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Abstract

Droplet impingement of metallic surfaces at high impact velocities results, after some time, in erosion of the surface due to

fatigue. By extending our previously published analytical model to enable the use of experimental fatigue data (S-N curves),

here, for the first time, a wide range of experimental liquid droplet erosion incubation period test states for both ferrous

(stainless steel AISI 316) and non-ferrous (aluminium 6061-T6) engineering metals have been investigated. To achieve this, the

developed model includes additional surface hardening and a residual compressive stress state at the surface due to a water

drop peening effect. As such, the interrelation of the physical and mechanical properties that follows from the model has been

used to identify how changes in selected metal properties might enhance droplet impingement erosion incubation life. Model

predictions for both metals, using fatigue data from S-N curves from different literature sources, showed for the droplet impact

velocity range of 140 to 400 m/s an excellent agreement with results from a multi-regression equation as determined from an

ASTM interlaboratory test program.

Keywords

Surface Fatigue, Peening, Surface Hardening, Drop Impact, Predictive Model

Nomenclature

A = constant in Rayleigh surface wave attenuation (Pa[?]m) or elongation at fracture (%)

a = material parameter of strain hardening (1/Pa), or radius of the contact area (m)

b = material parameter for the residual stress (1/Pa)

Cv = volume concentration of water in air (-)

cl,m = longitudinal wave velocity of metal (m/s)

cR = Rayleigh surface wave velocity in a metal (m/s)

ct = transverse wave velocity of metal (m/s)

cw = speed of sound in water at the pressure pwh(m/s)

cw0 = speed of sound in water at a pressure of 1 bar (m/s)

Dh = cumulative fatigue damage per hour (h-1)

Df = cumulative fatigue damage at failure (-)

dd = water drop diameter (m)

1
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E = Young’s modulus (Pa)

f = fatigue cycle frequency (Hz)

H = surface hardness after peening at a certain impact velocity (Pa)

H0 = material hardness when stress free and without strain hardening (Pa)

htot = correction factor for the differences between fatigue test and rain impact conditions (-)

Ip = droplet impingement erosion incubation period (h)

k = constant for the pressure influence on the speed of sound in water (-)

m = material parameter in fatigue tests (-)

Nf = fatigue life (number of cycles to failure)

Ni = number of fatigue cycles of the incubation period or at level i (-)

N0 = number of specific impacts for incubation (-)

NOR = incubation resistance number (-)

n = number of tests, or exponent for the Rayleigh wave attenuation (-)

ni = number of cycles due to multiple drop impact at stress leveli (-)

pwh = water-hammer pressure (Pa)

pwh,th = threshold water-hammer pressure (Pa)

R = stress ratio in the fatigue test (-)

Rd = maximum erosion rate (m/s)

Re = rationalized erosion rate (-)

Rm = tensile strength of metal (Pa)

Rp0.2 = yield strength of metal (Pa)

r = radial coordinate (m)

r0 = radius of contact area when Rayleigh wave starts (m)

rwh = radius of maximum contact area with the water-hammer pressure (m)

Sa = stress amplitude (Pa)

SD = fatigue limit (Pa)

Sf = material parameter in fatigue tests (Pa)

Sf0 = fatigue strength coefficient for stress free metal and without strain hardening (Pa)

Sm = mean stress (Pa)

Smax = maximum stress in a fatigue cycle (Pa)

Smax(r0) = maximum stress due to Rayleigh wave at location r0 (Pa)

s = standard deviation (-)

vd = water droplet impact velocity on the specimen surface (m/s)

va = radial velocity of contact area boundary (m/s)

2
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t = time (s)

Z = reduction of area (%)

Φv = volume of impacting water drops per unit area (m/s)

ν = Poisson constant of metal (-)

ρm = density of metal (kg/m3)

ρw = density of water (kg/m3)

σR = residual (compressive) stress at the surface after peening at a certain impact velocity (Pa)

Vwater

Ae
= volume of waterdrops impinged per unit exposed area (m)

