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Abstract
Titanium alloys possess remarkable properties, such as high strength, biocompatibility, and resistance
to corrosion.Nonetheless, both their surface and subsurface properties require improvements,
particularly for applications where surface contact is unavoidable. The present study utilises an
emergingmechanical surface treatment technique (water jet shot peening) formodifying the surface
and subsurface characteristics of cold-rolled Ti6Al4V sheets.Water jet shot peeningwas applied on
Ti6Al4V samples following an L18 full factorial experimental design, focusing on the variable
parameters of process time, standoff distance, and shotmass flow rate. ANOVA indicated that the shot
massflow rate had the greatest impact on the roughness parameters (p< 0.0001). The roughness
values of Ra, Rp, andRv decreased as the shot’smassflow rate increased, and this decrease wasmore
pronounced as the standoff distance diminished. The surfacemorphologies of the samples were
notablymodified by plastic deformation resulting from the repeated impact of shots. Thewater jet
shot peeningmethodmodified the grains within themicrostructure near the surface region. The
grains in themicrostructure were oriented perpendicularly to the peening direction to a depth of
5.36 μmbeneath the surface, even atminimal peening levels. The surface hardness increased by
approximately 64% relative to the hardness of untreated Ti6Al4V alloy (512.43Hv versus 311.52Hv),
attributed to significant plastic deformation and strain hardening induced by the high kinetic energy
of the impacting shots duringwater jet peening.

1. Introduction

Titanium alloys possess superior properties, including high strength, biocompatibility, and corrosion resistance,
making them suitable for awide range of applications in various industries. However, the growing demand for
industrial applications and technological advancements requires the enhancement of surface and subsurface
properties of titanium alloys, such aswear resistance and hardness [1]. In certain applications, such as artificial
hip joints [2, 3], artificial knee joints [4], total hip arthroplasty [5], bone plates [6], spinal fusion implants [7],
dental implants [8], and orthopaedic screws [9], the surface properties of titanium alloys are of paramount
importance. Consequently, a proper implementation of surface treatment strategies is crucial for tailoring
both surface and subsurface characteristics of titanium alloys; covering surface and subsurface hardness,
microstructural characteristics,morphology, topography, tribological, corrosion, and biological properties
[3, 10–12].
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Numerousmechanical surface treatment techniques, including sandblasting (grit blasting) [13], laser
texturing (peening), [14, 15] and shot peening [15–17] are often preferred due to their ease of application, cost-
effectiveness, and time efficiency [1]. Among them, shot peening is the predominant technique over the past two
decades for enhancing the surface properties of various alloys [18]. Conventional shot peening is an efficient,
straightforward, and cost-effective technique [16, 17]; however, shot peening processmostly results in a rougher
surfacefinish andmay cause the embedding of shots into the target surface [19, 20]. Ultrasonic shot peening
(USP), amore recent technique compared to conventional shot peening, can improve the deterioration of
surface roughness caused by shot peening [21, 22]; however, it is not suitable for large-scale applications due to
higher equipment costs andmore complex procedures [23]. A significant constraint of laser peening is its
thermal effect, especially when treatingmaterials with a lowmelting point [19]; furthermore, the equipment cost
is a concern [23]. Thesemethods are also largely inapplicable tomaterials with highmechanical properties, such
as hardmetals and superalloys, due to insufficient peening pressure and intensity. Furthermore, the duration of
peeningmarkedly rises to attain high deformation rates for high-strengthmaterials, including titanium alloys
and superalloys [18]. As previously emphasized, the embedding of shots causes the contamination of the treated
surface ofmaterials, whichmay become highly problematic for biomedical applications.

