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ABSTRACT

Composite peening is a process to embed ceramic particles into the surface of materials with the aim to improve
the mechanical and tribological properties. These properties depend essentially on the penetration depth of the
particles. In order to investigate the penetration depth achieved with composite peening, micrographs were
taken and evaluated employing digital image processing.

In composite peening, the blasting particles penetrate the surface of the substrate depending on the process
parameters. Models from the field of solid particle erosion were applied to predict the penetration depth of the
particles. These analytical models can be used to evaluate the influence of specific process parameters on the
penetration depth in composite peening. Furthermore, an additional model from ballistics was implemented. A
good qualitative agreement was found between the analytical approaches and the experiments regarding the
penetration depth after composite peening for the given system. In the future, this will allow estimating the
penetration depth for other process parameters and materials for composite peening as well as for issues related

to solid particle erosion.

1. Introduction

The penetration and embedding of particles into the surface of sub-
strates is a phenomenon of many mechanical surface treatment pro-
cesses [1]. Usually, the penetration of the blasting particles is not desired
since foreign particles in the surface represent defects that reduce the
service life of a component, especially in the case of fatigue or corrosion
[2]. However, studies by Ando et al. [3] and Kameyama et al. [4]
showed that embedding small ceramic blasting particles via micro
peening could increase the component’s surface hardness. The improved
surface hardness may be promising in terms of high-temperature prop-
erties and tribological aspects.

The composite peening process was developed to increase the
embedding of blasting particles based on micro peening. By adding a
heating device, a process temperature close to the solidus temperature
(T/Ts = 0.95) increases the penetration depth of the ceramic blasting
particles up to 30 pm [5]. Furthermore, the authors identified the
blasting pressure and the coverage to further influence the penetration
depth. Furthermore, the properties of the blasting particles, such as
density and shape, lead to different penetration depths.

Research in solid particle erosion is closely related to the
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investigations of peening processes in mechanical surface treatment.
Although the primary objective of erosion studies is to describe and
reduce erosion, the experimental setup is similar to shot peening de-
vices. However, it has been known for over 50 years that for ductile base
materials, an initial increase in weight is due to the deposition and
embedding of blasting particles [6,7]. Since then, several reviews have
been published on the penetration and embedding of blasting particles
and their fragments in solid particle erosion studies [8,9]. More recent
contributions to this topic deal with the impact and penetration of single
particles at high velocities and small particle sizes [10] or the numerical
description of particle penetration [11].

The mechanical properties of the base material, in particular (yield)
strength, Young’s modulus and hardness, have been found to be a vital
factor for the penetration of blasting particles. Most observations of
embedded particle fragments have been made in ductile metals such as
aluminum alloys and copper [6,7,12-24]. The process temperature also
influences the indentation behavior by lowering the mechanical prop-
erties. Thus, blasting particles have also been detected in the surface of
steels [25,26], tungsten [27] and titanium alloys [28] at elevated tem-
peratures. Embedded particles in studies on polymers and composites
have been reported by Refs. [7,29-33]. However, blasting particle
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fragments could also be detected in metal-matrix composites and some
ceramics as base material after erosion [34-37].

In addition to the mechanical properties of the base material, further
parameter entail the embedding of particles and their fragments. The
kinetic energy of the blasting particles also plays a decisive role. For
example [38], could not detect any particles in the surface of EN
AW-6061 during erosion tests using glass spheres (15 pm). The authors
attributed this fact to the very low, but not further specified, velocity of
the blasting particles. In a previous investigation, fragments of the glass
spheres were observed in the base material of the same alloy (EN
AW-6061) at a higher velocity of 93 ms™! [18].

Furthermore, the impact angle influences the vertical velocity of the
blasting particles. In the case of a ductile base material, the number of
embedded particles increases and the duration of the incubation phase is
prolonged at larger impact angles [6,16,39]. The maximum of
embedded particles can be observed at an impact angle of 90°.

The kinetic energy of the particle impact is influenced by the particle
size and mass. Several studies are suggesting that below a threshold of
about 20 pm, no particle penetration can be observed at velocities in the
range between 70 ms~ " to 350 ms ™" for several particle shapes and base
materials [13,17,40-42]. This assumption is supported by studies with
particles in this range [38,43]. However, it should be mentioned here
that fragments of blasting particles smaller than 20 pm have also been
found in a Haynes Stellite surface at relatively low velocities of 20 ms ™!
to 50 ms™! [20,21].

Finally, some other factors affect the penetration depth of blasting
particles in solid particle erosion. For example, while an increased mass
flow rate leads to a shielding effect due to a higher amount of
rebounding particles, the more particles penetrate, the higher the
hardness ratio of particles to base material [44]. In addition, the pene-
tration depends on the particle shape. The more angular the blasting
particles, the more particles are embedded in the surface of the substrate
[13,18,26]. An essential aspect of embedding angular particles is the
particle orientation during impact [22,45].