Ad

Vd
= projected area of a waterdrop divided by the volume of a waterdrop (1/m)

Introduction

Current research on droplet impingement erosion of metallic surfaces is typically related to the lower pressure
stages in steam turbines where the blades suffer from erosion due to the high water content of the steam1-3.
Another industrial application suffering from droplet impingement erosion is Liquified Natural Gas (LNG)
transport. Large LNG drops in a partly evaporated gas are a source of droplet impact erosion of the metallic
surfaces of the transfer systems4. The blades of large wind turbines also experience droplet impingement
erosion, due to impact of rain. The leading edges of wind turbine blades are often protected with polyurethane
coatings5,6, yet their lifetime is still relatively short. The application of flexible metallic strips to protect
the leading edge might therefore become an option, thus illustrating the potential interest in controlling
impingement erosion for metallic surfaces.

Droplet impingement of surfaces results, after some time, in erosion of the surface7-9,11-13. Recently, work on
the modelling of drop impact-induced stresses and related wear, is presented by Slot et al.14,15, Amirzadeh
et al.16,17, and Castorrini et al.18, for relatively low impact velocities (<150 m/s), for Young’s moduli that
are representative for polymers and elastomers (<5 GPa) and, more importantly for fully elastic deformation
during impact. The physical and metallurgical mechanisms which determine the droplet impingement erosion
incubation period (Ip), for metallic surfaces however, are presently not fully understood1-3,5. As a result,
empirical approaches are used for the assessment of droplet impingement erosion sensitive situations involving
metallic surfaces1,4,9,10.

The objective of this paper is to identify and understand the physical and metallurgical mechanisms that
determine the droplet impingement erosion incubation period for metallic materials. A previously developed
fatigue-based model by the authors14,15 for droplet impingement erosion of polymeric surfaces is further
developed for use of metallic surfaces, given the similarities in general aspects of the erosion process. The
extension of the model takes into account fatigue curves of metallic materials, the effect of additional surface
hardening and the effect of a residual compressive stress state at the surface due to the “water drop peening
effect”. The resulting fatigue-based model for the incubation period is tested against the multi-regression fit
equation of Heymann10 - the current state-of-the-art in estimating the incubation period determined from
an ASTM interlaboratory test program, see Appendix A. The developed model is used for metallic surfaces
in general and includes data taken from literature for stainless steel AISI 316 and aluminium 6061-T6. By
quantifying the interrelation of the physical degradation mechanisms and the mechanical properties of the
metals guidelines can be given for metallic surfaces with respect to droplet impingement erosion life.

Modelling

2.1 Stress cycle due to drop impact

The main building blocks of the existing model that is described in detail in14,15 are the water –hammer
pressure, which originates from compression of the liquid on impact of the surface, see Figure 1 and the

3
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resulting stress cycle from the Rayleigh wave. The water-hammer pressure pwh is given by14,22:

pwh = vd
ρwcw(

ρwcw
ρmcl,m

+ 1
)

cw = cw0 + kvd

vd = drop impact velocity,

ρw = density of water at 1 bar, 1000 kg/m3,

cw = speed of sound in water at the pressure pwh,

cw0 = speed of sound in water at a pressure of 1 bar, 1647 m/s,

k = constant for the pressure influence on the speed of sound22, 1.921,

ρm = density of metal,

cl,m = longitudinal wave velocity of metal.

Due to the impact and the assumed round shape of the droplet, the initial velocity of the boundary of
the contact area with the solid surface is infinitely high. This velocity va decreases rapidly to respectively
the longitudinal wave velocity (cl,m), the transverse wave velocity (ct), the Rayleigh wave velocity (cR),
and finally to the speed of sound in water for this compressed state (cw, see Eq. 1). When va < cw the
compressed water volume losses its high pressure (pwh).

