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a b s t r a c t

Abrasive waterjet peening (AWJP) has emerged as a potentially viable method of surface treatment for

metal orthopedic devices. In this study the influences of AWJP with elastic prestress on the surface and

subsurface residual stress distributions and surface texture of spring steel (ASTM 228) as well as

titanium (Ti6Al4V) and nickel (inconel 718) alloys were studied. A design of experiments (DOE) and an

analysis of variance (ANOVA) were used to identify the parameters with primary contributions to the

dependent variables. Surface residual stress resulting from AWJP ranged from 500 to 2500 MPa, and the

depth of compressive residual stress ranged from nearly 80 to 600mm. While the elastic prestress had

no effect on the surface texture, it was a primary contributor to the magnitude of surface residual stress,

which increased with an increase in the elastic prestress. According to the results of this study, AWJP

with elastic prestress can serve as a viable method of surface treatment in situations that require an

increase in surface roughness and a compressive residual stress.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Abrasive waterjet peening (AWJP) has emerged as a new
surface treatment technique for engineering and biomedical
components that is capable of introducing a rough surface texture
without causing a substantial reduction in the fatigue strength
[1–3]. The technique utilizes a high-pressure waterjet laden with
abrasive particles to provide the kinetic energy necessary to
achieve a combination of material removal and near-surface
deformation of the target. Previous work has shown that AWJP is
capable of introducing compressive residual stresses and with
magnitude necessary to mitigate the potentially detrimental
aspects of the surface texture on the fatigue behavior. In fact,
in an application of AWJP to AISI 304 and Ti6Al4V targets the
apparent endurance strength was increased up to 25% with
respect to the wrought form metal, and despite a substantial
increase in the surface roughness [3]. As such, AWJP may serve as
an attractive surface treatment for applications where component
functionality requires a high surface roughness and subsequent
control or moderate improvements in the fatigue strength.

One evident drawback of AWJP is that the magnitude of
residual stress is lower than that resulting from competitive
processes like shot peening. For example, in AWJP of Ti6Al4V, the

near-surface compressive residual stress ranged from 90 to
350 MPa [1], whereas shot peening of the same alloy was reported
to result in a maximum residual stress of 700 MPa [4]. Similarly,
AWJP of AISI 304 steel resulted in a maximum surface residual
stress of 460 MPa [3], whereas shot peening of comparable alloys
resulted in surface stresses between 650 [5] and 900 MPa [6].
Commercial applications of AWJP may be more likely if the
process could be further improved by increasing the magnitude of
compressive residual stress, thereby increasing the apparent
fatigue strength.

In shot peening operations an elastic prestress has been
applied to the target to increase the magnitude and depth of
residual stress [7,8]. Briefly, the treatments are conducted while
subjecting the target surface to a tensile elastic prestress. Upon
releasing the prestress after treatment it superposes with the
surface residual stress caused by peening and results in a higher
compressive residual stress. Although application of elastic
prestress has been shown to increase the magnitude of compres-
sive residual stress in shot peening, this method has not been
applied universally. In fact, the use of prestress (or prestrain) has
received surprisingly little attention. Recent preliminary studies
have shown that an elastic prestress can be used for increasing the
magnitude and depth of residual stress in AWJP [9–11]. While
promising, the parametric effects of elastic prestress on the
surface and subsurface residual stress distribution resulting from
AWJP remain unknown.

A design of experiments (DOE) approach has been widely used
for evaluating the parametric effects of treatment parameters in
manufacturing operations. In shot peening, a DOE has been used
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to evaluate the parametric effects on the fatigue life and residual
stress [12–14]. Specifically, Freddi et al. [12] evaluated the
parametric effects of Almen intensity and shot diameter on the
magnitude of compressive residual stress and fatigue life in
treatment of nitriding steel. Parametric trends were identified for
a depth of 25mm from the treated surface and showed that the
shot diameter was the most important parameter to the subsur-
face residual stress [12]. Similarly, George et al. [14] evaluated the
effect of standoff distance, shot size, shot flow rate and peening
time on the peening of grade II Almen strips using Taguchi
techniques. Results showed that the standoff distance contributed
to nearly 80% of the variation in peening intensity resulting from
shot peening over the range in treatment conditions. Note that
the aforementioned studies have been limited to evaluating the
effects of treatment parameters on either the surface or the near-
surface residual stress. No study has evaluated the parametric
dependence in residual stress throughout the subsurface layers in
pursuit of methods for shaping the residual stress field.

