et al. showed that ultrasonic 

shot peening of Ti–6Al–4V can modify the material microstructure to a maximum depth ∼30 μm 

[19]. Alternately, Guo et al. demonstrated that laser shock peening can effectively modify the 

material up to a depth of 900  μm [14] whereas Childerhouse et al. assessed that (HIPing) can 

modify the surface of Ti–6Al–4V up to a depth of 500 μm [20]. Considering that hot corrosion 

attack in Ti–6Al–4V generally occurs in subsurface layers that are at a depth of 10–30 μm only, 

some of these surface modification methods can be considered decadent [21]. It is therefore 

necessary to identify a low-cost surface modification technique that can achieve the appropriate 

degree of surface modification in the material that is necessary to prevent corrosion. In that context, 

Natarajan et al. pointed out that abrasive water jet (AWJ) peening, a relatively inexpensive surface 

modification technique, can introduce compressive residual stresses up to a depth of 50 μm [22]. 
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A similar depth of surface modification was also observed when AWJ peening was performed on 

Inconel 718. 

 

AWJ peening uses a high-pressure water jet and a hard abrasive, such as garnet or crushed alumina, 

to create a hammering effect over the surface. During AWJ peening, abrasives bombard the 

workpiece with a very high kinetic energy and refine the grain structure up to a depth of ⁓40 μm. 

Compressive residual stresses develop in the material, which significantly improves its hardness 

[23]. However, only an optimum degree of AWJ peening is desired as prolonged exposure can 

damage the surfaces and produce stress raisers, which deteriorates fatigue life significantly [24]. 

Liao et al. and Amar et al. reported that the use of sharp abrasive particles intensifies the surface 

damage during multipass water jet peening [23,25]. 

 

To attenuate surface damage during AWJ processing, Liao et al. developed a novel idea of using 

soft and blunt abrasive particles as the peening media [23]. In addition, their work provided a 

guideline to optimize synergistic process parameters such as water pump pressure, jet feed speed, 

kerf profile, inclination angle of the jet plume and critical Standoff Distance (SoD) to ensure the 

appropriate level of subsurface modification, without compromising surface integrity. 

 

While studies on the improvement of hot corrosion resistance of ultrasonic shot peened and laser 

shock peened Ti–6Al–4V surfaces are available in the literature [9,13], that of AWJ peening is 

underrepresented. 
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Motivated with the intention of filling this knowledge gap, the present study investigates the effect 

of AWJ peening on the hot corrosion resistance of Ti–6Al–4V. For this, the microstructures, 

residual stress profiles and surface roughness profiles of pristine and AWJ peened Ti–6Al–4V 

surfaces are compared. Both surfaces are coated with NaCl and exposed to a temperature of 600 

°C for 100 h. Post facto compositional and morphological examination of the corroded surfaces 

are performed to understand the nature of passive films and scales formed on the surface. Based 

on the results, the chemistry, corrosion kinetics and hot corrosion mechanisms of the AWJ peened 

and pristine Ti–6Al–4V are discussed in detail. Finally, the role played by atmospheric oxygen 

and the surface modification on hot corrosion resistance of the alloy is summarized. 

 

2. Experimental procedures 

2.1 Materials 

The workpiece material employed in this study was α + β alloy ASTM B265 Ti-6Al-4V Grade 5 

whose nominal chemical composition is shown in Table-1. Using wire cut electric-discharge 

machining (W-EDM) the plate was cut into smaller specimens of dimensions 100mm × 100mm × 

5mm. The surface of the as-received workpiece had already been processed, and hence did not 

require further finishing. 

Table 1. Chemical combination of Ti-6Al-4V alloy. 