It should be noted that the penetration of blasting particles depends
on several factors that influence each other. The penetration depth in-
creases with lower mechanical properties of the base material. Angular
particles with high kinetic energy usually penetrate deeper into the base
material. If these conditions are met, penetration depths in the higher
micrometer range are observed in the literature, as shown in [Fig. 1].

2. Models for impact

Models describing the penetration depth of particles and the result-
ing wear are not only of interest in the context of solid particle erosion.
Research in the field of ballistics is also addressing the calculation of the
penetration depth of projectiles. A common aspect is a formulation
based on the kinetic energy of the particles or projectiles and on the
mechanical properties of the base material such as yield strength,
Young’s modulus or hardness. The particle or projectile shape also is an
essential factor.

2.1. Model 1: Gotzmann, Beckmann

For solid particle erosion, various models exist for the analytical
description of erosion rates [47]. The erosion models consider particle
properties, base material properties and process parameters such as
temperature, fluid dynamics and particle impacts.

There are also considerations for determining wear via the pene-
tration depth of individual blasting particles. For example, Beckmann
and Gotzmann assume plastic deformation for solid particle erosion of
the base material as a requirement [48]. The penetration depth Xsp
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results as a function of the particle radius R, the hardness of the base
material Hg, the reduced modulus of elasticity E', the particle velocity vy,
the impact angle o and the density of the particles pp.

Here, the reduced modulus of elasticity
11— 1-u

= 2
E Eg + Ep 2

depends on Young’s modulus of the base material Eg and that of the
blasting particle Ep and their Poisson ratios vg and vp, respectively [48].

Based on Eq. (1), the penetration depth, according to the model of
Beckmann and Gotzmann, correlates with the particles velocity and
size. In contrast, the hardness of the base material is diametrical. In
order to model the real conditions of solid particle erosion Eq. (1) can be
extended by the corrective coefficient k = kg k,, [49]. With kg, the shape
of the blasting particles is being taken into account. The values range
between 1 for almost spherical particles and increase up to a value of 2.7
for hard and angular particles. The second part of the corrective coef-
ficient k,, considers the particle flow. For a particle concentration of ¢ <
10 g/cm?s, k, = 1. The higher the mass flow, the more likely is the
rebounding particles’ shielding effect, and consequently k, decreases. At
a particle flow concentration of ¢ = 500 g/cm?s, the coefficient is still k,
=~ 0.5.

2.2. Model 2: Ellermaa

A modification of the theory of Beckmann and Gotzmann is proposed
by Ellermaa [50]. Due to the high velocity of the blasting particle, the
use of the quasi-static hardness is insufficient according to Ellermaa.
Instead, the use of the dynamic hardness Hp is proposed. The determi-
nation of the dynamic hardness can be obtained by dynamic indentation
tests [51]. Approximately, the dynamic hardness Hp, of fcc metals can be
calculated by the equation

Hpp.=17HB 3
with the Brinell hardness HB [50]. For bcc and hex crystal lattices,

Ellermaa summarizes the relationship between dynamic and static
hardness with the equations

Hppee=1.3 GPa+ 1.8 HB )
and
Hppex=0.58 GPa+ 1.8 HB. )

Kleis and Kagnur explain the influence of the crystal lattice by the
different number of slip systems [51].

The following equation based on experimental results calculates the
penetration depth Xg:

X; =R [2’4 (v2sin2a)} v 6)
3Hp \°

Adding the influence of the particle size kg and the hardness ratio
between particle and base material kg to the corrective coefficient is also
discussed. Below the limit of a mean diameter d of 120 pm, the correc-
tive coefficient decreases with particle size: kg = d/120. The hardness
corrective coefficient only applies when the hardness of the base ma-
terial is similar to the hardness of the blasting particles. Above Hp/Hp >
1.6, the corrective coefficient is ky = 1.

2.3. Model 3: Chen, Li

Based on the first analytical models from 1945 [52] describing
penetration mechanisms by quasi-static equations, analytical and
experimental methods have evolved in ballistics to predict penetration
behavior [53]. In these models, a dynamic cavity expansion equation
describes the material behavior at the impact of the projectile at high
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Fig. 1. Micrographs of embedded blasting particles for various base materials. a) Copper at room temperature with glass spheres (70 pm) [15]. b) Copper at room
temperature with Al,O3 particles (35 pm-65 pm) [12].% ¢) Aluminum (EN AW-1100) at room temperature with SiC particles (600 pm) [461.°

velocities [54-56]. The Best number BN = vaz/Rp can be used as a
characteristic value for the transition of elastic, elastic-plastic and hy-
drodynamic deformation behavior [57-59]. pp is the density and R g is
the yield strength of the base material. Some formulations use the
hardness of the base material instead of the yield strength [53,60]. The
particle velocity v contributes quadratically to the equation. For a Best
number BN < 1073, a purely elastic behavior can be assumed. The base
material begins to deform plastically for a Best number BN > 1072 [58,
59]. Above a Best number higher than BN ~ 100" it can be assumed that
the base material behaves like a fluid, and hydrodynamic deformation
mechanisms describe the impact and subsequent deformation of the
base material [60].

