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Thermal spray coatings are used in different fields of application. The combination of different 
coating materials with diverse thermal spraying processes enables the use of these technologies in a 
wide field of applications. Ever more extreme loading conditions on components, however, represent 
new challenges for thermal spray coatings. Therefore, the aim of this research project was to increase 
the load-bearing capacity of thermal spray coatings, deposited onto steel or aluminium-alloy sub-
strates by pre-treatment using electron beam (EB) surface profiling. 

The EB profiling created lateral patterns of indentations with a defined geometry on the substrate 
surface before the deposition of the spray coating. The indentation geometries were studied with re-
spect to their influence on the filling degree, the bonding quality and the load capacity. The mechani-
cal properties were determined by means of adhesion tests and shear tests. It was shown that, in com-
parison to substrates without EB profiling, the load capacity could be improved for both EB profiled 
steel and aluminium-alloy substrates.  

Подобряване на покривния капацитет на термичните спрей покрития върху под-
ложки от различни материали чрез електроннолъчево профилиране (Филип Хенгст, Ролф 
Зенкер, Тило Зюс, Клаус Хофман). Термичните спрей покрития се използват в различни об-
ласти на приложение. Комбинацията от различни материали за покритие с различни термич-
ни процеси при пръскане позволява използването на тези технологии в широка област на при-
ложение. Все по-екстремните изисквания за покритията върху компонентите, обаче, предс-
тавляват ново предизвикателство за термичните спрей покрития. Следователно, целта на 
този изследователски проект беше да се увеличи капацитета на покривната издръжливост 
на термични спрей покрития, отложени върху стоманени или алуминиеви повърхности чрез 
предварителна обработка с помощта на електроннолъчево повърхностно профилиране. 

Чрез електроннолъчево профилиране се получават латерални вдлъбнатини с определена 
геометрия на повърхността на подложката преди отлагането на покритие. Изследвана е ге-
ометрията на вдлъбнатините по отношение на тяхното влияние върху степента на пълнене, 
качеството на свързване и капацитета на натоварване. Механичните свойства се определят 
с помощта на адхезионни тестове и тестове на срязване. Показано е, че в сравнение с под-
ложки без електроннолъчево профилиране, покривният капацитет може да се подобри за 
електроннолъчево профилирани стоманени и алуминиеви повърхности. 

 

Introduction 
The properties of thermal spray coatings – and es-

pecially the bond strength  – are dependent on the 
substrate surface and the mechanical interlocking of 

the sprayed particles [1, 2]. There is a wide field of 
established pre-treatments for cleaning and surface 
activation. Along with ordinary grit blasting [3, 4], 
high-pressure water jet blasting [5] and dry-ice blast-
ing [6, 7] can be used. 

In recent years, intensive research has been carried 
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out on surface modifications based on mechanical and 
thermal pre-treatments. Ernst et al. [8], Gand [9] and 
Bobzin et al. [10] show that mechanical roughening 
leads to high bond strengths. Bobzin et al. [10] 
achieve the highest bond strength (59 MPa) with a 
dovetail-shaped cutting geometry. Hoffmeister et al. 
[11] use a similar cutting geometry to Bobzin et al. 
[10], and demonstrate increased bond strengths for 
cutting depths above 70 µm. 

Thermal beam technologies are applied in different 
ways to effect surface modifications. Laser beam 
technologies can be used for pre-heating and cleaning 
the substrate material [12, 13]. Other methods for 
surface modification include laser structuring [14 – 
16] and electron beam profiling [17 – 20]. Both treat-
ments rely on the vapourisation of the substrate mate-
rial. 

The process of EB profiling is described by Zenker 
et al. [18] and classified by Rüthrich et al. [17]. 

Experimental procedures 

1. Substrate materials and thermal spraying 

The following substrate materials were used in this 
work: 

- 42CrMo4 
- AlSi7Mg, AlSi35 
All round (diameter 50 or 55 mm) and flat (50 x 

35 mm or 100 x 50 mm) specimens had a minimum 
height of 10 mm. After EB profiling, the samples were 
coated with a Fe-based coating (Metcoloy2, from 
Oerlikon Metco AG) by wire arc spraying. The pro-
cess parameters are listed in Tab. 1. In initial studies, 
the samples were grinded before the coating process 
to remove the bulges to ensure that there were no ef-
fects on the filling degree. 

Table 1 
Process parameters of wire arc spraying 

Parameters  
Arc current 200 A 

Voltage 29 V 
Spray distance 150 mm 
Compressed air 2.5 bar 

Track pitch 10 mm 
Feed rate 9500 mm/min 
Passes 7 

 

2. Electron beam treatment 

All EB profiling processes were carried out with 
the flash technique, e.g. without movement of the 
sample relative to the EB during beam interaction. 
Two different patterns were studied (Fig. 1). The line 
patterns consisted of 5 lines, with each line containing 
300 EB spots. In addition, the EB spots were overlaid 
with oscillation figures like lines, circles and ellipses 
of various sizes. This technique was used to study the 
influences of the beam current, dwell time and oscilla-
tion figure on the profile geometry under constant 
frequencies.  