The overall objective of this study was to quantify the influence
of elastic prestress on the surface and subsurface residual stress
fields, resulting from AWJP of metals. The specific aims were to
quantify the depth-dependent contribution of treatment para-
meters to the residual stress and to identify the optimum

treatment conditions for maximizing the surface residual stress
and the depth of compressive residual stress resulting from AWJP
with prestress.

2. Materials and methods

Three metals were selected for the evaluation including a
titanium alloy (Ti6Al4V), spring steel (ASTM 228) and nickel alloy
(inconel 718). All three metals were obtained in sheet form having
a thickness of 1.5 mm. The mechanical properties of these
materials were determined using a tension test and are listed in
Table 1. Rectangular specimens were prepared for the AWJP
surface treatments with dimensions of 275 mm�18 mm.

The surface treatments were conducted using an OMAX
Model 2652 abrasive waterjet. The nozzle assembly consisted of
a 0.36 mm diameter sapphire orifice and a tungsten carbide
mixing tube of 0.9 mm internal diameter and 89 mm length. All
treatments were conducted with the nozzle oriented perpendi-
cular to the treated surface. A schematic diagram of the peening
process is shown in Fig. 1(a) and the treatments were conducted
to ensure complete coverage according to the pattern shown in
Fig. 1(b). Under the range in treatment conditions explored the
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Table 1
Materials and their mechanical properties.

Material Property

Elastic modulus (GPa) Yield strength (MPa) Ultimate strength (MPa) % Elongation Strength coefficient (MPa) Strain hardening exponent

Inconel 718 166 950 1650 25.3 2353 0.255

Spring Steel 203 1570 1620 5.1 2320 0.096

Ti6Al4V 111 1016 1080 13.2 1309 0.067

L LM

P = mgP
Treatment Area

Mixing
Tube

Waterjet + Al2O3

Particles

Specimen

Standoff
Distance

Traverse
Direction

4 mm

Weights

Specimen

Treatment path

Specimen

Fig. 1. Details pertaining to the AWJP treatments and the application of prestress: (a) process parameters for treatment and (b) treatment path (c) prestress fixture and (d)

prestress loading arrangement (L ¼ 89 mm and M ¼ 83 mm).

B. Sadasivam et al. / International Journal of Machine Tools & Manufacture 49 (2009) 134–141 135



Author's personal copy

diameter of the treatment area is approximately 11 mm, and the
corresponding area of jet impingement is 1�10�4 m2 per unit
time. Treating the samples according to the path shown in
Fig. 1(b) resulted in approximately 70% overlap between two
adjacent passes. A uniform elastic prestress was achieved by
placing the specimens in a specially designed fixture to admin-
ister 4 point flexure (Fig. 1(c)). Dead weight loads were used to
obtain a constant bending moment and a uniform prestress over
the region of treatment (Fig. 1(d)). The fixture and dead weights
resulted in load control elastic prestress, thereby providing the
specimen with the capability to undergo unrestricted elastic
recovery during treatment.

Treatments were conducted according to a 9-run, 3-level,
4-factor DOE [15,16]. The parameters involved in the DOE
included the jet pressure, abrasive size, elastic limit strain and
the elastic prestress. The elastic limit strain was determined by
dividing the yield strength of the material by the elastic modulus,
whereas the elastic prestress was defined in the DOE as a
percentage of the yield strength of the individual materials. Each
of the four selected parameters was utilized at three different
levels as indicated in Table 2. All of the treatments were
conducted using crushed aluminum oxide abrasives with standoff
distance and traverse speed of 0.25 m and 2.54 m/min, respec-
tively. A particle flow rate of 0.3 kg/min was used for all
treatments, regardless of the particle size, and was achieved by
computer control of the machine hardware. These parameters
were chosen to maximize the residual stress according to results
from a previous study [3]. Three separate 9-run sets of experi-
ments were implemented to achieve a fully crossed DOE and were
identified as the low-, medium- and high-level arrays. Parametric
conditions for the low-level array are shown in Table 3 and
conditions of the medium- and high-level arrays are simple
permutations of the low-level array [15,16]. A total of 27 unique
surface treatments were performed according to the DOE.