Due to the aforementioned potential drawbacks, novel peening techniques are being explored for the surface
modification ofmaterials, especially for titanium alloys. Tomitigate these drawbacks, recent advancements have
introduced peening techniques utilizingwater as the jetmedium, including cavitation peening (CP) [24], wet
shot peening [25], water jet peening (WJP) [26] (continuouswater jet (CWJ), pulsatingwater jet (PWJ),
ultrasonic pulsedwater jet (UPWJ) peening [19, 27]), and abrasive water jet (AWJ) [19, 20, 28]. CP utilizes the
impact generated by the collapse of cavitation bubbles for peening operations that can be applied toworkpieces
with complex shapes and does not require a very high injection pressure pump [24]. AWJ involves the impact of
a high-velocity waterjet containing abrasive particles upon the surface of thematerial [12, 19]. In AWJ, sparsely
embedded abrasive particles throughout the generated surfacemay cause contamination [29]. AWJmay also
notably increase the surface roughness, which can lead to a poor appearance and fatigue crack initiation [12] and
induce surface erosion under certain processing parameters [30]. To overcome the limitations inAWJ,
researchers are consideringWJP (CWJ and PWJ) [19] as an alternative surface enhancement technique due to its
minimal corner constraints, simplicity of operation, low cost, highflexibility and geometrical accessibility, and
environmental friendliness [23, 26]. Specifically, PWJ can be appliedwithout adding solid particles (i.e.,
abrasive-less) and can be employed in the treatment of structural components formedical applications [27].
Although these technologies offer previouslymentioned advantages, they also contain disadvantages such as the
technological complexity of the fabrication of self-acting fluid oscillators orwear of themechanical parts of the
rotating disc [20], and elevated supply pressure is required for surface treatment [19, 29]. Finally, althoughWJP
techniques can enhance surface residual stresses and surface and subsurface hardness, theymay also induce
surface erosion depending on the processing parameters [28].

A hybrid process that combines AWJmachining and shot peening has very recently emerged. Themain
principle of water jet shot peening involves introducing shots into a high-pressure water jet. Shots and/or
abrasives are directed at the surface of the targetmaterial formodifying the surface andmechanical properties
[31, 32]. AWJmachining, combining hard abrasives such as garnet and high-pressure water in amixing
chamber, uses a jet generated by a nozzle to direct the flow towards theworkpiece [33, 34]. The shot peening
involves repeated peening exposure of the targetmaterial with the aid of a nozzle of shotmedia, which is added
to compressed air instead of water [17, 35].Water jet shot peening represents a novel hybrid approach that aims
to integrate the benefits of AWJ and shot peening techniques. The utilisation of water jet shot peening on
materials results in energy levels notably higher than those achieved through conventional peening techniques
while also substantially decreasing processing times. Furthermore, themovement of the shots within the jet
reduces the probability of scattering and embeddingwithin the targetmaterial. This results in a lower level of
contamination on the surface, which is desirable for the biomedical field. The active presence of shots in the
peening process is distinguished by the plastic deformation capability of the targetmaterial. An increased
peening intensity per unit area could lead to disparate processingmechanisms such as cutting andwear.

A thorough review of the literature indicates that the significance of this hybrid innovativemethod has
become apparent in recent years. Figure 1(a) illustrates that research on the utilisation of water jet peening has
notably increased in the last three years, while themethod has beenmostly applied on titanium alloys
(figure 1(c)). Alumina and steel shots were the predominantmaterials utilized inwater jet shot peening as the
peeningmedia (figure 1(b)).Water jet shot peening has the potential to enhance surface and subsurface
microstructural,morphological, andmechanical characteristics, alongwith fatigue properties. Research is
needed to elucidate the influences of water jet shot peening on the surface and sub-surface properties, including
surface roughness,morphology, topography, hardness, andmicrostructure.

Ti6Al4V alloy, which is widely utilized in biomedical and aerospace applications, has been the subject of
extensive investigation about its suitability for thewater jet shot peening process (table 1). Alumina and
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stainless-steel shots are predominantly selected as peeningmaterials, and pressure is often included in the
studies as a key parameter. Overall, the process parameters play a crucial role in the ultimate properties of the
peened titanium alloy. Regarding AWJ, traverse speed, abrasivemassflow rate, and standoff distance are the
principal parameters influencingmachining performance. In the peening process, the total kinetic energy of the
shots acting on a unit area in unit time is determined by these parameters. Consequently, a limited number of
studies have investigated these parameters (table 1) addressing the application of water jet shot peeningwith
stainless steel shots formodifying the surface and subsurface properties of Ti6Al4V alloy. Further research into
the correlation between key processing parameters (i.e., process duration, standoff distance, and shotmassflow
rate) and the resultant surfacemorphology, topography, roughness, as well as surface and subsurface
microstructure and hardness is required. The current study aims to address this gap by employingwater jet shot
peening on cold-rolled Ti6Al4V sheets under various processing parameters, elucidating the correlation
between themodified properties of the alloy (surface, subsurface, andmechanical properties) and the
parameters of thewater jet shot peening process.