The complex patterns were designed to optimise 
the profiling substrate surface area, and to increase the 
area of mechanical interlocking. New deflection fig-
ures and oscillation figures (plus-shaped and cross-
shaped) were designed and investigated (Fig. 1). 

Characterisation methods 

Microscopic studies 

After the EB treatment, the sample surfaces were 
first analysed with a white light interferometer. How-
ever, this method couldn’t be used for all of the pro-
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Fig.1. Schematic diagram of the line and complex EB patterns 
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files because of undercuts. Using light microscope 
(LM) and scanning electron microscope (SEM) imag-
es, the profile geometries were measured, and the 
bonding after thermal spraying could be characterised. 

Degree of filling  

The calculation of the filling degree was based on the 
standard porosity of the thermal spray coating (HTS) 
and the hollow space in the profile area filled (HP). 
With these values, it was possible to calculate the 
following: (1) the additional hollow space (HAS) in the 
profile, and (2) the filling degree. The porosity and the 
hollow spaces were measured by binarisation of LM 
images. 

(1) HAS = HP  -  PTS 

(2) Filling degree = 100 %  -  HAS 

Bond strength test 

For determining the bond strength, a test was used 
that was modelled closely on DIN EN 582 [21]. The 
uncoated side of the sample was glued to a sample 
holder. The coated sample side was glued to a smaller 
counter body (diameter 25 mm), with HTK Ultra 
Bond 100 serving as the glue. A Zwick 1476 universal 
testing machine was used with a pre-load of 200 N 
and an increase in load of 100 N/s. 

Shear load test 

The substrates with the complex EB patterns and 
deposited thermal coatings were tested to determine 
their shear strength. This test was based on the norm 
EN 15340:2007 [22], but was also carried in a modi-
fied manner. The feed rate was 0.5 mm/min, while the 
shear force was applied to an area measuring 15 x 
5 mm². After a rapid drop in the shear force, the test 
was stopped and the maximum shear strength was 
calculated from the maximum shear force and the 
shear area (75 mm²). 

Results and discussion 

EB profiling – line pattern 

The influence of the dwell times (0.25 s, 0.5 s and 
1 s) investigated is shown in Fig. 1. A dwell time of 
1 s resulted in high profile depths ( > 900 µm) in both 
substrate materials – including when the different 
beam currents for aluminium (30 mA) and steel 
(50 mA) are taken into account.  

 
Fig. 1. Influence of the dwell time on the profile depth (os-

cillation figure: line length 2 mm). 

For aluminium substrates, the profile depth de-
creased in a linear manner with decreasing dwell time. 
For the steel substrates, the profile depth declined 
from 830 µm to 400 µm when the dwell time de-
creased from 0.5 s to 0.25 s. The dwell time had a 
minimal effect on the profile width. For this reason, 
the subsequent investigations were carried out with 
dwell times equal to or lower than 0.25 s. 

The influence of the beam current and oscillation 
figures at a constant dwell time of 0.25 s on an alu-
minium substrate (AlSi7Mg) is shown in Fig. 2. At a 
beam current of 35 mA, a line oscillation (of 2 mm in 
length) produced profiles with a depth of 600 µm, a 
width of 200 µm, and a bulge height of 170 µm. In 
comparison, an elliptical oscillation figure (2 mm in 
length, 0.5 mm in width) with the same beam current 
generated a lesser depth and a wider profile. This ef-
fect was caused by the distribution of the energy input 
over a larger area. With a beam current of 50 mA, the 
profile width stayed the same but the depth increased 
to 600 µm. In addition, the bulge height increased by 
100 µm. 

It can be concluded that for each line pattern, the 
beam current can be used to vary the profile depth as a 
function of the oscillation figure. For producing simi-
lar profile depths, it was shown that the higher the 
oscillation width was, the higher the beam current had 
to be. The profile width was primarily dependent on 
the oscillation width. 
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Fig. 2. Influence of the EB-parameters on the profile shape 

(dwell time 0.25 s). 

Thermal spraying of EB profiled surfaces 

Three different profiles (line pattern) were coated 
with a Fe-based coating (Metcoloy2). The dimensions 
and the filling degrees are shown in Fig. 3. The poros-
ity of the sprayed coating was 4.6%. With a large 
width, profile B could be filled to a level of around 
90% (Fig. 3b), while profile A could be filled to ap-
proximately 80% (Fig. 3a). In this case, the narrow 
profile shape proved a limiting factor for higher de-
grees of filling because the sprayed particles couldn’t 
reach the bottom of the profile area. This resulted in 
an obstruction of the layer build-up phenomenon dur-
ing the coating process. 
 