The surface residual stress resulting from AWJP was estimated
from the curvature of the specimens and the subsurface distribu-
tion was obtained by employing the layer removal method
[17–19]. Layer removal was performed using the appropriate
etchants for each material. The etching of Ti6Al4V and spring steel

was performed using a solution prepared from 20 H2O:1 H2O2:1
HF [20], whereas the inconel specimens were etched using a
solution prepared from 421 Baume 9 FeCl3:1 HF. The etching
solutions were standardized using test coupons and the etch rate
was estimated prior to the experiments to establish appropriate
periods of etching and material removed. Furthermore, the
untreated side of the specimens was masked using a photoresist
to prevent material removal and to ensure that the resulting
change in curvature resulted from the treated surface only.
Material was removed incrementally and the change in curvature
was used to infer the apparent residual stress distribution. In
general, the material was removed in increments of 5mm near the
treated surface and in increments of 20mm further below until
there was no change in curvature with further material removal.

Using the estimated curvature from surface profiles, the
residual stress was estimated as a function of depth (sr(z))
according to [17,18]

srðz1Þ ¼
�E

6ð1� u2Þ
z0 þ z1ð Þ

2 djxðz1Þ

dz1
þ 4ðz0 þ z1Þjxðz1Þ �

Z z0

z1

jxðzÞdz

� �

(1)

where E and u are Young’s modulus and Poisson’s ratio of the
material, respectively, and z is the depth below the surface. Briefly,
a layer of known thickness (t) was removed from the specimen
whose surface is initially at a distance z0 from the neutral axis
(Fig. 2). After removal, a new surface with distance z1 from the
neutral axis is obtained. The specimen’s curvature was deter-
mined before and after material removal using surface profiles
obtained using a profilometer. The curvature (jx) was plotted
against the distance from the neutral axis (z) and a polynomial
curve fit was used to obtain a mathematical relationship between
the curvature and distance from the neutral axis. The estimated
stress was sensitive to the curve fitting technique and a second-
order polynomial was found to provide the best fit [19]. A suitable
series of such evaluations with depth permitted a quantification
of the residual stress distribution according to Eq. (1). The
distributions were examined to identify the surface residual
stress (sr:s), the maximum residual stress (sr:max) and the depth of
the residual stress (Zmax). According to the adopted approach for
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Table 2
Surface treatment parameters and the three levels used in the design of experiments.

Level Parameters

Elastic strain, ey (m/m) Pressure, P (MPa) Prestress, S (% yield strength) Particle size, G (mesh #)

Low 0.0092 (Ti6Al4V) 103 25 120

Medium 0.0084 (Spring Steel) 172 50 80

High 0.0063 (Inconel) 262 75 54

Table 3
Low-level 9-run design of experiments and treatment responses.

Run Parameters Responses

Elastic

strain

Pressure

(MPa)

Prestress (% yield

strength)

Grit size

(mesh #)

Surface roughness, Ra

(mm)

Surface residual stress,

sr:s (MPa)

Residual stress depth,

Zmax (mm)

Stored energy, U

(NJ/m3)

1 0.0092 103 25 120 2.6 470 90 0.4

2 0.0092 172 50 80 9.7 850 310 1.0

3 0.0092 262 75 54 15.6 1450 520 2.4

4 0.0084 262 25 80 10.9 780 330 0.5

5 0.0084 103 50 54 9.4 1040 260 0.9

6 0.0084 172 75 120 4.3 860 110 0.7

7 0.0063 172 25 54 10.4 1500 370 1.9

8 0.0063 262 50 120 4.3 670 200 0.4

9 0.0063 103 75 80 6.0 1390 210 1.9
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quantifying the residual stress, the measurement resolution was
dependent on the resolution in profile height measurement and
its influence on the estimated curvature. The resolution in profile
height measurement was 0.1mm. Using Eq. (1), an error in the
radius of curvature of 1mm resulted in a residual stress
measurement error of approximately 200 Pa.