Element Titanium

  

Aluminum Vanadium Iron Carbon

  

Nitrogen Oxygen 

Content 

(wt. %) 

87.6–91 6.75 4.5 ≤0.40 ≤0.080 ≤0.050 ≤0.20 
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2.2 Abrasive water jet machining experimental setup 

The experimental setup of the AWJ processing is shown in Fig. 1. Surface modifications were 

carried out using an OMAX MAXIEM AWJ machine (Model:1515) on one side of the work piece 

whereas the other side was left in the as received state. The two surfaces will be referred to as AWJ 

peened and pristine surfaces respectively. It was previously shown that for surface peening, blunt 

and soft abrasives are preferred over sharp ones. Therefore, to avoid metal removal while peening, 

a blunt alumina abrasive of less than #80 mesh size was chosen in this study. For smooth flow of 

abrasives and to avoid clogging of the nozzle, the machine manufacturer (OMAX-MAXIEM) 

recommends the use of abrasives with a mesh size less than #80. The impact angle (i.e. the jet 

impingement angle) was kept at 30◦ to attenuate the kinetic energy of the abrasive particles, which 

in turn, would prevent erosion of the surface and reduces the crater depth. Optimal process 

parameters were selected based on pilot experiments and previous research work [22,23]. The 

considered optimal process parameters are listed in Table-2. 
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Fig.1. Schematic illustration of Abrasive Water Jet peening of Ti-6Al-4V 

Table 2. Optimal AWJ peening process parameters 

Technical considerations for AWJ Peening process Input 

Orifice nozzle diameter [mm] 1.9 

Pump pressure [MPa] 120 

Impact angle [⁰] 30 

Traverse speed [mms−1] 7.5 

Stand-off distance [mm] 40 

Focusing tube diameter (mm) 0.9 

Abrasive mass flow rate (l/min) 12 

Processing time (s/mm) 10 

Abrasive material (Crushed Al2O3 balls) µm  80  

 

2.3 Residual stress analysis  

The residual stress distribution along the cross section of the AWJ peened and pristine surfaces 

were measured by an X-ray Diffractometer (Proto-XRD, Canada) with the sin2(ψ) method. Cu-Kα 

radiation (λ = 1.541838 Å) with a Nickel filter was used as the X-ray source. The voltage, current 

and X-ray beam diameter were set as 30 kV, 25 mA and 1 mm respectively. In the present study, 

the X-ray was diffracted in {213} α-Ti diffraction plane at different title angles (Ψ) angles 0°, 25°, 

35° and 45°. To obtain the residual stress across the depth of the processed material, thin layers of 

the surface were successively removed by electrolytic polishing. Later, residual stresses were 

measured in 13 equidistant points along the cross-sectional depth of scan area approximately 

(25mm×25mm).  
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2.4 Hot corrosion testing  

For comparison, AWJ peened and unpeened samples were subjected to hot corrosion testing. NaCl 

is one of the most common salts that causes corrosion at elevated temperatures, both samples were 

exposed to 100% NaCl using a spray gun. Samples were then baked to remove existing moisture. 

Prior to hot corrosion testing, samples were weighed after coating with NaCl. The salt 

concentration over the surfaces was found to be 50−55 mg/cm2. The dried samples were kept in 

an electrical resistance furnace at a temperature of 600°C for a period of 100 hours which was 

sufficient to generate representative corrosion damage. The series of steps involved in hot 

corrosion analysis is shown in Fig.2.  

 

Fig.2. Schematic illustration of steps involved in hot corrosion analysis. 

2.5. Surface morphology 
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The machined surface morphology and corroded morphologies were captured using Scanning 

Electron Microscopy (SEM) (Model: Zeiss EV18) and Energy Dispersive Spectroscopy (EDS) 

(Model: a Bruker X-Flash). Grain orientation maps were generated using EBSD to analyze the 

impact of strain hardening behavior (Model: Fei Quanta 200 HV). The surface topology of the 

machined surface was captured using an Atomic Force Microscope (AFM), (Model: NTEGRA 

Prima). Furthermore, the passive film chemistry was probed via X-ray Photon Spectroscopy (XPS) 