The radius of the contact area (a) of the droplet with the rigid surface as a function of time (t)23 is described
by:

a =

√(
2Rdvdt− (vdt)

2
)

The radial velocity of this contact area boundary (va) is defined by:

va =
da

dt
=

(
Rdvd − vd2t

)√(
2Rdvdt− (vdt)

2
)

With

Rd =
dd
2

At the time when the surface Rayleigh wave starts va equals cR and the radius of the contact area (r0) reads:

r0 =
ddcR
2vd


√

1 + 2

(
vd
cR

)2

− 1
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The compressed water volume loses its high pressure when the velocity of its contact area boundary decreases
to the speed of sound in water for this compressed state, cw. The maximum contact area for which the water-
hammer pressure acts follows from the condition:va = cw. Replacing cR by cw in Eq. 4 and using Eq. 1b
gives the related contact radius (rwh):

rwh =
dd (cw0 + kvd)

2vd


√

1 + 2

(
vd

cw0 + kvd

)2

− 1


In this work, it is chosen to select one droplet diameter for all model predictions, while the impact velocity
is varied. A droplet diameterdd = 1.8 mm serves as representative value, within the presented range by
Heymann10 of 1.2 to 2.0 mm. The drop impact velocities are taken equal to 140, 210 and 400 m/s, similar
to the experimental work that is used by Heymann10.

For this droplet diameter, the impact velocities result for AISI 316 in contact radii (r0) of respectively 0.04,
0.07 and 0.13 mm, and radii (rwh) of respectively 0.07, 0.09 and 0.15 mm.

The water-hammer pressure (pwh) gives rise to cyclic stresses (S). Cyclic stresses are well known to cause
fatigue, in this case surface fatigue. The maximum stress of this cycle due to the Rayleigh surface wave can
be given by14:

Smax =
A

rn

In which A depends on the water-hammer pressure (pwh),n is a constant and r is the radial coordinate. By
assuming that the stress cycle starts at r = r0 (see Eq. 4) and is attenuated at r = r1 at a maximum stress
level Smax = Smax,1,which is equal to the fatigue limit after which no further fatigue damage occurs, the
stress cycle is known. The value A in Eq. 6 is determined by Slot et al.14,15 for dd = 1.8 mm and n = 0.5,
and reads:

A = 0.60pwh (dd = 1.8 mm)

2.2 Fatigue life model for metallic surfaces that includes strain hardening and shot peening

Applying a general expression for fatigue life for a stress level ito the case of drop impact results in Eq. 8a,
introducinghtot that corrects for the differences between the fatigue test conditions and the actual conditions.
The constants m andSf are commonly used material parameters in fatigue tests:

Smax,i = htot Sf N
−1/m
i

The fatigue limit SD,i for the actual erosion conditions is given by:

SD,i = htot SD

In this approach, the number of fatigue cycles to failure in a fatigue test (Nf ) equals the number of fatigue
cycles of the incubation period (Ni).

For metals showing strain hardening, the effects of additional surface hardening and the related residual
compressive stress state at the surface due to the “water drop peening effect” should be included as it will

5
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affect the fatigue life. The well-known Morrow’s equation with mean stress correction24 can be used for this
purpose. In the present case the modified version as derived by Landgraf et al.25 is used:

Sa(
H
H0
S
f,0
− Sm − σR

) = (2Nf )
−( 1

m )

With:

Sa = stress amplitude,

Sm = mean stress,

H
H0

= ratio of increased surface hardness to initial surface hardness,

σR = residual stress at the metal surface

Nf = fatigue life (number of cycles to failure)

Sf,0 = fatigue strength coefficient of metal with initial hardness H0, mean stress Sm = 0 (or R = -1), and
residual stress σR = 0,

R = stress ratio, ratio of minimum stress and maximum stress.