Surface treatments are also often used to induce shape changes
in selected targets via the elastic recovery of residual stress. Thus,
the elastic energy stored in the surface as a result of AWJP was
determined from results of the experiments. Specifically, the
subsurface residual stress distribution was plotted with the depth
and a quadratic curve used to model the distribution. The specific
energy stored (U) was obtained from the subsurface residual
stress distribution by integrating it between the surface (z ¼ 0)
and the depth of compressive residual stress (Zmax) according to

U ¼
1

E

1

Zmax

Z Zmax

0
sðzÞdz

� �2

(2)

where E is the elastic modulus of the substrate.
Surface profiles of the treated specimens were obtained using a

commercial contact profilometer (Hommel T8000 stylus surface,
Hommel America). The profiles were acquired using a skidless
contact probe with a 10mm diameter and a traverse length of
35 mm. The assessment length was chosen according to an error
analysis conducted to minimize errors associated with an
inadequate length. Three profiles were obtained parallel to the
traverse direction at three different locations. The average
curvature (j) and change in curvature (djdz) were used in
Eq. (1) to estimate the corresponding residual stress. These
profiles were also used in measuring the average surface rough-
ness (Ra) of the samples using a cutoff length of 0.8 mm.

An analysis of variance (ANOVA) was conducted with the
surface roughness and residual stress measurements to identify
contributions from the treatment parameters to the dependent
variables. Single parameter linear and quadratic effects were
considered in the ANOVA. In addition, an evaluation of the
subsurface dependence on the treatment parameters was
obtained using the residual stress distributions estimated from
layer removal. Non-linear regression models were developed for
the dependent variables in terms of the treatment parameters
using a commercial statistical package (Statistical Analysis Soft-
ware (SAS) Version 9.0). In particular, models were developed for
the Ra, sr:s and Zmax. Parameters with insignificant effects as
identified from the ANOVA (p3%) were excluded from the models.

3. Results

The average surface roughness (Ra) resulting from AWJP of the
three metals for the low-level array is listed in Table 3. Overall, the
range in treatment parameters resulted in an Ra from 2.5 to over
15mm. In general, treatments conducted with large abrasives and
high jet pressure resulted in the highest surface roughness, as

expected. Note that treatments conducted on the Ti6Al4V had the
highest surface roughness, whereas those conducted on spring
steel resulted in the lowest. Results from the ANOVA for the Ra are
presented in the form of a scree plot in Fig. 3(a). Both the
influential and the non-influential factors were identified from
the change in slope. It should be noted that the particle size (G)
and jet pressure (P) were the most influential parameters;
considering the linear and quadratic effects of single treatment
parameters, these two parameters combined for nearly 90% of the
total variation in surface texture. An empirical model was
developed for the Ra and is given by

RaðmmÞ ¼ 2:23þ ð960�yÞ þ ð3:1� 10�2PÞ þ ð1:1� 10�3GÞ

þ ð1:9�yPÞ � ð9:0�yGÞ � ð2:7� 10�4PGÞ (3)

where ey, G and P correspond to the elastic strain, particle size and
jet pressure, respectively. A high degree of correlation (R2

¼ 0.99)
was obtained between the model and experimental responses,
with the average error limited to less than 4%. Using Eq. (3) the
influence of jet pressure and grit size on the Ra of Ti6Al4V is
presented in Fig. 3(b). As evident in this figure, the Ra increased
with increasing jet pressure and particle size, with the largest
roughness obtained at the maximum pressure (262 MPa) and
abrasive size (mesh #54). The parametric response in Fig. 3
suggests that further increase in Ra is possible using larger
particles and jet pressure than those used in the present study.
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Fig. 2. Schematic diagram of the layer removal method. The variables t, z0 and z1

represent the thickness of material removed, initial surface and final surface,

respectively. The hatched region represents the layer to be removed by etching.
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Fig. 3. Surface roughness resulting from the surface treatments: (a) scree plot

showing relative contribution of treatment effects on the Ra. (b) influence of grit

size and jet pressure on the Ra. The contour plot was developed for treatment of

Ti6Al4V (ey ¼ 0.0092).
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All of the AWJP specimens exhibited concave deflection away
from the treated surface, indicating the development of compres-
sive residual stresses and corresponding shape change induced by
elastic recovery. As a result of successive layer removal the
curvature decreased until the specimens returned to their stress-
free state. The variation of curvature with respect to the distance
from the neutral axis for a representative spring steel specimen is
shown in Fig. 4(a). The corresponding subsurface residual stress
distribution is shown in Fig. 4(b). For clarity, the surface residual
stress (sr:s) and the depth of compressive residual stress (Zmax) are
highlighted in this figure. Note that the largest residual stress
developed at the surface of the specimen, indicating that
sr:s ¼ sr:max.