The final penetration depth X¢;, of the projectile calculated by Chen
and Li [61] is then given by

Bvaf)Nz)
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The material parameters of the base material R, g as yield strength
and pg as density are used in the equation. The influence of the projectile
shape is represented by the two dimensionless projectile shape factors
N; and N,. m and dp are the mass and the diameter of the projectile,
respectively.

The relationship between the dimensionless projectile shape factors
N; and N, and friction complicates the calculation for dynamic pro-
cesses. Experimentally determined values of shape factors of different
projectile geometries at the impact on EN AW-6061 are summarized by
Chen and Li in [Table 1] [61].

The material constant A can be determined for an ideal elastic-plastic

Table 1
Shape factors for different projectile geometries.
N; Ny
Spherical shape 1.16 0.54
Ogive shape 1.09 0.11
Conical shape 1.30 0.13

1 Sundararajan and Shewmon [60] calculate the Best number via the hard-
ness of the base material. The Best number given here applies to the yield
strength of the base material.

2 Reprinted, with permission, from L.K. Ives, A.W. Ruff, Electron Microscopy
Study of Erosion Damage in Copper, in: W.F. Adler (Ed.), Erosion: prevention and
useful applications, ASTM International, Philadelphia, 1979, 5-35., copyright
ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428.”

8 Reprinted, with permission, from I. Finnie, A. Levy, D.H. McFadden, Funda-
mental Mechanisms of the Erosive Wear of Ductile Metals by Solid Particles, in: W.F.
Adler (Ed.), Erosion: prevention and useful applications, ASTM International, Phil-
adelphia, 1979, pp. 36-58., copyright ASTM International, 100 Barr Harbor
Drive, West Conshohocken, PA 19428.

material by the quasi-static expansion of a spherical cavity by using
Young’s modulus E, the yield strength R.sp and the Poisson’s ratio v
[54].

2 E
4=3 {1 i [3(1 - VG)Res,G} } ®

In contrast to parameter A, the second material constant B for
aluminum ranges between B = 0.983 [62,63] and B = 1.133 [64].

All of the analytical approaches of the penetration depth are sum-
marised and shown in [Fig. 2] over a temperature range between 0.32 T/
Ts (room temperature) and slightly below the melting point of EN AW-
1050. Due to the temperature-related decrease in the mechanical
properties, the blasting particles penetrate deeper into the base material.
The use of particles with a higher diameter, density and velocity also
increases the penetration depth. The shape of the particles is also
included in the calculation of the penetration depth via shape factors.
The more angular the particles, the higher the penetration depth. The
models of Beckmann and Gotzmann or Ellermaa differ only slightly in
their calculated penetration depth due to the same basic physical prin-
ciple describing the penetration of the particles. However, there are
slight differences in the penetration depth due to the use of the static
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Fig. 2. Comparison between different models for calculating the penetration
depth for the system Al,O3 (grain size F600) and EN AW-6082 with a blasting
pressure of 7 bar.
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hardness values in the case of Beckmann and Gotzmann in contrast to
the dynamic hardness in the case of Ellermaa. As used by Chen and Li,
the use of hydrodynamic assumptions leads to significantly lower
penetration depths.

3. Experimental section
3.1. Materials

Two different aluminum alloys were selected as base material for
composite peening. The technically pure alloy EN AW-1050 and the
wrought alloy EN AW-6082. The sheet material was purchased from
BIKAR-METALLE (Bad Berleburg-Raumland, Germany). The chemical
composition of both alloys is shown in [Table 2] and is in accordance
with the DIN EN 573 standard [65].

Since the process of composite peening takes place at temperatures
above 400 °C, the high-temperature characteristics of the aluminum
alloys are of interest. [Fig. 3]. gives an overview of the yield strength and
the Young’s modulus of the two aluminum alloys EN AW-1050 and EN
AW-6082 at elevated temperatures. The mechanical properties shown
were determined by tensile tests by using the DIL805 A/D dilatometer
from Bahr Thermoanalyse GmbH (Hiillhorst, Germany).

By increasing the temperature, both the yield strength and the
Young’s modulus successively decrease. Thus, the mechanical properties
of technically pure aluminum are lower than those of the alloy EN AW-
6082 in general. Up to a temperature of 370 °C, literature values confirm
the determined Young’s modulus in the case of an aluminum-
magnesium-silicon alloy (EN AW-6061) [66]. The process tempera-
tures for composite peening are presented as homologous temperatures
in this work. For the sake of completeness, the mechanical properties of
yield strength and Young’s modulus for both alloys are presented versus
the homologous temperature in [Fig. 4].

The models by Gotzmann and Beckmann, or Ellermaa, utilize the
(dynamic) hardness instead of the yield strength to represent the me-
chanical properties. To present the hardness as a function of tempera-
ture, a linear relationship with the yield strength taken from the
dilatometer analysis was chosen [67,68]. [Fig. 5]. gives an overview of
the hardness as a function of the homologous temperature of the alloys
EN AW-1050 and EN AW-6082.