(Model: AXIS Supra+) with an Al Kα as an excitation source (hv = 1486.6 eV). The base pressure 

of the ultra-high vacuum system was at the level of 10-8 Pa. All spectra were collected from the 

electron emission angle set at 90◦, and an area with a diameter of 500 μm analyzed. The high-

resolution spectra were recorded with the pass energy at 30 eV. Samples were not sputter-etched 

before analyses. Also, no charge neutralizer was utilized during the investigation. The spectra were 

fitted using the CasaXPS using a mixed Gaussian-Lorentzian fitting model. All spectra have been 

referenced to the binding energy (B.E) of the C 1s peak. This traditional calibration with C 1s Peak 

of Adventitious carbon promotes high risk and leads to non-physical results [26–28]. To avoid 

such irregularity in the XPS results, the C 1s binding energy was calibrated using Eq. (1a) 

EFB+φSA = 289.58 eV  (1a) 

where EFB and φSA are the binding energies of the C 1s peaks of indefinite carbon, referenced to 

the Fermi edge and work function of TiO2, respectively. The work function of TiO2 is set to be 

4.90 eV as reported in literature [29,30]. Then the EFB of the C 1s peak is calculated to be 284.68 

eV and this value of C 1s peak is used to calibrate the entire XPS spectra. Also, the sample was 

not sputter-etched in order to preserve the surface status prior to XPS measurement. Furthermore, 

to corroborate with the oxide scale chemistry, transmission electron microscopy (TEM) was 

performed for hot corroded AWJP specimens using JEOL (JEM-2100) TEM. 
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3. Results  

 

Fig.3 (a) Surface morphology of pristine Ti-6Al-4V surface, (b) Surface morphology of AWJ 

peened Ti-6Al-4V surface, (c) EDS point mapping of impinged abrasive particle, (d) EDS 

point mapping of workpiece surface.  

3.1. Microstructural evolution in pristine and AWJ peened Ti-6Al-4V surfaces 

Fig.3(a) and 3(b) show the smooth surface morphology of the pristine Ti-6Al-4V surface the AWJ 

peened surface. Traces of the impinged (Al2O3) abrasive balls are observed on the workpiece, 

which is also confirmed from the EDS maps shown in Fig. 3(c) (labelled as spectrum-1). Results 

of the EDS point mapping of other areas on the AWJ peened surface, marked as spectrum-2 and 

shown in Fig. 3(d), reveals the presence of a needle like α (HCP) phase and secondary β (BCC) 

phase. 

Fig. S1 of the Supplementary Information (SI) displays the Optical profilometer images of the 

pristine and AWJ peened surfaces. The AWJ peened surfaces exhibit an average surface 

roughness, Ra, of ~8.2± 0.02 μm, which is at least 4 times higher than that of the pristine surface. 

Next, the variations of the residual stresses of the pristine and AWJ peened portions as a function 

of the depth measured from the surface are shown in Fig. 4. While the pristine portion exhibits 

negligible residual stresses, the peened portion exhibits a compressive residual stress of -351 MPa 

± 10 MPa at the surface. With increasing depth, the pristine portion exhibits tensile residual 
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stresses, which reaches a maximum of 100 MPa at a depth of 60 µm. The increase in tensile 

residual stresses in the pristine portion with increasing depth is attributed to the processing 

treatments that were performed on the sample prior to being supplied in the as-received condition. 

The magnitude of the residual compressive stresses on the peened portion gradually reduces with 

increasing depth and is -51 ± 10 MPa at a depth of 60 µm. 

 

Fig.4. X-ray residual stress analysis of pristine and AWJ peened surfaces. 

To understand the microstructure and phase evolution of these two surfaces, their XRD and EBSD 

results were analyzed. XRD patterns of pristine and AWJ peened Ti-6Al-4V surfaces are shown 

in Fig. 5.  Peaks corresponding to α-Ti , i.e., (100), (002), (101), (102), (110), (103), (112), (201) 

and those of β-Ti, (110), are identified in both surfaces. Given that the majority of diffraction peaks 

correspond to the α-phase, it is the dominant phase in the alloy. Although no new additional peaks 

were observed after AWJ peening, the peaks are broadened and shifted to lower 2θ compared to 

that of the pristine surface. For instance, the full width at half maximum (FWHM) of α (110) peak 

broadens from 0.22° to 0.32°. These observations suggest that the AWJ surface has undergone 
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significant lattice distortion in the form of plastic deformation, which is consistent with the 

observations of Guo et al.[14]. 