The fatigue strength coefficient (Sf ) in Eq. 8a is to be determined for a stress ratio of R = -0.5, given by
the Rayleigh wave amplitudes14. Using Eq. 9 and assuming that the fatigue curves are available for a stress
ratio R = -1 (the definition used for Sf,0), the following expression for fatigue strength coefficient Sf in Eq.
8a (with R = -0.5) was derived:

Sf =

(
1 +

1 +R

1−R

)(
H

H0
.
Sf,0

2−( 1
m )
− σR

)
2−( 1

m )

Eq. 10 now includes the (possible beneficial) effect of surface hardening and residual stress. It is assumed in
this work that this beneficial effect occurs relative to the ‘water –hammer pressure’ (pwh), see Eq. 1a, and the
maximum loaded surface area with a contact radius (rwh), see Eq. 5. By using a threshold water-hammer
pressure (pwh,th), above which surface hardness and residual compressive stresses increase, it was possible
to construct the following model.

- if pwh > pwh,th:

H

H0
= 1 + a (pwh − pwh,th)

σR = b (pwh − pwh,th)

- if pwh ≤ pwh,th:

H

H0
= 1.0

σR = 0

pwh,th = threshold water-hammer pressure,

a, b = material dependent constants, see Table B-2 of Appendix B.

6
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Similar to the work described in detail15 one can use the Palmgren-Miner rule to account for the cumulative
fatigue damage at different stress levels. The basic form of this equation for variable amplitude stress loading
is:

D =

k∑
i=1

ni
Ni

In which ni = number of cycles due to multiple drop impact at stress level i.

The droplet erosion incubation period is now defined as:

Ip =
Df

Dh

Ip = Droplet erosion incubation period (h)

Df = Cumulative fatigue damage at failure

Dh = Cumulative fatigue damage per hour (h-1)

According to the general Palmgren-Miner approach14,15:Df = 1. Using this approach a fatigue-based model
for the droplet impingement erosion incubation period of metallic surfaces can be formulated. An expression
for the incubation period can be derived15:

Ip =
d3d

24Φv

(m− 4) (htotSf )
m

A4

1[
Smax(r0)

(m−4) − (htotSD)
(m−4)

]
Φv = 3.6× 106 Cvvd

In which:

Φv = volume of impacting water drops per unit area (mm/h)

With Smax(r0) according to Eq. 6 and using r0 according to Eq. 4.

Furthermore Smax(r0) > htotSD and for the complementary condition Smax(r0) ≤ htotSD this results in:
Ip → ∞. Thus the conditionSmax(r0) = htotSD gives the threshold drop impact velocity (vd,th). For drop
impact conditions(vd , dd) resulting inSmax(r0) ≤ htotSD, the fatigue damage will not accumulate to fatigue
failure and thus the life of the metal surface will be infinite.

Results for stainless steel AISI 316 and aluminium 6061-T6

The droplet impingement incubation period was predicted for stainless steel AISI 316 and aluminium 6061-T6
using the presented analytical model and the fatigue life curves in Table B-1, and including the additional
surface hardening and residual compressive stress at the surface due to the “water drop peening effect”
with the data derived in Appendix B that is summarised in Table B-2. For htot, a value of 1 was taken,
this assuming that there are no corrections necessary for the differences between the fatigue test conditions
and the actual droplet impingement erosion test conditions. Figures 2 and 3 show the predicted curves in
comparison to the incubation periods and confidence limits according to the multi-regression equation of
Heymann10, Eq. A-1 as given in Appendix A.

The Figures show that these predicted incubation periods are nearly all within the 2.5 and 97.5 % confidence
limits of the multi-regression equation for the given metal. These limits of the multi-regression equation are
partly a result of experimental uncertainty and partly due to differences between used test set-ups10.

7
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Discussion

The model predictions for stainless steel AISI 316 and aluminium 6061-T6 showed an excellent agreement
with the multi-regression equation of Heymann10 that is determined from an ASTM interlaboratory test
program. Nearly all incubation period predictions were within the 95% confidence limits of the mentioned
multi-regression equation.

An essential aspect of the current model is the fatigue-based approach in which now the surface hardening
and residual compressive stress effects caused by the impact of the droplets are taken into account as well.
The value for the threshold water-hammer pressure (pwh,th), which is used in the Eq. 11a and 11b, is based
on the extensive research by Thiruvengadam et al.43-45.