Three different ceramics were selected as blasting particles:
aluminum oxide (Al;03), silicon carbide (SiC) and tungsten carbide
(WCQ). Aly,O03 and SiC were purchased from Arteka e.K. (Backnang -
Waldrems), WC from H.C. Starck GmbH (Goslar). [Fig. 6]. shows scan-
ning electron micrographs of the three different ceramic particles with
grain size F600, corresponding to a weight-average particle size of 9.3
pm [69]. While Al,O3 and SiC have an angular shape, the WC particles
are spherical.

Additionally, Al,O3 with grain size F320 was used as blasting par-
ticle, which according to the standard, results in a weight-averaged
particle size of 29 pm. Particle size measurements by laser diffraction
are given in [Table 3]. Ds10 and Ds90 values provide information on the
particle size distribution. While 10% of the particles are smaller than the
Ds10 value, the diameter of 10% of the particles is larger than the Ds90
value. Slight variations of the particle size distribution are possible over
different batches. The average particle size in F600 grain size ranged
between 8 pm and 13 pm for AlyOs.

The density of the blasting particle material pp listed in [Table 4] are
given in the material database of CES EduPack [70]. Beckmannn and
Gotzmann suggest a particle shape factor kg of 1.6-1.9 for angular Al,O3

Table 2

Chemical composition of both aluminum alloys.
Wt% Al Mg Si Fe Cu Mn
EN AW-1050 99.52 <0.01 0.10 0.30 <0.01 <0.01
EN AW-6082 Base 0.90 0.88 0.40 0.08 0.43
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particles (corundum) based on studies by Tadolder. For analytical
modelling of the penetration depth, a value of kg = 1.6 is used in this
work. No explicit value of the particle shape factor is given for SiC. As a
substitute, the proposed shape factor for an edged glass of kg = 1.9 is
used. For roughly spherical particles, such as the WC particles used in
this work, a particle shape factor of kg ~ 1 can be assumed [49].

3.2. Composite peening

A schematic setup of the composite peening system is depicted in
[Fig. 7]. A heating device (heating plate, Typ L3/11, Nabertherm GbmH,
Lilienthal) was added to the AccuFlo microblasting system from Comco
Inc. (Burbank, USA) and the CNC machine, including a control unit from
isel Germany AG (Eichenzell). Due to the temperature-related reduction
of the mechanical parameters, initial studies showed an increase in the
penetration depth of the ceramic blasting particles at enhanced process
temperatures [71].

The selected peening parameters are shown in [Table 5]. In pre-
liminary tests, lower temperatures were additionally chosen for the
aluminum alloy EN AW-1050 to cover a wider temperature range.
Compressed air at room temperature cause cooling of the specimen
surface due to the peening process. The cooling could be limited to a
maximum of 120 K by the selected process parameters. The temperature
gradient was taken into account in that each blasting path was run
symmetrically (in positive and negative x-direction). The temperature at
the beginning of the blasting process was used as the reference.

In addition to the process temperature, the blasting pressure and the
coverage have been varied. Constant parameters were the speed,
working distance, nozzle diameter, impact angle and path distance.

3.3. Resulting system parameters

The influence of the blasting pressure on the velocity of the blasting
particles was published by Weingarnter et al. for the AccuFlo micro-
blasting system, depicted in [Fig. 8] [72]. For a pressure of 1 bar, the
abrasive velocity is below 100 ms 1. Increasing the pressure leads to
velocities just below 200 ms~! at 7 bar. Measurements of velocity using
laser shadowgraphy led to slightly lower velocities for the same blasting
system by Getu et al. [31]. However, in this case, larger beam particles
were used, and particle size was found to be anticorrelated with particle
velocity. Kikuchi et al. also found a slower particle velocity for larger
blasting particles [73].

Depending on the blasting pressure (4 bar or 7 bar), particle veloc-
ities of 171 ms™' to 193 ms™! and a blasting path width of 1.28
mm-1.81 mm were obtained. In combination with a path distance of 1
mm, this resulted in an overlap of 28%-81%. The deflection of the
Almen strips varied in a range of 0.033 mmN and 0.047 mmN. The mass
flow rate was 8.2 g min! to 14.8 g min depending on the blasting
pressure. With the process parameters described above, more than one
million particles impact the surface per square millimeter. This results in
multiple impingements of the blasting particles on the same spot.

3.4. Microstructural characterization

To determine the penetration depth, images were taken on micro-
graphs by using the VHX-600DSO digital microscope from KEYENCE
Corporation (Osaka, Japan). For each process parameter, the penetra-
tion depth of three experiments were evaluated and the standard devi-
ation was indicated with scatter bars. A detailed description of the
preparation routine for the micrographs is already given by the authors
in a previous publication [74]. The penetration depth was evaluated
with digital image processing (DIP). For this purpose, the recorded in-
dividual images were stitched by using ImageJ. The evaluated length
was 10 mm per micrograph. Subsequently, an evaluation routine in
Matlab was used to determine the penetration depth for each pixel in the
horizontal direction. The image resolution for this analysis was 0.38 pm.
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Fig. 3. a) High-temperature properties of yield strength and b) Young’s modulus of EN AW-1050 and EN AW-6082.
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Fig. 4. a) High-temperature properties of yield strength and b) Young’s modulus of EN AW-1050 and EN AW-6082 from [Fig. 3] in homologous temperature scale.