 

Fig.5 X-ray Diffraction pattern of pristine and AWJ peened surfaces. 

The EBSD Inverse Pole (IP) figures of the pristine and AJW peened surfaces are shown in Fig. 

6(a) and 6(b). While the average grain sizes are similar in the pristine and AJW peened surfaces, 

several small spots are visible in the latter. Kernel average misorientation mapping (KAM) of the 

grains in the peened surface, shown in Fig. S2 of SI, suggests that these spots have a misorientation 

of 0-5°, which implies that they are sub-grains. The formation of sub-grains within grains is 

consistent with that reported in previous studies on AWJ peening [23]. Phase mapping shown in 

Fig. S3 reveals that some spots also correspond to the transformed β phase, which implies that 

AWJ peening also results in their refinement. 
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Fig.6. EBSD IP maps of (a) pristine and (b) AWJ peened Ti-6Al-4V surfaces. The IP 

figures are shown on the right. 

To further understand the mechanical property changes due to AWJ peening, microhardness was 

evaluated for the peened and pristine surfaces. Fig. 7 shows the variations of hardness as a function 

of depth from the surface of the AWJ peened and pristine surfaces. At the surface, the AWJ peened 

portion and pristine portion have a hardness of 412 ±5 HV and 375 ±5 HV, respectively.  The 

hardness of the pristine portion remains mostly invariant, barring minor fluctuation, with 

increasing depth, whereas that of the peened portion increases initially to 435 HV, up to a depth 

of 20 µm, and then decreases gradually. At a depth of 90 µm, the hardness of both the peened and 

pristine portions are ~387.5 HV. On average, the hardness of the AWJ peened portion is 402.1 

HV, whereas that of the pristine portion is 368 HV. A similar increase in the hardness of the sub-

surface layer in peened Ti-6Al-4V, up to a depth of 35µm, was observed by Liao et al. [20]. They 

attributed it to the presence of the β phase in the alloy, which undergoes more plastic deformation 

than the α phase. This leads to work hardening to greater depths in the alloy compared to that in 

an alloy that only contains the α phase.  
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Overall, AWJ peening increases the surface roughness and facilitates plastic deformation of Ti-

6Al-4V, which in turn leads to build up of compressive residual stresses in it. The latter increases 

the hardness of the AWJ peened surface compared to the pristine surface. Moreover, AWJ peening 

also breaks up the β phase and creates several sub-grains in the alloy.  

 

Fig.7 Variations of Hardness on the cross-section along the depth of the pristine and AWJ 

peened surfaces. 

3.2. Hot corrosion of pristine and AWJ peened Ti-6Al-4V surfaces 

The two surfaces coated with 100% NaCl and subjected to 600 °C for 100 h was examined at 

different time intervals. Initially, after 10 hrs, an outer scale was formed on both the surfaces. 

However, after 15-20 h of exposure, the outer scale on the pristine surface peeled off, facilitating 

the formation of an inner scale. On the other hand, the outer scale on the AWJ peened surface 

remained intact. Nevertheless, both surfaces contained minute pores and cracks.  
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Next, the oxidation and hot corrosion kinetics of the two coated surfaces was examined. The rate 

of oxidation is evaluated in terms of mass change per unit area, Δw/A, at different intervals of time, 

t. The variations of gross mass gains of the two surfaces as a function of t are presented in Fig.8a. 

While Δw/A increases on both surfaces with increasing t, the rate and magnitude of the increase 

are different. Despite having a similar initial Δw/A of ~0.5 mg/cm2, the pristine Ti-6Al-4V surface 

gains mass at a faster rate than the AWJ peened surface. For instance, after t ~50 hrs of exposure, 

the AWJ peened surface and pristine surfaces exhibit Δw/A ~1.2 mg/cm2 and ~3 mg/cm2, 

respectively. After t ~100 hrs, a further increase in Δw/A of only 0.3 mg/cm2 is observed on the 

AWJ peened surface, whereas the Δw/A of the pristine surface increases by ≈ 2 mg/cm2.  