Filling
degree: 80%

Thermal spray coating

160 µm

120 µm

100 µm

400 µm

 

Thermal spray coating

410 µm
550 µm

400 µm

Filling
degree: 90%

 
a) Profile A b) Profile B 

Fig. 3. Results of thermal spraying after EB profiling 

Connectivity quality and bond strength of line 
patterns 

The profile bottoms and profile walls were im-
portant for the characterisation of the filled EB pro-
files. In particular, the profile walls had undercuts 
with the potential to increase mechanical interlocking 
for the thermal spray coating. It was assumed that the 
small spray particles could fill undercuts because of 
the layer-by-layer build-up and the horizontal flatten-
ing of particles after impact. The profile bottoms wet-
tability was dependent on the profile width. A high 
radius at the profile bottom produced good wetting 

performance. 
Investigations of the bond strength test were made 

on the line-profiled and sprayed steel substrates. The 
substrate without EB profiles had a bond strength of 
20.8 ± 1 MPa. The profiled substrates exhibited bond 
strengths of 26.9 ± 2 MPa (Profile A) and 27.1 
±1 MPa (Profile B). The bond strength could be in-
creased by 30% independent of the profile geometry. 

EB profiling – complex pattern 

Using newly programmed oscillation figures with 
plus- or cross-shaped forms (Fig. 4a, b), it was possi-
ble to establish complex patterns. 

The special property of these patterns was the mul-
ti-stage gradient of the profile depth (Fig. 4c). This 
gradient resulted from the higher EB spot density in 
the central area of each oscillation figure. Because of 
this, the profile depth had to be divided into two parts. 
Part one was the profile depth D1 in the outer areas of 
the crosses. Part two was the profile depth D2 in the 
central area of the crosses. 

In addition, the plus-shaped and cross-shaped pat-
terns could be combined in a two-step process to im-
prove the profiled surface area (Fig. 4d). The size of 
the plus-shaped oscillation figure was slightly smaller 
than that of the cross-shaped oscillation. If the oscilla-
tions had the same size, there would have been an 
overlap. Because of the two-step process, this would 
have led to a profile depth that would have been too 
high. With a single treatment, the profiled surface area 
had a filling degree of 30%, and with a combined 
treatment, of 60%. The complex patterns – and in 
particular in combination with the high amount of 
profiled surface area – created additional interlocking 
fields for the thermal spray coatings. 

D2D1

D1…profile depth 1 
D2…profile depth 2

a b

dc

 
Fig. 4. Macroscopic images of two complex patterns (a, b); 
schematic diagram of the multi-stage gradient profile depth 

(c); and a combined pattern (d) 

Ellipse (0.5 x 2 mm) Line 2 mm 
Oscillation figure 
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The following results were generated with alumin-
ium substrates (AlSi35) and a dwell time of 0.125 s. 
As for the line patterns, the beam current was again 
responsible for the profile depth (Fig. 5). At a beam 
current of 80 mA, the profile depths were D1 = 
350 µm and D2 = 620 µm. A reduction of the beam 
current of 25% (to 60 mA) caused a decrease in the 
profile depth D1 of 42% (205 µm), and in D2 by 28% 
(450 µm). D1 was more dependent on the beam cur-
rent than D2 because of the differential EB spot densi-
ties. 

 
Fig. 5. Influence of the beam current on the profile depths 

of the complex patterns (dwell time: 0.125 s) 

Shear strength of complex patterns 

The shear strength of the Fe-based thermal spray 
coating was tested on aluminium substrates. A com-
plex pattern was investigated with profile depths of D1 

= 205 µm and D2 = 450 µm. The thickness of the coat-
ing was 300 µm (measured on the sample surface). 
The coating on untreated aluminium delaminated from 
the substrate. In this case, the shear strength was 
20.3 MPa. The coatings deposited on profiled sub-
strates exhibited shear strengths of approximately 
65.2 MPa. In this case, the fracture was the result of a 
combination of adhesive and cohesive failure. Due to 
EB profiling with the complex pattern, there was a 
change in the failure mechanism. This resulted in the 
higher shear strength of the optimised EB patterns. 
The shear strength could be increased by 320% com-
pared to that of untreated samples. 

Conclusions 
In this work, it was shown that EB profiling can 

produce variable profile geometries as a function of 
the EB parameters. The main influences on the profile 
depth were the beam current and the dwell time. For 
line patterns, the oscillation figure was used for ad-
justing a defined profile width. After thermal spraying 
of two different profiles, it could be observed that the 

wide profiles (profile width: 410 µm) had an average 
filling degree of over 90%. In these profiles, even 
undercuts were filled by the thermal sprayed particles. 
For narrow profiles, the profile shape was an im-
portant factor for the degrees of filling. The bond 
strength of the thermal sprayed coating on steel sub-
strates could be increased by 30%, although the 
amount of profiled surface was low. 

The complex patterns with the newly programmed 
plus- and cross-shaped oscillation figures created open 
profiles with multi-stage gradient profile depths. In 
comparison to the line patterns, the profiled substrate 
surface area increased significantly. The complex 
pattern produced a 320% higher shear strength than 
substrates without EB profiles. The untreated sub-
strates exhibited primarily adhesive failures. To some 
extent, the EB profiling led to cohesive failures in the 
thermal spray coatings. 
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