Considering results obtained for all three materials, the
estimated sr:s ranged from 470 MPa to approximately 2500 MPa.
Specific results for specimens of the low-level 9-run array are
listed in Table 3. The largest residual stress was achieved in the
inconel and was obtained with the highest pressure (262 MPa),
abrasive particle size (mesh #54 ) and prestress (75%). The relative
contribution of the treatment parameters on the sr:s is shown in
Fig. 5(a). Consistent with the parametric effects on the Ra,
the abrasive particle size was the most influential parameter
to the surface residual stress. However, the elastic limit strain
and the magnitude of prestress were also identified as main
effects. Considering the linear and quadratic effects, the abrasive

particle size, elastic limit strain and prestress accounted for nearly
90% of the total variation in sr:s. A non-linear regression model
was developed to describe the sr:s resulting from AWJP and is
given by

sr:sðMPaÞ ¼ 5990� ð1:2� 106�yÞ þ ð3:4PÞ þ ð3:1� 103SÞ

� ð25:4GÞ � ð2:5� 103S2
Þ þ ð4:6� 107�2

y Þ þ ð3:6� 103G�yÞ

þ ð13:8GSÞ þ ð2:6� 10�2P2
Þ þ ð0:1PGÞ � ð1:3� 105�ySÞ

� ð2:3� 102�yPÞ (4)

The correlation coefficient was 0.96 and a comparison of the
residual stress estimated using Eq. (4) with experimental
measures resulted in an average error of 9%. Using this empirical
relation, the influence of abrasive particle size and elastic
prestress on residual stress in Ti6Al4V is presented in Fig. 5(b).
As evident from this figure, sr:s increased with increasing
prestress and particle size, and a further increase in sr:s may be
achieved using larger particles. The potential benefits of using
larger prestress will be discussed in the next section.

The depth of compressive residual stress (Zmax) was identified
from the subsurface residual stress profiles. Considering all three
materials, the depth ranged from roughly 80 to nearly 600mm.
Similar to the trend in sr:s, the highest depth occurred in
treatments conducted with the largest jet pressure, abrasive
particle size and prestress. Results of the ANOVA performed with
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Fig. 4. Subsurface distribution in curvature and residual stress for a representative

spring steel specimen treated under an elastic prestress of 75%, treatment pressure

of 262 MPa and mesh #54 abrasives: (a) curvature distribution and (b) residual

stress distribution.
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the Zmax are presented using a scree plot in Fig. 6(a). Consistent
with the parametric effects on the Ra, the abrasive particle size
and the jet pressure were the most influential parameters to Zmax.
Considering the linear and quadratic effects, these two parameters
combined for 90% of the total variation. A non-linear regression
model was developed to describe parametric effects on Zmax and is
given by

ZmaxðmmÞ ¼ 2850� ð6:3� 105�yÞ þ ð34:9GÞ þ ð6:3PÞ

� ð8:7� 10�2G2
Þ þ ð4:1� 107�2

y Þ � ð0:1GPÞ

þ ð6:2� 10�4G2PÞ � ð5:4� 103G�yÞ

� ð3:4� 105G�2
y Þ (5)

A correlation coefficient of 0.96 was obtained, and a comparison
of Zmax estimated according to Eq. (5) with experimental results
showed that the average error was less than 9%. Using Eq. (5) the
influence of abrasive particle size and jet pressure on Zmax for
treatment of Ti6Al4V is presented in Fig. 6(b). Note that Zmax

increased with increasing jet pressure and particle size and a
further increase in Zmax may be obtained through the use of larger
particles and jet pressure than those used in the present study.

The specific energy (U) stored within the near-surface layers of
the specimens as a result of AWJP was determined from the
subsurface residual stress profiles. The specific energy ranged
from 20 KJ/m3 to nearly 5.5 MJ/m3. Similar to the trend seen in
sr:s, the highest specific energy was obtained in treatments

conducted with the highest jet pressure, abrasive particle size and
prestress. However, results of the ANOVA indicated that there is
no single parameter that serves as the primary contributor to the
response.

4. Discussion

A systematic study of the parametric effects contributing to the
surface texture and residual stress in AWJP with elastic prestress
was conducted. Overall results showed that the elastic prestress
was one of the primary factors contributing to the sr:s and that the
magnitude of residual stress increased with increasing prestress.
However, prestress was not influential to the surface roughness.
While the Zmax can be increased with the application of prestress
[11], it was not one of the main effects here with respect to
contributions from other parameters. This suggests that the
surface stress and depth are not coupled and may be adjusted
by the treatment parameters nearly independently.