Previous studies [6,8] have shown that the variations of Δw/A with t are well-described by the 

power law relation,  

(
∆𝑤

𝐴
)

2

=  𝐾𝑝𝑡 + 𝐶 (1b) 

where Kp is the parabolic rate constant (mg2/cm4/h) and C is another fitting constant. A good fit, 

with R2 ~0.99, is obtained when the weight-gain plots of the pristine and AWJ peened surfaces are 

fitted with eq. 1, as shown in Fig. 8(b). Kp for AWJ peened and pristine surfaces are ≈ 0.08 

mg2/cm4/h and 0.2 mg2/cm4/h, respectively. The higher Kp of the pristine surface is consistent with 

the observation that it gains mass at a faster rate. A similar drop in the corrosion rate was observed 

in ultrasonic peened and laser shock peened Ti-6Al-4V alloys compared to that in the pristine 

condition on coating with reactive salts [9,13]. 
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Fig.8. Variations of (a) mass gain and (b) square of weight-gain per unit area with time of 

pristine and AWJ peened Ti-6Al-4V surfaces during hot corrosion. 

To understand the origin and variations in mass gain, the microstructures of both specimens are 

examined with SEM. Cross-sectional images of both AWJ peened and pristine hot corroded 

samples are presented in Fig.9. Apart from Ti, Al and V, the top layer of both surfaces contain 

oxygen, which implies that an oxide scale has formed. The thickness of the oxide scale on the AWJ 

peened surface is 1.5 µm and that of the pristine surface is only 4 µm. Fig. S4 displays the optical 

profilometer images of the hot corroded pristine and AWJ peened surfaces coated with oxides. The 

Ra of the oxides on the AWJ peened surface and pristine surfaces are ~22.84µm and ~65.71µm, 

respectively. The higher Ra of the unpneed surface is noteworthy as it has a significantly lower Ra 

than that of the AWJ peened surface, prior to hot corrosion. 
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Fig.9. Cross sectional morphology of hot corroded morphologies (a) AWJ peened Ti-6Al-4V 

alloy, (b) Pristine Ti-6Al-4V alloy, with corresponding EDS maps after 80h of exposure. 

To characterize the types of oxides on the two surfaces the XPS data obtained from them is 

analyzed. Figs. 10 and 11 shows the XPS scans of the pristine and AWJ peened surfaces of Ti-

6Al-4V. The XPS peaks were fitted with a Gaussian distribution function in the CASAXPS 

software. On both surfaces, peaks corresponding to core levels of Ti 2p, O 1s, Al 2p and V 2p are 

observed. The Ti 2p core level in the XPS scans from both surfaces exhibit two peaks with binding 

energies of 457 eV and 463 eV that corresponds to Ti 2p3/2 and Ti 2p1/2, and a small shoulder 

corresponding to Ti 2p1/2 at a binding energy of 459.87 eV. These peaks confirm the Ti2+ and Ti3+ 

valence states of Ti in the oxide scale, respectively. Similarly, the O 1s core level samples shows 

two peaks at a binding energy of 528.5 eV, which corresponds to lattice oxygen associated with 

the Ti–O bond (TiO2), and at 531.5 eV, which is associated with adsorbed oxygen. Al 2p also 

consist of two peaks of binding energy of 72.5 eV and 74 eV, corresponding to Al in the pure form 

and Al2O3, respectively. Interestingly, the V 2p spectrum from both surfaces are asymmetrically 

broadened. This indicates that the V 2p peak is not in a single valence state and curve fitting reveals 

the presence of three peaks at the binding energies of 515 eV, 516.1 eV and 517.2 eV. These 

energies correspond to V2O3, VO2 and V2O5, respectively. Nevertheless, the VO2 peak from both 



18 
 

surfaces is relatively prominent compared to the V2O5  and V2O5 peaks, which implies that the 

oxide has a higher proportion of the former. Although all the XPS peaks obtained from both 

surfaces are almost identical, their intensities and positions slightly vary. While the peak shifts are 

attributed to the differences in residual stress profiles of the two surfaces, the higher intensities of 

the peak from the pristine surface indicates that it is richer in oxide content.  These results suggest 

that the oxide film on the surfaces contain TiO2, Ti2O3, Al2O3, VO2, V2O5 and V2O3.Overall, both 

AWJ peened and pristine surfaces gain mass, in the form of oxides, when covered with NaCl and 

exposed to 600 °C in atmosphere. While the extent and rate of oxide formation is higher in the 

pristine surface compared to that on the AWJ peened surface, their compositions are identical as 

both contain oxides of Ti, Al and V.  