They performed water jet impact erosion tests with metals in a high speed rotating disk facility. Observation
of the specimens to determine when denting or erosion occurred was implemented in the test sequence.
Depending on the impact velocity, the specimens were microscopically inspected at intervals ranging from
every few minutes to every hour. The number of impacts taken for the initiation of permanent plastic
indentations on the surface was recorded at different test velocities. Results for stainless steel AISI 316 (cold
drawn), and aluminium 1100-O, as a function of the impact velocity are shown in Figures 4a and b. The
number of impacts necessary for observing a small permanent plastic dent is a clear function of the impact
velocity.

This number of impacts varies for stainless steel AISI 316 (cold drawn), in the velocity range 70 – 100 m/s,
between 2 to 5 % of the incubation period. For aluminium 1100-O, this number of impacts varies, in the
velocity range 40 – 60 m/s, also between 2 to 5 % of the incubation period.

Thus it is concluded that permanent plastic indentations in the surface of these metals are present during
95 – 98 % of the incubation period (Ip). In this period a form of liquid impact peening of the metal surface
gives rise to an additional surface hardening and a residual compressive stress state at the surface.

It is assumed in this work that this beneficial effect occurs relative to the ‘water –hammer pressure’ (pwh),
see Eq. 1a, and the maximum loaded surface area with a contact radius (rwh), see Eq. 5, are the parameters
which govern the beneficial effects of residual compressive stress and increase in surface hardness, at a certain
impact velocity.

The incorporated effect of surface hardening and residual compressive stress for AISI 316 and aluminium
6061-T6 on fatigue strength can be substantiated based on evidence from literature. Soyama46 compares
the improvements made to the fatigue strength of stainless steel AISI 316L by cavitation peening, water jet
peening, shot peening and laser peening. For each peening method, the optimum coverage was examined by
measuring the fatigue life at constant bending stress. The fatigue strength of the non-peened specimen was
280 MPa. For the treated samples the increase was: 25 % for cavitation peening, 16 % for shot peening,
9 % for laser peening and 6 % for water jet peening. Cho48 performed FEM simulations of the repeated
waterdrop impact, drop size of 0.2 mm, on 6061-T6 aluminium. In this computational study, residual effects
of repeated waterdrop impact onto an aluminium surface were investigated. The results show that above
a critical impact velocity (74 m/s), a residual compressive stress zone is built up under the impact surface
as a result of local plastic deformation. The depth of the plastic deformation increases with the impact
velocity and number of impacts. At an impact speed of 500 m/s, after 4 impacts, the maximum residual
compressive stress is -345 MPa (-1.06Rp0.2) and is obtained at 0.07 mm under the surface, and the depth of
the compressive stress zone is 0.2 mm. Rajesh49,50 performed multi-droplet impact FE-modelling to predict
the residual stresses due to water jet peening for three grades of aluminium. For this modelling approach, a
transient elastoplastic finite element analysis is used by considering the impingement of a set of droplets in
succession to one another over a certain time period. The pressure is released following this sequence. For
aluminium 6063-T6 (Rp0.2 = 110 MPa), for drop impact speeds between 532 and 604 m/s, and applying 1 to
4 “layers” of water drops this was found to result in compressive stresses between -0.36Rp0.2 and -0.61Rp0.2 at
the impacted surface. These results46-50 clearly confirm that for appropriate water drop impact conditions,
residual compressive stresses and an increase in surface hardness due to strain hardening occur.
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In the current work, an analytical model for the prediction of the droplet impingement erosion incubation
period of metal surfaces is presented. The model is based on the S-N curve of the metal, on the effects of
additional surface hardening and residual compressive stress at the surface due to a “water drop peening
effect”, such as demonstrated for the case of Al 6061-T6 and AISI 316. Application of the model to other
metals requires the steps as shown in the flow diagram in Figure 5.