The relationship between volume content of the ceramic particles
and the distance to the specimen surface of the alloy EN AW-1050 is
shown in [Fig. 9]. For all investigated parameters, a similar trend of the
ceramic fraction is visible.

Oxide fragments almost completely cover the surface. The propor-
tion of ceramic phase decreases linearly with increasing distance from
the specimen surface. Isolated fragments penetrate slightly deeper,
which explains the flattening of the curve at greater surface distances.
The surface distance for a reinforcement fraction of 1% is shown in the
following section for different process parameters.

4. Results
4.1. Micrographs

The micrographs of the EN AW-6082 alloy after composite peening
in [Fig. 10] show a hill-valley structure, described in detail elsewhere
[75]. It can be seen that the blasting particle accumulations are pri-
marily found in the valleys. These particle accumulations range a few
micrometers from the specimen surface to the interior. In contrast, only
very small amounts of ceramic particles are found on the hills. The same
features are observable for the aluminum alloy EN AW-1050 [76].

[Fig. 10a] shows an image with A1203 particles. The accumulations
of the particle fragments can be seen as dark areas at irregular intervals.
The white dots inside the material represent precipitates of the

aluminum alloy. When SiC is used as blasting particles, the surface is less
humpy, as can be seen in [Fig. 10b]. Likewise, almost no particle frag-
ments are visible on the surface. The good visibility of the WC particles is
due to the large density difference between WC and the aluminum base
material [Fig. 10c]. The hill-valley structure and roughness, as well as
the penetration depth, are greatest for this material combination. The
ceramic particles are visible on the surface over the entire width of the
image.

4.2. Influence of the process temperature

Due to the temperature dependence of the mechanical properties, the
process temperature is of vital importance for the penetration depth of
the blasting particles in composite peening. [Fig. 11]. shows this rela-
tionship using Al,Oj3 particles (grain size F600) as blasting particles and
the aluminum alloy EN AW-1050 as base material at an blasting pressure
of 7 bar. In addition, the results from preliminary tests at lower process
temperatures for a fourfold coverage are shown.

The preliminary tests’ penetration depth evaluated in the micro-
graphs reveals negligible temperature dependence up to a homologous
temperature of 0.6 T/Ts. A higher process temperature results succes-
sively in an increase of the penetration depth. The model of Beckmann
and Gotzmann also reproduces this behavior. The dashed lines indicate
the particle size distribution range in the following figures with the
penetration depths for larger particles (Ds90) and smaller particles
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Fig. 5. Temperature dependence of the hardness of EN AW-1050 and EN
AW-6082.

(Ds10) of grain size F600. The penetration depth calculated by the
model increases above a process temperature of 0.5 T/Ts. This is due to a
softening of the base material in this temperature range, as shown in
[Fig. 5]. The penetration depth evaluated in the micrographs and the

Wear 494-495 (2022) 204246

model agree qualitatively to a process temperature of 0.8 T/Ts. Higher
process temperatures do not yield a pronounced increase in penetration
depth, and the model of Beckmann and Gotzmann overestimates the
measured penetration depth. In the case of twofold coverage, a lower
penetration depth is measured. The maximum penetration depth of 33.8
pm is observed using a fourfold coverage with 7 bar and a 0.9 T/Tg
process temperature.

4.3. Influence of the base material

A lower penetration depth is observed for the EN AW-6082 alloy as
base material, as shown in [Fig. 12]. The higher mechanical properties
even at high process temperatures leads to penetration depths of 13.5
pum, which is significantly less compared to EN AW-1050. Due to the

Table 3
Weight-averaged particle size of the blasting particles (Karlsruhe Institut of
Technology, IAM-ESS).

Al,03 SiC wcC

F320 F600 F600 F600

Mm pm pm pm
Ds10 25.3 8.3 5.3 9.0
Ds50 36.4 13.2 9.6 15.6
Ds90 53.0 19.8 15.5 26.1

Table 4
Particle shape factor and density of the blasting particles.
Al,03 SiC WC Literature
Kr 1.6 1.9 1.0 [48,49]
op 3990 kgm > 3100 kgm > 15,700 kgm 3 [701

Fig. 6. Scanning electron images oft he used blasting particles: aluminum oxide (Al;O3), silicon carbide (SiC) and tungsten carbide (WC).
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Table 5
Overview of the composite peening parameters.
Homologous temperature T/Ts - 0.8; 0.9; 0.95
Blasting pressure P bar 4,7
Coverage Z - 2; 4
Feed rate Vg mms ! 8
Working distance a mm 10
Nozzle diameter dq mm 0.76
Impact angle o ° 90
Path distance b mm 1
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Fig. 8. Influence of the blasting pressure on the velocity of the blasting parti-
cles for the AccuFlo microblasting system (given by Comco Inc.) according
to Ref. [72].
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Fig. 9. Proportion of ceramic particles depending on the distance to the sur-
face. EN AW-1050 with Al,O3 particles (T/Ts = 0.9, z = 4, p = 7 bar).

higher hardness of the base material, the model of Beckmann and
Gotzmann also results in a lower penetration depth. For homologous
temperatures up to 0.9 T/Ts, the results of the penetration depth from
the micrographs are in the scatter range of the particle size distribution.
In the higher homologous temperature of 0.95 T/Ts, the model also
overestimates the penetration depth.