To further confirm the presence of the three oxides, TEM analysis of the hot corroded AWJP Ti–

6Al–4V is performed. Fig. 12 displays the bright field TEM image and EDS maps of the oxide-

metal interface in hot corroded AWJ peened Ti–6Al–4V. The presence of O in the top layer 

indicates that it is the oxide film, whereas the bottom portion is the unoxidized metal surface. The 

presence of Ti, Al and V in the top layer indicates that their oxides are present in it. 
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Fig.10. XPS spectrum of hot corroded samples- (a) AWJ peened sample, (b) pristine 

sample. 

 

 

Fig.11 XPS passive film analysis of hot corroded samples- (a) AWJ peened sample, (b) 

pristine sample. 

 

Fig. 12. Bright field TEM image of the oxide-metal interface in hot corroded AWJP Ti–6Al–

4V and the corresponding EDS maps of Ti, O, Al and V. 

 

4. Discussions 
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4.1. Effect of AWJ peening  

During AWJ peening, the abrasive slurry bombards over a metallic surface or target, generating 

pressure pulses in the form of a shock envelope between the solid-liquid interface. After impact, 

within a few micro-seconds, the compression zone in the liquid breaks, initiating lateral outflows 

of the jets that impinge and create dilatational stress waves over the target [23-25]. The impact 

pressure is uniform over the surface, owing to the low impact angle of 30°, which prevents flaring 

of the slurry impact over the surface. The low impact angle and use of blunt Al2O3 balls in the 

AWJ process results in peening instead of material removal [24]. This causes plastic deformation 

and build-up of compressive residual stresses on surfaces as was seen in the AWJ peened Ti-6Al-

4V surface (see Figs. 4 and Fig. 5). The magnitude and spacial extent up to which residual stresses 

develop depends on the duration for which the surface is subjected to AWJ peening. In some cases, 

the pressure waves generated can cause severe plastic deformation that can lead to formation of 

cracks and pockmarks on the surface. However, the absence of these features on the AWJ peened 

Ti-6Al-4V surface, shown Fig.3(b), indicates that the material has not undergone fracture. 

Nevertheless, the plastic deformation from the impact during AWJ peening will increase the 

dislocation density significantly and lead to the formation of sub-grains. The formation of 

subgrains and fragmentation of β-Ti lamellae in Fig. 6(b) is attributed to this effect. Moreover, 

undulations form on the surface which manifests as increased surface roughness [24], as was 

observed in Fig. S1.  

4.2. Mechanism of hot corrosion  

Coating Ti-6Al-4V with NaCl and subjecting it to 600°C, leads to the diffusion of sodium and 

chloride ions into the alloy surface. The chloride ions and oxygen in the furnace oxidizes Ti and 

Al to form oxides and chlorine gas [13,29]. Some of these reactions are summarized as follows,  
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2NaCl + 2Al + 2O2 → 2NaAlO2 + Cl2 (1) 

4NaCl + 2Ti + 3O2 → 2Na2TiO3 + 2Cl2 (2) 

In addition, Ti and Al react directly with oxygen to form TiO2 and Al2O3 via the following 

reactions.  