The present study investigates the surface and subsurface characteristics of cold-rolled Ti6Al4V sheets
subjected towater jet shot peening, with the objective of elucidating the effects of peening parameters on these
properties. The effects of process time, standoff distance, shotmassflow rate parameter, and parameter levels on
surface roughness were examined usingANOVA. The optimal parameter valueswere identified based on the
equal significance attributed to the surface roughness parameters (Ra, Rp, andRv). Investigation criteria were
optimal and suboptimal solution parameter levels of surface roughness, surface and subsurfacemorphological,
andmicrostructural characteristics. Selected samples were subsequently analysed using stereomicroscopy and

Figure 1.Publications onwater jet shot peening in the literature: (a) year, (b)material, (c) abrasive (peening)material (According to a
search in SCOPUS® database inAugust 2024).
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Table 1. Summary of research onwater jet shot peening on titanium alloys [32, 36–43].

Year (references) Targetmaterial Peeningmedia Variable parameters Primary outcome

2023 [36] Ti6Al4V 304 stainless steel — Improved hardness and erosion resistance

2022 [37] TC4 titanium alloy 304 stainless steel Pressure, standoff distance, traverse speed Increased surface roughness, improved hardness and residual stress development

2019 [39] Ti6Al4V Alumina Pressure, pre-stress, abrasivemesh size Obtained compressive residual stress

2022 [38] Ti6Al4V — — Prolonged fatigue life

2019 [40] Ti6Al4V Alumina — Increased fatigue strength

2002 [41] Ti6Al4V andCp-Ti Garnet Pressure, abrasivemesh size Increased surface roughness and compressive residual stress

2023 [32] Ti6Al4V Alumina — Enhanced corrosion resistance

2023 [42] TA19 alloys 304 stainless steel Pressure, standoff distance Increased surface roughness and fatigue life

2006 [44] Ti6Al4V Garnet Pressure, standoff distance, traverse speed, abrasivemesh size Residual stress and fatigue life increase

2000 [43] Ti6Al4V Garnet Pressure, abrasivemesh size Prolonged fatigue life
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scanning electronmicroscopy. Subsequentmicrohardnessmeasurements revealed changes in surface and
subsurface hardness.

2.Materials andmethods

2.1.Materials
Ti6Al4VGrade 5was obtained fromTIMET (Titanium&Medical &MiningCompany, Turkiye) in the formof
cold-rolled sheet. The specimenswere formed by guillotine shear cuttingwith a thickness of 1.5mmand
dimensions of 20× 50mm.Table 2 presents the chemical,mechanical, and physical properties of titanium alloy.
Stainless steel shotswith a diameter of between 0.1 and 0.3millimetres were utilised in thewater jet shot peening
process (figure 2).

2.2.Water jet shot peening of samples
Figure 3 illustrates thewater jet shot peening process. In thewater jet stage, high-pressure water passes through
an orifice, and the steel shots enter themixing chamber at a predetermined flow rate through ametering unit.
The combination of high-pressure water and shots creates a jetflowwith the nozzle, resulting in a bombardment
of the targetmaterial. In the shot peening stage, balls with high kinetic energy create plastic deformation on the
surface of thematerial through repeated impact. Furthermore, the application of cold forming results in the
generation of residual compressive stresses and an increase in hardness beneath the surface.

Thewater jet shot peening process (figure 4)was conducted on a 3-axis CTbrandAWJmachine, equipped
with a 50HPpump (KMTbrand). The processing parameters have been established usingmanufacturer
recommendations for AWJmachines, in linewith literature (table 1) and authors’ process experience [32,
36–43], and can be found in table 3. The experimental design employed in the present study is a full factorial
design, with the objective of obtaining themachining performance results according to all conditions of the
parameter levels that were experimentally investigated. This approachwas adopted tominimise the potential for
errors in the results arising from the effects of the experimental parameters and their interactions, as evidenced
byANOVA. Accordingly, an L18 full factorial experimental designwas employed to ascertain the influence of
the parameters on the surface roughness, with the results analysed usingANOVA. The analyses were conducted
usingDesign-Expert 13 software, and the optimal parameters were identified based on the surface roughness
parameters.

Figure 2. SEM images of the stainless-steel shots used forwater jet shot peening of titanium alloy samples.

Table 2.Chemical,mechanical, and physical properties of
Ti6Al4V [16].