The treatment process invoked a combination of erosion and
localized plastic deformation as a result of particle impact on the
substrates. Each of these components of particle/target interaction
caused an increase in the Ra. Results from the ANOVA (Fig. 3)
indicated that the abrasive particle size and jet pressure were the
most influential parameters on Ra, both of which were important
to the particle kinetic energy. These results are consistent with
previous results for AWJP without elastic prestress [3] and shot
peening [4,5]. Previous investigations on shot peening showed
that Ra increased with an increase in peening pressure [4] and an
increase in shot size [5]. As expected, the applied elastic prestress
had minimal effect (Fig. 3(a)) on the surface roughness resulting
from AWJP. However, the Ra was dependent on the substrate
material, which is attributed to the differences in the erosion
resistance of the targets. Material removal in the AWJP treatments
is a function of the target’s erosion resistance, which is a complex
function of the material’s elastic modulus, fracture energy per unit
area and flow stress [21,22]. It quantifies the ability of the material
to resist fracture when it is impacted by an abrasive particle. Out
of the three materials used in this study, the Ti6Al4V has the
lowest erosion resistance. In turn, the Ti6Al4V underwent the
highest degree of material removal, which resulted in the largest
Ra. In addition, studies conducted on the surface erosion of metals
have shown that the abrasive particle velocity has a profound
impact on the resulting material removal [23,24]. In AWJP, the jet
pressure controls the velocity of the abrasive particle, and the
results of the ANOVA (Fig. 3) showed that pressure is a primary
contributor to the resulting Ra. According to Noyan and Cohen [25]
there is a relief in the surface residual stress caused by high
surface roughness due to the change in orientation of the local
free surface plane. As such, the stress relief that occurred in the
Ti6Al4V would be expected to exceed that of other materials due
to the higher Ra. In shot peening there is a much lower degree of
material removal and as a result, the potential for near-surface
stress relief is decreased with respect to that in AWJP. Never-
theless, it appears that near-surface embrittlement is far less
likely in AWJP than shot peening, a benefit of the erosion process.

The surface and subsurface residual stress fields were obtained
for each treated sample using the layer removal technique. Results
of the ANOVA for the sr:s indicated that the abrasive particle size,
elastic strain and applied elastic prestress were the most
influential parameters in the order of contribution (Fig. 5). In
shot peening, the magnitude of sr:s increased with increasing shot
size [26], elastic prestress [7,8,27] and target material hardness
[5]. A related study on shot peening showed that the shot size was
the most influential factor to variations in the residual stress [12].
Parametric trends for AWJP in Fig. 5(b) indicate that sr:s increases
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with an increase in elastic prestress and suggests that sr:s may be
further increased using larger prestress. However, previous
studies for AWJP [10,11] and shot peening [27] have indicated
that there is a threshold (E60%) elastic prestress, beyond which
there is a minimal change in the magnitude of residual stress. At
prestress beyond the threshold the material may reach saturation.
Indeed, the inconel specimens treated with the largest prestress
and also the largest pressure and grit size exhibited permanent set
(i.e. curvature) after the layer removal technique. This implies that
elastic recovery of the residual stress and the applied prestress
combined to cause yielding of the inconel specimens on the side
opposite to that receiving treatment. Neither the Ti6Al4V nor
spring steel specimens exhibited permanent set that were treated
with the same conditions. Using a thicker sample can mitigate this
problem, but it will reduce the sensitivity of the measurement
technique used to evaluate the residual stress distribution.
Collectively these results highlight that there is a limit to the
benefits available from prestress and the limit is material
dependent. Materials that have low initial yield strength and
have the capacity to undergo significant work hardening may
experience gross yielding under excessive prestress.

The influence of treatment parameters on the subsurface
residual stress distribution was evaluated as a function of depth
using an ANOVA at a series of incremental depths. Specifically, the
parametric dependence was quantified in increments of 25mm
beneath the target surface using results of the layer removal
evaluation. The relative importance of the treatment parameters
as a function of depth is shown in Fig. 7. Over the range of
treatment conditions used, the abrasive particle size had the most
influence on the subsurface residual stress. Use of larger abrasive
particles increases the kinetic energy transferred to the material
and the degree of near-surface deformation. This aspect of the
treatment dominated the parametric effects beneath the treated
surface. These results are consistent with those reported by Freddi
et al. [12] on the residual stress at a depth of 25mm that resulted
from shot peening. Interestingly the contribution of particle size
increased with depth, whereas the influence of prestress
decreased. Indeed, the applied prestress decreased with depth
below the surface due to the flexure stress distribution. Release of
the prestress resulted in superposition of an elastic component
that was a maximum at the surface. Also evident in Fig. 7, the
effects of all the variables begin to converge towards an equal
contribution (25%) at a depth of approximately 450mm. The
trends in Fig. 7 are expected to be highly dependent on the