4.4. Influence of the blasting pressure

The velocity of the particles depends on the blasting pressure, as
shown in [Fig. 8]. The increase in velocity due to a change in pressure
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EN AW-6082 - WC, F600

Fig. 10. Micrographs of the composite peened surfaces of EN AW-6082 with a) Al,03 b) SiC and c¢) WC.
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Fig. 11. Comparison of the penetration depth from preliminary tests
(maximum penetration depth) and (particle fraction of 1% according to
[Fig. 91) of the Al,O3 particles for the base material EN AW-1050 at an blasting
pressure of 7 bar with the model of Beckmann and Gotzmann.
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Fig. 12. Comparison of the penetration depth of Al,O3 particles for the alloy
EN AW-6082 for an blasting pressure of 7 bar with the model of Beckmann
and Gotzmann.

from 4 bar to 7 bar is only 13% (171 ms~! to 193 ms™ 1) for the AccuFlo
microblasting system. Since the penetration depth calculated by the
model of Beckmann and Gotzmann is linearly dependent on the velocity,
a pressure of 4 bar shows only a minimal change in the penetration
depth in [Fig. 13] compared to a pressure of 7 bar in [Fig. 8]. The
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Fig. 13. Comparison of the penetration depth of Al,O3 particles for EN AW-
1050 for an blasting pressure of 4 bar with the model of Beckmann
and Gotzmann.

influence of the coverage is more important at an blasting pressure of 4
bar than at 7 bar. In the case of a fourfold coverage at a process tem-
perature of T/Ts = 0.9, a penetration depth of 35.3 pm can be observed.
The results obtained by the micrograph are within the scatter range of
the model at a homologous temperature of 0.8 T/Ts. At higher tem-
peratures, the penetration depth is overestimated.

For EN AW-6082, the same relationship between pressure and
penetration depth is observed. Here, the penetration depth of the mi-
crographs is within the scatter range of the particle size distribution, as
can be seen in [Fig. 14]. At a homologous temperature of 0.95 T/Ts,

60 T T T )
EN AW-6082, Alzox, F600, 4 bar I
: I
50 | ——— Beckman, Gotzmann :
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Fig. 14. Comparison of the penetration depth of Al,O3 particles for EN AW-
6082 for an blasting pressure of 4 bar with the model of Beckmann
and Gotzmann.
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however, both measured values are in the lower range of the model.

4.5. Influence of the blasting particle

The blasting particles influence the penetration depth in the base
material by several factors. On the one hand, the kinetic energy of the
blasting particles changes due to a different particle size distribution and
particle density. On the other hand, the particle shape plays a significant
role in the penetration depth. The models address this phenomenon
employing shape factors. The penetration depth in composite peening
with various blasting particles is shown in [Fig. 15]. The larger particle
diameter for the Al,O3 particles of F320 grain size and the higher density
of the WC particles result in an increased penetration depth compared to
the smaller Al,O3 and SiC particles. The model of Beckmann and Gotz-
mann predicts the latter particles to have a similar penetration depth. At
a 0.9 T/Ts homologous temperature, the larger Al;Og3 particles penetrate
24.2 pm into the base material, much less than the model predicts (45.7
pm). A possible explanation for this may be the particle velocity, which
was found to be size-dependent in previous studies in the literature [31,
73]. According to the model of Beckmann and Gotzmann, a lower
penetration depth is to be expected for particles with a lower velocity.
The penetration depth of WC particles, on the other hand, is under-
estimated. If the particle distribution is taken as input data for the
calculation, however, the penetration depth of the WC particles is within
the expected range for both parameter combinations considered.

4.6. Influence of the coverage

Doubling the coverage leads to an increased penetration depth in
composite peening for almost every condition considered, as can be seen
in [Fig. 10] to [Fig. 14]. Therefore, it can be concluded that an incu-
bation phase, as observed in solid particle erosion of ductile materials,
has not yet been terminated. An increase in the penetration depth in the
incubation phase was also observed by Ives and Ruff [12] employing
micrographs. The incubation phase’s duration, or required abrasive
mass, depends on many process parameters and can be as long as 20 min
in some cases [77]. High particle velocities reduce the particles required
and thus the duration, as observed by Neilson and Gilchrist [6].