Ti6Al4V Grade 5 (R56400)

Chemical composition

(%wt)
C: 0.8, Fe: 0.25, N: 0.05,O: 0.2, Al:

5.50–6.75, V: 3.5–4.5, H: 0.015

Ultimate strength 896MPa

Yield strength 827MPa

Nominal hardness 33HRC

Density 4.43 g cm−3

Melting point

(approximate)
1,650 °C
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2.3. Specimenpreparation for surface and subsurface investigations
To investigate the effects of water jet shot peening on the surface properties, the peened samples were cleaned
with alcohol in an ultrasonic bath. For examining subsurface properties, specimenswere prepared through
precision cutting of peened samples. This comprised a cross-section through the circular region’s centre, where
water jet shot peeningwas implemented. Following the cutting process, the specimensweremetallographically
prepared through grinding using SiC grinding papers (320–2000mesh), polishingwith 6 μm, 3 μm,diamond

Figure 3.Representation of thewater jet shot peening process of titanium alloy samples.

Figure 4.Water jet shot peening process and peened specimen.
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solution, and 1 μmand colloidal silica. Finally, the specimenswere etched using aKroll solution (1mlHF, 3ml
HNO3, and 96ml distilledwater). Then, subsurface features were imaged using an opticalmicroscope at
10× and 50×magnification. Furthermore, formore detailed examinations, secondary electron scanning
electronmicroscope (SEM) images were capturedwith a gaseous secondary electron detector (GSED) at
1000× to 50000× zoom ratios using a scanning electronmicroscope (ESEM-thermoscientificQuattro S)with
an Everhart-Thornley detector (ETD).

2.4. Characterisation of surface roughness
The average surface roughness (Ra)was selected as the parameter to be analysed in the present study, as it is the
most commonly studied surface roughness parameter in the literature. However, in order to determine the
absolute effect of water jet shot peening on surface roughness, themachining procedure was applied pointwise.
Consequently, the resulting surface roughness performances were evaluated in terms of surface roughness
parameters, including average (Ra), maximumpeak depth (Rp), andmaximumvalley depth (Rv) roughness.
Surface roughnessmeasurement was carried outwith aMitutoyo brand (SJ-301model) contact-type stylus
profilometer. Themeasurement parameters were as follows: cut-off wavelengths of 2.5mm/8 μm, an evaluation
distance of 12.5mm, and aGaussianfilter. Eachmeasurement was repeated five times and averaged. In addition,
a full factorial experimental designwas employed in order tominimise variability and repeatability errors by
accounting for parameter level changes in the data. The datawere validated using the statistical p-value result of
the ANOVAmodel obtained.

2.5. Characterisation of surfacemorphologies and topographies, subsurfacemorphologies, andmechanical
properties
The surfaces processedwithwater jet shot peeningwere initially examined using an opticalmicroscope at
5× and 10×magnification. Subsequently, optical profilometer (Huvitz brand) scanswere conducted at zoom
ratios spanning from5× to 50× . Finally, secondary electron images were obtained using the SEMdescribed in
the previous sub-section.

The subsurfacemicrohardness of the alloy processed bywater jet shot peeningwas quantified fromprepared
cross-sectional specimens. Vickersmicrohardnessmeasurements (Zwick brand)were conducted in accordance
with the ASTME348-17 standard.Measurements were conducted at 20 μm intervals from the surface to a depth
of approximately 350 μm,with a dwell time of 10 s and a load of 0.2 kg. Then, the variation in hardness as a
function of depthwas assessed.

3. Results and discussion

Table 4 illustrates the L18 full factorial experimental design and the resulting surface roughness values. The
application of the experimental design enabled the performance of ANOVAanalyses, which yielded the optimal
levels of the experimental parameters in accordancewith the results.

The results of the analysis of variance (ANOVA) for the Rp, Rv, andRa parameters are presented in table 4.
Thefit formodels were statistically significant (i.e., p< 0.05). The R-squared values (0.9154, 0.8145, and 0.9262,
respectively)were satisfactory as the difference between the adjusted R-squared values was less than 0.2. The
signal-to-noise ratio (Adeq Precision)measurements of themodels exceed 4, corroborating the veracity of the
findings. The results demonstrate that themost influencing experimental parameter is the shotmassflow rate
(statistically significant). The parameter interactions were negligible, which could be interpreted as the absence
of a threshold value that would alter the behavioural trends of the two parameter levels.

Table 3.Processing parameters of water jet shot
peening.