Ti + O2 = TiO2 Go
600°C = -930 kJ/mol (3) 

4Al + 3O2 = 2Al2O3  Go
600°C = -935 kJ/mol (4) 

Where Go
600°C is the change in Gibbs free energy for each reaction. Although reaction (4), where 

Al2O3 forms, has a lower Go
600°C compared to reaction (3), Ti has a higher concentration in the 

alloy, which indicates its higher activity. Therefore, TiO2 forms first, followed by Al2O3 and 

vanadium oxides (VO2, V2O5, V2O3 and V3O5), which also have negative Go
600°C [9]. From prior 

studies, a sequence of events leading to the formation of the oxide scale during hot corrosion of 

Ti-6Al-4V is summarized as follows [17, 18]. A thin scale of TiO2 forms first resulting in a Ti-

poor, Al-rich zone at the interface between the oxide scale and alloy. The oxidation reaction 

progresses from the Al-rich zone as the Al diffuses through the loose TiO2 scale and reacts with 

O2 to form an intermittent Al2O3 scale. The TiO2 scale becomes thicker as the oxidation reaction 

progresses and is accompanied by thin scales of V oxides and Al2O3. The thickness of V oxides 

and Al2O3 is low owing to their relatively lesser concentration in the alloy. With increasing time, 

Ti in the alloy diffuses outward through the oxide layers and deposits as an outer TiO2 layer. 

Furthermore, in the presence of NaCl, it acts as a catalyst for oxychlorination thereby promoting 

hot corrosion. Note that Ti and oxides formed on the Ti-6Al-4V surface will also react with 

chloride ions that diffuse from the surface and produce volatile metal chlorides such TiCl2, TiCl4 

and AlCl3 [9,18,29] via the following reactions.  
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TiO2 + 2Cl- = TiCl2 + 2O2- (5) 

Ti + 2Cl2 = TiCl4 (6) 

Al2O3 + 6Cl- = 2AlCl3 + 3O2- (7) 

The chlorides formed in reaction (5) and (6) can react further with oxygen to produce oxides, as 

described by the following reactions [18]: 

TiCl4 + O2 = TiO2 + 2Cl2 (8) 

4AlCl3 + 3O2 = 2Al2O3 + 6Cl2 (9) 

The Cl2 produced reacts with Ti as described in reaction (6). As time progresses the thickness of 

the metal oxide layers increases on the Ti-6Al-4V surface. Note that the oxide films are less dense 

and have higher molar volume than the substrate. Therefore, owing to the lattice mismatch between 

the oxide layers and Ti-6Al-4V substrate, the increase in thickness of oxide layers causes 

coherency strains at the oxide/alloy interface [19]. Additionally, the metallic chlorides and Cl2 

formed from reactions (5), (6), (7), (8) and (9) escape by creating pores and cracks on the oxides. 

The combined effect of interface incoherence and pressure created by escaping gasses leads to 

delamination and spallation of the oxide, as was seen in the pristine Ti-6Al-4V surface (see Fig. 

6(b)). A similar effect of elevated Cl levels on delamination of Ti-6Al-2Sn-4Zr-6Mo alloy/oxide 

interfaces was observed by Joseph et al [31].  

Interestingly, the thickness of oxide films formed over the AWJ peened surface is lower than that 

on the pristine surface even though the composition of the oxide scales formed on them are similar. 

Moreover, hot corrosion rate, measured as Kp, for AWJ peened surface is less than 50% of that on 

pristine surfaces (see Fig. 8(b)). This is even more confounding, given that the former has higher 
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initial roughness (see Fig. S1), and hence more available sites for pitting corrosion [32], than the 

latter. We believe that the better corrosion resistance of the AWJ peened surface is the outcome of 

compressive residual stresses developing on it during peening. A schematic illustration of the 

mechanism for hot corrosion of pristine and AWJ peened surfaces is shown in Fig. 13. Note that 

corrosion initiates when chloride ions and oxygen diffuse into the surface and oxidize Ti and Al. 

Since the AWJ peened surface has residual compressive stresses, the diffusion rate of chloride ions 

and oxygen is slower than that on the pristine surfaces. Additionally, owing to rapid diffusion on 

the pristine surface, the hot corrosion reactions (5)-(9) also occur at a faster rate than that on the 

AWJ peened surfaces. Consequently, the greater volume of metallic chloride gasses and Cl2 

generated from these reactions leads to spallation and the formation of several pores on the oxide 

film surface. The rougher surfaces of the oxide film on pristine surfaces (see Fig. S4) are an 

outcome of the latter whereas the continuous delamination of the oxide layer manifests as the 

formation of loose oxide layers (see section 3.2). 