60 :
EN AW-6082
s0l A1,0,, F600 ]
——— WC, F600
SiC, F600
40t | ——— ALO,, F320 y
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[\ (9%}
(o) <

A4\

10' ____’../ T
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0.8 0.9
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Fig. 15. Comparison of the penetration depth of different blasting particles
with the model of Beckmann and Gotzmann for EN AW-6082.
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For composite peening, the penetration depth due to multiple pro-
cessing increases less at a blasting pressure of 7 bar as at a pressure of 4
bar. Although the velocities are similar to 171 ms™! to 193 ms™!, the
mass flow increases by 80% due to the higher pressure. For this reason,
the incubation phase should be completed earlier at an blasting pressure
of 7 bar. For composite peening, no detailed data are available to
determine the incubation phase. However, individual test series with
higher coverage do not result in a significant increase in penetration
depth. Instead, a buildup of ceramic layers is achieved, which, however,
do not exhibit good adhesion properties, as shown by the SEM image in
[Fig. 16].

5. Discussion
5.1. Penetration depth in literature

Particle embedment during solid particle erosion is described often
in literature. Many material pairings of particles and base material result
in at least particle sticking. In some cases, the penetration depth of such
particles is documented by micrographs and can be evaluated. [Table 6].
gives an overview of these data. The penetration depth of the literature
data was evaluated directly from the micrographs and represented the
maximum detectable penetration depth of the ceramic particles.

In [Fig. 17] the penetration depth of the literature data [12-15,19,
46,78] is shown by filled markers. The empty markers depict the cor-
responding calculated penetration depth according to the model of
Beckmann and Gotzmann. Additionally, one parameter set of the com-
posite peening is added (EN AW-1050, Al,03, F600, T/Ts = 0.9, 2=4,p
= 7 bar). Particle velocities were lower in the literature compared to the
composite peening process, ranging from 20 ms~! to 122 ms™'. In case
of smaller particles below 100 pm, particle fragments up to a depth of 30
pm were found in copper [15]. Larger blasting particles resulted in
greater penetration depths regardless of the base material. At a particle
size of 600 pm, fragments of glass spheres penetrated to nearly 300 pm
into the base material [19]. The blasting time is not clearly stated for all
investigations. If indicated, a blasting time of at least 10 min was
applied.

In contrast to the data from the literature, the blasting particles in
this study penetrate deeper than their diameter into the base material
during composite peening. The higher particle velocity in combination
with the low mechanical properties at high homologous temperatures is
most likely to be responsible for this effect. The material properties of
the base material for the calculation of Beckmann and Gotzmann model
are taken from the CES EduPack database [70] and depicted in
[Table 7]. For the literature data, the model estimates the penetration
depth of the jet particles to be too low except for one data point.

mounting resin

Fig. 16. Buildup of a ceramic layer with poor adhesion properties after twelve-
fold coverage with Al,O3 particles for EN AW-1050.
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Table 6
Penetration depth of ceramic blasting particles in the literature.
Literature ~ Base Blasting Diameter Velocity Penetration
material particle in pm in ms™? depth in pm
[14] Al 1100, SiC 250-300 30 67
285 °C
[12] Cu-O Al,O3 35-65 20 3
[12] Cu-O Al,03 35-65 61 8
[15] Cu-O glass 70 122 30
[78] Fe-O glass 200 122 42
[13] Al 1100- glass 210 122 67
o
[19] Al glass 600 60 277
[46] Al 1100- SiC 600 61 102
o
300 T T T T T
. A angular ®[g]
particle shape
250 O round 1
g | [TTttTTTT Tttt
= |
= 200} o O O lmodel i
-g ® @ O litcraturc data
o |- Fmmmmmm e
o ! :
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Q
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particle size in pm

Fig. 17. Penetration depth of ceramic particles in solid particle erosion studies
(filled markers) and the corresponding calculated penetration depth according
to the model of Beckmann and Gotzmann (empty markers). The following
assignment applies:

[a] Composite peening: EN AW-1050, Al ,03, F600, T/Ts = 0.9, 2 =4, p = 7 bar.
[b] Ives and Ruff, Cu, annealed, Al ,03, 35 pm-65 pm [12]. [c] Brown and
Edington, Cu, annealed, glass spheres, 70 pm [15]. [d] Brown et al. Fe,
annealed, glass spheres, 200 pm [78]. [e] Brown et al. Al, annealed, glass
spheres, 210 pm [13]. [f] Doyle and Levy, Al, 285 °C, SiC, 250 ym-300 pm
[14]. [g] Cousens and Hutchings, Al, glass spheres, 600 pm [19]. [h] Finnie
et al. Al, annealed, SiC, 600 pm [46]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 7
Mechanical properties of the base materials [70].

Fe, annealed Cu, annealed Al, annealed

208 GPa
735 MPa

125 GPa
441 MPa

Young’s modulus
Hardness

70.5 GPa
196 MPa

However, the model is of the same order of magnitude for all data and
thus can provide a qualitative estimation for the penetration depth.