Parameters Value(s) Units

Shotmass flow rate 14, 20 g/s

Peening time 3, 5, 7 s

Standoff distance 70, 80, 90 mm

Pressure 170 MPa

Nozzle diameter 0.76 mm

Orifice diameter 0.25 mm

Nozzle impact angle 90 °(degree)
Shot dimensions 0.1–0.3 mm
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Figure 5 illustrates the surface roughness behaviours of the experiments conducted in accordance with sets
of parameters (i.e., different values for a specific parameter where other parameters kept constant) outlined in
table 4. As the shotmass flow rate increased, the roughness values (Ra, Rp, Rv) decreased, also proportional to

Figure 5. Surface roughness (Rp, Rv, Ra) behaviour at parameter and parameter levels.

Table 4. L18 full factorial experimental design and resultant roughness values.

Test no Process time (s) Standoff distance (mm) Shotmass flow rate (g/min) Rp (μm) Rv (μm) Ra (μm)

1 3 70 14 5.32 5.05 1.59

2 3 70 20 3.99 4.36 1.18

3 3 80 14 5.83 5.36 1.74

4 3 80 20 4.96 5.19 1.45

5 3 90 14 5.89 5.91 1.76

6 3 90 20 3.72 4.15 1.17

7 5 70 14 5.58 5.61 1.71

8 5 70 20 3.87 3.74 1.11

9 5 80 14 5.49 4.90 1.66

10 5 80 20 3.83 3.73 1.10

11 5 90 14 5.66 5.31 1.71

12 5 90 20 3.82 4.07 1.19

13 7 70 14 5.42 5.48 1.69

14 7 70 20 3.83 4.06 1.16

15 7 80 14 5.26 5.17 1.62

16 7 80 20 3.60 3.87 1.12

17 7 90 14 5.67 5.70 1.76

18 7 90 20 3.95 4.01 1.22

St. Dev.: 0.8873 0.7483 0.2725

CI (95%): 4.351–5.170 4.414–5.105 1.315–1.567
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declines in standoff distance. Similarly, the roughness values decreased further as the shotmass flow rate and
process time increased. The surface roughness varied at the same shotmass flow rates, similarly, standoff
distance and process time also varied. Nevertheless, the graph produced based on the sets of parameter sets did
not exhibit a distinctive behaviour, which could be attributed to limited effects of parameters and insignificant
interactions. Zhang et al [31] applied water jet peening to 7075-T6 aluminium alloy and reported that the
surface roughness decreased with increasing transverse speed due to a change in the area covered per unit
time. It should be noted that a similar decrease was observed under conditions where the standoff distance
increased.

The determination of sets of parameter for the target surface performance is of utmost importance in the
context of industrial applications and contributions. Consequently, the results of the optimisation of Rp, Rv, Ra
are presented infigures 6(a) and (b). Concerning themaximumandminimum solutions, it can be stated that the
process time and shotmassflow rate parameter sets exhibit a similar approach, while the standoff parameter
value ismaintained. This situation can be testedwith the interaction results presented in table 5. The combined
desirability results (demonstrating the precision of optimisation outcomes)were 0.947 and 0.927 for the
minimumandmaximum solutions, respectively. This approach enabled the establishment of design conditions
for researchers and practitioners and the provision of relationships for other characterisation results of the
study. Since the shotmassflow rate is the key experimental parameter in this study, the subsequent sectionwill
conductmorphological and topographical analyses to clarify the underlying reasons for the observed
performance of the parameters and their levels.

3.1. Effects of process parameters on surfacemorphology and topography
The optimisation of surface roughness data indicates that it is beneficial to examine surface topographywhile
varying process duration and shotmassflow rate, with standoff held at its optimal value. Figure 7 presents
comparative 2D and 3D surface topographies showing the effects of changing parameter levels. The surface
topographies demonstrate the dominant effect of shotmassflow rate (themost influential parameter per
table 5). The dimensions of crater structures, which are composed of peaks and pits on the surfaces, are reduced
because of an increase in the amount of shotmassflow rate, specifically to 20 gmin−1. This indicates that with an
increase in the amount of shot impacting per unit area, plastic deformation formsmore uniform surface
topography. The size of the crater structures increased as the process timewas reduced because of a decrease in
the number of shots that impacted the unit area.