prestress distribution. Namely, a constant subsurface prestress
would result in a larger superposed elastic stress than that
obtained using flexure. Further improvement in the subsurface
distribution may be possible through the use of alternate
prestress conditions. These topics and other potential benefits in
AWJP with prestress are reserved for future study.

The depth of compressive residual stress (Zmax) was deter-
mined from the subsurface residual stress profiles. Results of the
ANOVA showed that the particle size and jet pressure were the
most influential parameters (Fig. 6). Similarly, investigations on
shot peening have shown that the depth of compressive residual
stress increases with an increase in peening pressure [4] and shot
size [26]. A previous study concerning AWJP [11] showed that the
depth of compressive residual stress obtained using 75% prestress
increased by approximately 50% with respect to the stress-free
state. Though elastic prestress was identified as a contributing
factor (Fig. 5(a)), it had minimal contribution to the depth of
residual stress with respect to the other treatment parameters.
Therefore, it appears that the use of a prestress is effective in
increasing the depth of compressive residual stress over that
achieved in ‘‘stress-free’’ peening, but the parameters influencing
the particle kinetic energy are most influential at maximizing the
depth of Zmax. It is essential to establish conditions that are
capable of modifying the desired depth without inducing
embrittlement of the surface by excessive work hardening. This
aspect of AWJP is reserved for future study, as is the complemen-
tary component of evaluation that includes conducting an
experimental validation that the increase in residual stress and
depth promotes an increase the fatigue strength.

As with all studies, there are some recognized limitations to
the investigation that should be addressed. Results were obtained
by treating a single specimen under each treatment condition.
While one may question the statistical validity of this approach,
treatment conditions resulting in the maximum residual stress
were used in treating additional specimens, and the variations in
the magnitude and depth of residual stress were estimated. The
coefficients of variation in the surface residual stress and depth of
residual stress were 3% and 5%, respectively. Thus, the variation in
the treatment response associated with combined effects of
process variation and measurement errors is much smaller than
the variations arising from a change in the selected parametric
conditions. Also, treatments were performed under a prestress
that resulted from load control fixturing. Displacement control
fixturing is expected to be more common in a production
environment and may result in different parametric trends and
residual stress distribution. There may be further benefits to
treatments performed using a prestress distribution that utilizes
uniaxial tension or a superposition of bending and tension. Future
studies should be performed to evaluate these opportunities for
optimizing the residual stress field in AWJP or alternative
methods of surface treatment with prestress. Despite these
limitations, the current study is the first to evaluate the
parametric effects of treatment variables on the subsurface
residual stress distributions resulting from AWJP with elastic
prestress. Further research in this area may lead to the develop-
ment of a highly viable and effective approach for the surface
treatment of metals.

5. Conclusions

An experimental investigation was conducted to evaluate the
surface roughness and residual stress field resulting from AWJP of
selected metals with elastic prestress. A DOE was implemented
and the relative contributions of treatment parameters to the
surface texture and residual stress fields were evaluated using an
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Fig. 7. Relative importance of treatment parameters on the residual stress as a

function of depth.
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ANOVA. The results obtained from this study showed the
following:

(1) The average surface roughness (Ra) resulting from AWJP
ranged from approximately 2.5mm to nearly 15mm. The Ra

increased with increasing jet pressure and abrasive particle
size. There was no influence of prestress on the surface
texture.

(2) Compressive residual stresses resulted from all AWJP condi-
tions. The minimum surface residual stress for all treatment
conditions was approximately 500 MPa. The magnitude of
surface residual stress increased with an increase in abrasive
particle size and elastic prestress.

(3) The depth of compressive residual stress ranged from 80 to
nearly 600mm. The depth of compressive residual stress
increased with an increase in abrasive particle size and jet
pressure, but was not influenced significantly by the applied
prestress.

(4) The maximum sr:s was obtained using the largest abrasive
particle size and applied elastic prestress. The maximum Zmax

was obtained using the highest jet pressure and largest
abrasive particle size.
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