The presented analytical model gives the interrelation of the physical and mechanical properties of the
metallic surfaces that determines the droplet impingement erosion incubation period. As such, it becomes
possible to define guidelines for a longer droplet impingement erosion incubation life based on optimised
physical and mechanical properties. Selected properties of the metals used in the presented analytical model
are summarised in Table 1. The required direction of the property (—: increase, and —: decrease) for an
optimal long droplet impingement erosion incubation life is indicated. From Table 1 it follows that a higher
fatigue strength affects the incubation period positively. Using the corresponding equations shows that for
instance an increase in the fatigue strength coefficient (Sf,0) of AISI 316 with 10 %, and using m = 7.8, the
average value for AISI 316 in Table B-2, results, with Eqs. 10 and 14, in an increase in the incubation period
(Ip) with a factor of 2.1.

Conclusions

The following conclusions are drawn:

1. In the current paper a fatigue based analytical model for the prediction of the droplet impingement
erosion incubation period of metal surfaces loaded by impacting water drops published by authors (Slot
et al.15), was tested against a wide range of liquid droplet erosion incubation period tests. The model
was extended for the use of S-N curves for aluminium and stainless steel, by including the effects of
additional surface hardening and residual compressive stress at the surface due to a water drop peening
effect.

2. The model predictions for stainless steel AISI 316 and aluminium 6061-T6, using S-N fatigue curves
from different literature sources, see Table B-1, and including the defined additional surface hardening
and a residual compressive stress state at the surface due to “water drop peening effect”, showed for
the droplet impact velocity range of 140 to 400 m/s an excellent agreement with the multi-regression
equation as determined from an ASTM interlaboratory test program. Nearly all incubation period
predictions were within the 95% confidence limits of the mentioned multi-regression equation.

3. The physical and metallurgical mechanisms resulting in the degradation process of the metal surface
during the incubation period (Ip) were identified, these consisted of: 1) surface plastic deformation
and, formation of dents, 2) surface hardening and residual compressive stress as a result of these surface
plastic deformations, 3) fatigue crack initiation, 4) short fatigue crack growth.

4. Selected properties of metals used in the presented analytical model were identified with respect to the
direction it should be adjusted for enhanced droplet impingement erosion incubation life.
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Appendix A - ASTM Interlaboratory test program with liquid impact erosion facilities

A.1 ASTM - Multiple linear regression fit equations

Based on an extensive international test program with liquid impact erosion facilities at different research
organisations and universities, and sponsored by ASTM, Heymann9,10 derived a multiple linear regression fit
equation for the incubation life. He presented the following equation for the incubation period as a function
of impingement conditions of waterdrops and metal surface grade:

logN0 = −5.64 log vd − 3.12 log dd + log NOR + 18.94 (s = 0.21, n = 31)

With

N0 = “number of specific impacts” for incubation (-),

vd = impact velocity normal to the target surface (m/s),

dd = waterdrop diameter (mm).

NOR = ”incubation resistance number” as defined by Heymann9,10. This is a normalized resistance value
for a certain metal surface grade with respect to stainless steel AISI 316 (NOR = 1) with a hardness of 170
Vickers.

Eq. A-1 is a multi-regression fit equation for results of droplet impingement erosion tests performed with
erosion test facilities at ten laboratories. All of these have facilities of the type where one or more specimens
are attached to a rotating disc or arm and their circular path intersects one or more liquid sprays. The drop
impact velocity is taken as the peripheral velocity of the specimen. The tests are performed at drop impact
velocities of 140, 210, and 400 m/s, the drop sizes ranges from 1.2 to 2.0 mm.