Figure 8 provides SEM images of the peened surfaces under different water jet shot peening parameters. It
was observed that the Ti6Al4V surface was formed into crater structures, which included pits and peaks, as a
result of high-pressure water and high kinetic energy shots. Additionally, the dimensions of the craters are linked
to changes in sets of parameters and process parameters. It was observed that the plastic deformation is

Figure 6.Combined optimisationwithRp, Rv, andRa: (a)minimum solution, (b)maximum solution.
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unaffected by the standoff distance, whereas a substantial improvement was observed as a result of an increase in
the shotmassflow rate. It is possible to assert that the size of the crater structures on the surface slightly increases
as the standoff distance decreases. Finally, none of the surfacemorphologies exhibited any undesirable defect,
including cracks.

Figure 9 depicts the potentialmicro-processingmechanisms thatmay occurwithin the context of high-
magnification SEM images captured from the peened surfaces (figure 9(a): micro adhesionwear, 9-b:micro
abrasive wear at the crater boundaries, 9-c: the reduction in crater size resulting from a decrease in the standoff
distance parameter in comparison to 9-a and -b, 9-d: impact of an elevated shotmassflow rate parameter on the
reduction in crater size formation). Additionally,micro adhesion andmicro shear formationwere observed.
Consequently, the formation ofmicro-adhesion,micro-cutting, andmicro-abrasive wear was observed under
the influence of significant plastic deformation.

3.2. Effects of process parameters on subsurfacemicrostructure
Figure 10 illustrates the alteration in subsurfacemicrostructure in response to varying parameter levels. The
water jet shot peening process resulted in the transformation of the homogeneous distribution of grains within
the distinctive structures of the unprocessed cold-rolledmaterial, creating a new orientation of grains close to
the surface region. The increase in grain orientation depthwas achieved by extending the process time and
reducing the standoff distance, whichwas attributed to the increase in the amount of shot [45] and kinetic energy
of the jet acting per unit area per unit time. Similarly, the standoff distance [46, 47] results in an increase in the
quantity of shot and a hydrodynamic enhancement with the proximity to the effective jet area increasing. As a
result, the plastic deformation effect arising from the variation of both parameter levels has formed the distance
and development of grain orientation along the subsurface depth of thematerial. Yao et al [48] addressed the

Table 5.ANOVA results for Rp, Rv, andRa.

Source Sumof squares df Mean square F-value p-value

Rp

Model 12.26 6 2.04 19.83 <0.0001 significant

A- Process Time 0.3303 1 0.3303 3.21 0.1009

B-Standoff distance 0.0392 1 0.0392 0.3802 0.55

C-Shotmass flow rate 11.75 1 11.75 114.08 <0.0001

AB 0.0007 1 0.0007 0.0068 0.9358

AC 0.0297 1 0.0297 0.2884 0.602

BC 0.1037 1 0.1037 1.01 0.3373

Residual 1.13 11 0.103

Cor Total 13.39 17

Rv

Model 7.73 6 1.29 8.05 0.0016 significant

A-Process Time 0.2467 1 0.2467 1.54 0.2402

B-Standoff distance 0.0595 1 0.0595 0.372 0.5543

C-Shotmass flow rate 7.09 1 7.09 44.28 <0.0001

AB 0.0289 1 0.0289 0.1804 0.6792

AC 0.267 1 0.267 1.67 0.223

BC 0.0424 1 0.0424 0.2646 0.6171

Residual 1.76 11 0.16

Cor Total 9.49 17

Ra

Source Sumof Squares df Mean Square F-value p-value

Model 1,16 6 0,1936 23 <0.0001 significant

A- Process Time 0,009 1 0,009 1,07 0,3235

B-Standoff distance 0,0118 1 0,0118 1,4 0,261

C-Shotmass flow rate 1,13 1 1,13 134,62 <0.0001

AB 0,0001 1 0,0001 0,0128 0,9118

AC 0,0066 1 0,0066 0,788 0,3937

BC 0,0009 1 0,0009 0,1054 0,7516

Residual 0,0926 11 0,0084

Cor Total 1,25 17

Abbrevations: df: degrees of freedom; Rp:maximumpeak depth roughness; Rv:maximumvalley depth roughness; Ra:

average surface roughness; AB, AC, BC: relevant binary parameter interaction
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Figure 7. 2D (optical) and 3D (profilometer) surface topography for different parameter levels.