To benchmark the effectiveness of AWJ peening in mitigating hot corrosion, it is important to also 

compare the hot corrosion behavior of surfaces prepared by other methods like ultrasonic shot 

peened (USSP), laser shock peening and hot isostatic pressing. Unfortunately, apart from one study 

on the effect of USSP on Ti-6Al-4V by Kumar et al. [19], the testing temperatures and salts used 

were different from those used in our study, which makes it difficult to make a direct comparison. 

Nevertheless, the corrosion rates of USSP and AWJ peened surfaces can be directly compared as 

hot corrosion tests were performed under identical conditions. It was observed that USSPed Ti-

6Al-4V 600 °C after exposure to NaCl for 100 h, has a Kp of ~0.63 mg2/cm4/h, whereas that of the 

pristine surface is 4 times higher [9]. Considering that the Kp for AWJ peened surface is 2.5 lesser 

than that of the pristine surface, USSP appears to be slightly better in preventing hot corrosion of 
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the alloy. One possible reason for this is that USSP may have introduced compressive residual 

stresses deeper in the material. It is therefore likely that by increasing the peening exposure time, 

the same degree of hot corrosion resistance can be achieved in AWJ peened Ti-6Al-4V surfaces. 

One notable caveat in this comparison is that the absolute values of Kp on pristine surfaces in both 

studies are an order of magnitude different. This implies that performing tests under perfectly 

identical conditions is still a challenge and that further investigations comparing the hot corrosion 

rate of USSPed and AWJ peened Ti-6Al-4V need to be carefully standardized.  

Before closing, it is worth mentioning that oxygen plays a critical role in the formation of Ti and 

Al oxide scales on the surface of Ti-6Al-4V. This is because reactions (1)-(4), which constitute 

the initial stages of scale formation, cannot occur in an oxygen free environment. For instance, 

Królikowska et.al [33], noted the absence of NaAlO2 and Na2TiO3 in the scales of their hot 

corroded specimens when they conducted tests in salt solutions. Moreover, in such oxygen free 

conditions, such oxide scales also fail to form at temperature < 800 °C. This shows that the 

presence of oxygen enhances the reactivity of NaCl with Ti alloy as we observe the formation of 

NaAlO2 and Na2TiO3 even at temperatures as low as < 800 °C [9,31].  
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Fig.13. Schematic illustration on passive film formation on unpeened wrought alloy and 

AWJ peened Ti-6Al-4V surfaces.  

From the results of this study, it becomes apparent that preventive measures against hot corrosion 

requires component isolation from oxygen, in addition to introducing compressive residual stresses 

on the surface. In future work, it is worth examining the extent to which AWJ peening process can 

improve the hot corrosion resistance of other engineering materials.  

 

5. Conclusion 

The effects of AWJ peening on NaCl induced hot corrosion behavior was studied for Ti6Al4V 

alloy. AWJ peening was first optimized with the intention of minimizing surface abrasion, 

however this results in grain refinement, surface roughening and introduction of compressive 

residual stresses on the surface. On coating both surfaces with NaCl and exposing them to 600 ℃ 

for 100 h, the AWJ peened surface exhibits 2.5 times better corrosion resistance than the pristine 

surface. Moreover, the oxide scale on the pristine surface is thicker and contains many pores. 

Composition analysis reveals that both surfaces have an oxide scale consisting of TiO2, Al2O3, 

V2O3 and V2O5. Based on these observations, the operative chemical reactions were identified and 

it was determined that infiltration of chloride ions into the alloy surface initiates corrosion and also 

releases a large volume of chloride gasses. Conversely, the AWJ peened surface has a thinner and 

compact passive film. The lower mass gain of the AWJ peened surface could be attributed to 

compressive residual stresses on the surface, which retards the sub-surface diffusion of chloride 

ions. On comparing the hot corrosion resistance of AWJ peening with USSP it was observed that 

the latter was relatively more effective possibly due to a larger sub-surface layer with compressive 
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residual stresses. Nevertheless, AWJ peening has great potential in preventing hot corrosion 

resistance of Ti-6Al-4V alloys.  
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