5.2. Application limits of the models

As mentioned above, the models presented describe the penetration
depth of a single particle. In the case of composite peening and solid
particle erosion, there are multiple impacts of the blasting particles on
the same spot. No coverage values are given for solid particle erosion
studies in the literature. However, a significantly higher degree of
coverage can be assumed in the case of a similar mass flow rate, but
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significantly longer operation. This fact may be responsible for the lack
of agreement between model and literature values.

Despite the multiple impacts of the particles, the model of Beckmann
and Gotzmann reliably describes the penetration depth in composite
peening for a large set of process parameters. In [Fig. 18], the models of
Ellermaa and Chen and Li are shown additionally. The calculations of
Ellermaa are very close to those of Beckmann and Gotzmann since dy-
namic hardness is calculated as material resistance instead of hardness.
For the section considered, the model of Ellermaa describes the pene-
tration depth slightly better than the model of Beckmann and Gotzmann.
In the case of composite peening, however, no correction factor for
particle size is required. If the correction factor for particle size is
included in the equation, the model gives penetration depths ten times
smaller. However, at high homologous temperatures, the penetration
depth is overestimated by Ellermaa’s model, too. The calculations of
Chen and Li, on the other hand, predict a smaller penetration depth over
the entire temperature range. While at low temperatures, the penetra-
tion depth is significantly underestimated, the model of Chen and Li
agrees well with the measured values at a homologous temperature of
0.95 T/Ts. One explanation for this may be a change in material
behavior. While a pronounced plastic deformation of the base material is
still assumed for a Best number BN = 10, higher velocities or lower
material resistance lead to hydrodynamic deformation mechanisms
[60]. These mechanisms are successfully modelled in ballistics using
cavity expansion models. This consideration is used in the model of Chen
and Li. The Best number as a function of process temperature is included
in [Fig. 17]. While the Best number at the process temperature of 0.8
T/Tg and a particle velocity of 193 ms™! is close to the limit at just under
BN = 20, the Best number gradually increases at high process temper-
atures due to lower material resistance. For the highest homologous
temperature (0.95 T/Ts), a value of BN = 147 results for the Best number
and consequently a transition from plastic to hydrodynamic deforma-
tion mechanisms.

For EN AW-6082, the higher mechanical properties result in a lower
Best number, as shown in [Fig. 19]. For a homologous process temper-
ature of 0.95 T/Ts, the Best number of nearly BN = 20 is significantly
lower than an case of EN AW-1050. Although the models of Beckmann

Wear 494-495 (2022) 204246

and Gotzmann slightly overestimate the penetration depth at this tem-
perature, the cavity expansion model of Chen and Li, on the other hand,
predicts a too low penetration depth. This implies that a superposition of
both plastic and hydrodynamic mechanisms may be present in the
transition region above a Best number of BN = 10.

For a lower blasting pressure of 4 bar, the lower particle velocity
leads to a lower Best number. Here, the plastic behavior is dominant at
the highest process temperature with the Best number of BN ~ 10.
Accordingly, the penetration depth estimate based on Chen and Li’s
cavity expansion model turns out to be too low. In contrast, the two
models from solid particle erosion are close to the measured values.

Another challenge is the evaluation of the process temperature itself.
At a pressure of 7 bar, the composite peening process cools the surface of
the base material down by up to 120 K. As a result, the mechanical
properties of the base material increase and, consequently, the
maximum penetration depth of the blasting particles decreases. By
peening the base material from two directions, it is possible to halve this
cooling. Nevertheless, the models may slightly overestimate the pene-
tration depth due to the temperature cooling, especially at high process
temperatures. At lower temperatures, the cooling is inevitably smaller
due to the more minor temperature difference. Furthermore, the sensi-
tivity of the models to the material resistance decreases due to smaller
relative changes.

6. Conclusion

During composite peening and solid particle erosion, blasting parti-
cles penetrate several micrometers into the base material. The pene-
tration depth of the blasting particles depends on several factors. As the
evaluation of the micrographs indicates, the penetration depth increases
due to a higher process temperature, a higher coverage and depends on
the velocity of the blasting particles. However, a further increase in
processing time leads to saturation and thus not to an increase in
penetration depth.

The influence of these process parameters on the penetration depth
can be qualitatively represented via the described models and thus
provide an estimation of the penetration depth in composite peening. In
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Fig. 18. Comparison of the models from Beckmann and Gotzmann, Ellermaa and Chen and Li for describing the penetration depth in composite peening for EN

AW-1050.
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Fig. 19. Comparison of the models from Beckmann and Gotzmann, Ellermaa and Chen

AW-6082.

the case of a Best number greater than 10, the models of Beckmann and
Gotzmann as well as Ellermaa overestimate the penetration depth in
composite peening. This result leads to the conclusion that above the
Best number of 10, the elastic-plastic material behavior is increasingly
replaced by a hydrodynamic one. The models are also promising for
other material systems in solid particle erosion, as the comparison with
literature data illustrates. Conversely, it can be concluded for which
parameter sets, no penetration is to be expected. This represents an
enormous gain if surface contamination is to be avoided, as in shot
peening and micro peening treatments.
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