Figure 8. Surfacemorphology of peened samples under different parameters.
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variation in the depth of plastic deformation of nickel-based superalloys GH4169 under the influence of kinetic
energy varying according to different processing parameter levels, revealing that the processing parameters have
an influence on the resultantmicrostructural features.

3.3. Effects of process parameters on subsurfacemicro hardness
The effects of standoff distance and shotmass flow rate on surface and subsurfacemicrohardness development
under themaximumprocess time conditions are illustrated infigure 11.Hardness curveswere produced using a
fourth-order polynomial, which addresses hardness data in relation to depth. The alloy exhibited a notable
increase in surface hardness, with an approximate 27–64% rise in accordancewith the subsurfacemicro
hardness averages under different processing parameters. Themicro hardness values exhibited a rapid decrease
as they penetrated deeper into thematerial, reaching a constant value at which the strain hardening effect was
not observed.Nevertheless, despite the differences in parameter levels, the trend curves displayed a similar
pattern.When the standoff distancewasminimised and the shotmassflow ratewas altered, the depth-
dependent reduction in hardness was diminished, and the hardness retentionwasmore pronounced under the
surface. This is elucidated by the increase of the effective area of the jet, specifically the core region, which
notably influences the kinetic energy of the projectiles per unit area.Moreover, the increased shotmassflow rate,
which increases kinetic energy, improved the average hardness beneath the surface. In scenarios with a
significant standoff distance and varying shotmassflow rate, the initial depth-dependent reductionwasmore
pronounced. Nevertheless, an increase in the shotmassflow rate resulted in a notable enhancement in the
average hardness.

Figure 9.Micro-processingmechanisms: (a), (b) 5 s process time, 90mm standoff distance and 14 gmin−1 shotmass flow rate; (c) 5 s
process time, 80mm standoff distance and 14 gmin−1 shotmass flow rate; 5 s process time, 90mm standoff distance and 20 gmin−1

shotmassflow rate.
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Figure 10. Subsurfacemicrostructure behaviour by optical and scanning electronmicroscopy.

Figure 11. Surface and subsurface hardness behavior according to standoff distance and shotmass flow rate variation.
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4. Conclusion

Water jet shot peeningwas applied on cold-rolled Ti6Al4V sheets following an L18 full factorial experimental
design, focusing on the variable parameters of process time, standoff distance, and shotmass flow rate. Then, the
modified surface and sub-surface properties of the alloywere examined under various processing parameters.

• Themost influential experimental parameter for surface roughness was the shotmassflow rate, affecting
kinetic energy by adjusting the number of shots per unit area per unit time. The roughness values of Ra, Rp,
andRv decreased as shotmassflow rate increased, and the decrease wasmore pronounced at lower standoff
distances. The roughness values further decreased as the shotmassflow rate and process time increased.

• The high-pressure water and high kinetic energy shots that plastically formed theTi6Al4V surface resulted in
the formation of crater structures, which included pits and peaks. The dimensions of the craters are linked to
changes in parameter levels and process parameters. The plastic deformation is unaffected by the standoff
distance, whereas a substantial improvement was observed because of an increase in the shotmassflow rate.
Surfacemorphologies did not exhibit any undesirable defects, including cracks.

• The orientation of grains near the surfacewas observed in all samples, even at low shotmassflow rates. In all
cases, theminimumdepth of grain orientationwas limited to 5.36 μm.As the process time increased, the
depth of grain orientation increased aswell (e.g., 6.65 μm). Similarly, as the standoff distance decreased, the
depth of grain orientation also decreased (e.g., 9.94 μm).

• The shotmassflowrate parameter demonstrated efficacy inmaintaining the subsurface average hardness. The
surface hardness exhibited an improvement of approximately 64%relative to the subsurface averagehardness.

Thefindings contribute to the utilization of water jet shot peening tomodify the surface and subsurface
properties of titanium alloys, which are particularly useful in biomedical applications. The results will facilitate
future research to address gaps in the current literature regarding the correlation between themodified
properties of water jet peened alloys (surface, subsurface, andmechanical properties) and the parameters of the
appliedwater jet shot peening process. The present studywas able to establish optimal processing parameters
using practical parameters for AWJmachines, in linewith literature and authors’ process experience. Future
research should prioritize the examination of the effects ofmesh parameters andmesh types, potential
contamination and its long-term effects (which are the limitations of the current study), the application of
alternative experimental designmethodologies (e.g., Taguchi), andmachine learning techniques (including
artificial neural networks).
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