For stainless steel AISI 316 (NOR = 1) and a drop size of 1.8 mm, this multi-regression fit equation (Eq.
A-1) results to thenumber of specific impacts for incubation as a function of water drop impact velocity as
shown in Figure A-1. The 2.5 and 97.5 % confidence limits of the log-normal distribution are given. The
used nominal drop impact velocities in the interlaboratory test program are also shown.
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The number of specific impacts for incubation can be transformed to incubation period in hours by using
the definition for “number of specific impacts” is given by9,10:

N0 =

(
Vwater

Ae

)
×
(
Ad
Vd

)
= 3600CvvdIp ×

3000

2dd
= 5.4× 106

CvvdIp
dd

Vwater

Ae
= volume of waterdrops impinged per unit exposed area

Ad

Vd
= projected area of a waterdrop divided by the volume of a waterdrop

Cv = volume concentration of water in air (-)

Ip = incubation period (h)

In the whirling arm tests used by Heymann9,10, the mean volume concentration of water in air, Cv = 1.8 x
10-6 (mean log(Cv) = -5.74, standard deviation s = 0.44). By way of comparison: for typical rain conditions,
rain intensity Ir = 25.4 mm/h, drop size dd = 1.8 mm, and gravitational drop velocity vg = 6.2 m/s6, the
volume concentration of water in air,Cv = 1.1 x 10-6 (log(Cv) = -5.94).

The metals supplied to the laboratories are: Aluminium 1100-O and 6061-T6, Nickel 270, Stainless Steel
AISI 316, and Stellite 6B. The first four metals provided most of the test data; only a few data-points are
included for Stellite 6B. The normalized “incubation resistance numbers” (NOR) are determined for each of
the metals tested, the numbers are shown in Table A-1. All relevant differences in metal properties compared
to AISI 316 (hardness of 170 HV) are accumulated in the NOR value of the metal.

A.2 Properties of metals in ASTM test program

The mechanical properties of the metals used in the ASTM Interlaboratory test program10 are summarized
in Table A-2. For all metals, with the exception of Stellite 6B, specimens manufactured from sheet and rod
have been used in the erosion tests. For stainless steel AISI 316 hardness values ranging from 153 to 205 HV
(Hardness Vickers) have been used. The measured incubation periods of AISI 316 have been corrected with
a special procedure9 to a hardness of 170 HV.

Austenitic stainless steel AISI 316 contains (in wt%) 17Cr-10Ni-2Mo-0.02-0.04C with a thermodynamically
stable austenite structure19. Stellite 6B® is a Co-alloy containing (in wt%) 28Cr, 4.5W, and 1.1C, and
normally supplied as mill-annealed sheet20. Aluminium 6061-T6 is an Al-Mg-Si alloy which has been heat
treated for precipitation hardening. Aluminium 1100-O is an unalloyed annealed soft aluminium21.

Appendix B - Fatigue properties of AISI 316 and Al-6061-T6

Fatigue properties of stainless steel AISI 316(L) and aluminium 6061-T6 as used in the ASTM Interlaboratory
test program were collected from literature26-37, see Table B-1. These references show a substantial amount
of test data, so a S-N curve could be fitted and a fatigue limit at 2 million cycles could be determined. The
stress ratios of these fatigue data were R = 0.1 or -1. Fatigue data with a stress ratio R = 0.1 were corrected
to R = -1 (mean stressSm = 0) using Morrow’s equation24 for a mean stress correction, see Eq. 9. The
collected fatigue data are summarized in Table B-1.

The physical properties for stainless steel AISI 316(L) and Al-6061-T6 were collected from the Metals
handbook38. For AISI 316(L): density ρ = 8000 kg/m3, Young’s modulus, E = 193 GPa, and Poisson
constant ν = 0.30, and for Al-6061-T6: density ρ = 2700 kg/m3, Young’s modulus, E = 69 GPa, and Poisson
constant ν = 0.33.

Based on the publications of Soyama46 and Ramulu et al.47 and supported by publications for shot peening
and cavitation peening39-42, the constants (a,b, pwh,th) in Eq. 11a to 11d, for the increase in surface hardness
and residual compressive stress as a function of the ‘water –hammer pressure’ (pwh) were defined. These
estimated trends are shown in Figure B-1. The numerical value are given in Table B-2.
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The threshold water-hammer pressures (pwh,th) in Table B-2, using Eq. 1a and 1b, give for stainless steel
AISI 316 and Al-6061-T6, respectively threshold impact velocities of vd = 112 m/s and 92 m/s.
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