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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Aerostructures withstand cyclic mechanical loads and therefore, their design must fulfil surface integrity and fatigue strength requirements. This 
paper studies the effect of pneumatic machine hammer peening on surface integrity of 7050-T7451 aluminium alloy. Specimens were hammer 
peened using two different stepover distances (0.07 and 0.35 mm) and initial offset (0.3 and 0.5 mm). A Kistler dynamometer was used to measure 
the forces generated by hammer peening. Then, the surface topography, residual stresses and microstructural damage of the specimens were 
characterised. The results demonstrate that the magnitude of residual stresses and the thickness of the affected layer increases when reducing the 
stepover distance, while surface roughness reduces. Additionally, none of the tested conditions produced microstructural defects. These findings 
suggest that pneumatic hammer peening is an additional process to manufacture thin-walled structural aluminium alloy components. 
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1. Introduction 

There is an increasing demand for manufacturing 
lightweight aircrafts that will enable the reduction of CO2 and 
NOx emissions. This has promoted the manufacturing of large 
aluminium thin-walled monolithic parts in the main structure 
and load bearing components of the aerospace industry, due to 
their high specific strength and good forming properties [1]. 
Furthermore, the durability of the airframe must be carefully 
considered in the design of aeroplanes [2], and particularly the 
fatigue and corrosion performance of thin-walled aluminium 
parts [3]. The in-service fatigue and corrosion behaviour of 
these parts is strongly linked to the Surface Integrity (SI) of the 
manufactured component. Beyond this context, the guarantee 
of SI becomes primary objective for researchers to accomplish 

[4], to prevent from early in-service failures or avoid surface 
re-works. 

Thin-walled aluminium structural parts are produced by 
high-speed machining, removing a high amount of material (up 
to 90%) from the original workpiece [5], and thus finishing 
machining operations affect the final SI. For this reason, some 
researchers have analysed the effect of machining parameters 
on the SI of aluminium alloys [3-4, 6-11]. Ammula and Guo 
[6] found that cutting speed had a dominant effect on average 
surface roughness, but Perez et al. [3] did not measure 
significant variations in roughness values when milling 7050-
T7451 aluminium alloy at several cutting speed. Generally, 
most authors have found more compressive residual stresses in 
aluminium alloys employed in the aerospace industry when 
increasing the cutting speed [3, 8, 10, 11] and increasing the 
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surface roughness, but Perez et al. [3] did not measure 
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feed-rate [8,9].  
These advances enable manufacturers to machine parts with 

enhanced SI and in-service performance. To further improve 
the SI of thin-walled aluminium parts, shot-peening is 
frequently applied after machining. During shot-peening hard 
balls with high kinetic energy impact the surface, inducing 
beneficial compressive residual stresses and work hardening. 
Some authors have analysed the effect of shot-peening on the 
SI of aluminium alloys used in aircraft structural components 
[12-15]. Zupan and Grum [12] found that higher shot-peening 
intensities generated slightly rougher surfaces but also higher 
microhardness and compressive residual stresses  
(Ra =5.81 µm, 220 HV0.3, -325 MPa) than low intensities  
(Ra = 4.57 µm, 205 HV0.3, -300 MPa) in 7075-T651 alloy. Both 
intensities affected a layer with a thickness of ≈ 400 µm. Yao 
et al. [13] also observed compressive residual stresses  
(≈ -240 MPa) when shot-peening the 7055-T77 aluminium 
alloy, but they found a reduction of hardness compared to the 
raw material. More recently, Zagar et al. [14] analysed the 
effect of shot-peening on SI of specimens of aluminium alloy 
7050 with different heat-treatments. They reported maximum 
compressive residual stresses ranging from -150 to -250 MPa, 
being the most compressive when shot-peening the age 
hardened specimens. Interestingly, Pandey et al. [15] 
demonstrated that ultrasonic shot-peening (USSP) successfully 
induces a nanostructure layer in the surface region of the peak 
aged 7075 aluminium alloy.  

Machine hammer peening (MHP) with guided tools is a 
relatively new mechanical surface treatment and it is gaining 
more importance in industrial applications for improving 
fatigue behaviour or corrosion performance of structural 
components [16]. During continuous contact machine hammer 
peening process, the tool is initially moved down to ensure the 
contact with the part, and then, the head of tool advances in the 
main direction and impacts the surface of the part with a 
hammering frequency. This process generates compressive 
residual stresses and a strain-hardened layer due to the plastic 
deformation. Furthermore, some authors have observed 
microstructural changes, basically generation of ultra-fine 
grains which contributes to the fatigue life improvement [17]. 
One of the advantages of MHP is that it can be applied in the 
same machine that is used for the machining process, whilst 
shot-peening requires moving the part to another equipment. 
MHP process has been applied to a variety of materials as 
summarised in the review of Schulze et al. [16], but there is a 
lack of research in aluminium alloys. Lin et al. [18] studied the 
surface modification of 6016 anodized aluminium alloy using 
piezoelectric machine hammer peening. They found that 
increasing hammering frequency produces smoother surfaces 
and higher hardness. An interesting alternative to piezoelectric 
machine hammer peening is the pneumatic machine hammer 
peening, since machine tool investment is much lower. In a 
recent study, Sarasua et al. [19] obtained compressive residual 
stresses up to 600 µm depth when using this technique to treat 
the nickel-based alloy Inconel 718. Therefore, it seems to be a 
suitable approach to obtain thick compressed layers in ductile 
materials, such as aluminium alloys. 

This work aims to understand the effect of pneumatic 
machine hammer peening on surface integrity of 7050-T7451 

aluminium alloy. For that purpose, machine hammer peening 
tests were carried out, machining forces were measured during 
the tests and the surface integrity (microstructural alterations, 
surface roughness and residual stresses) of the hammer peened 
specimens were characterised. Complementarily, the 
productivity of the machine hammer peening process is also 
addressed. 

2. Materials and experiments 

2.1. Manufacturing of specimens 

The aluminium alloy 7050-T7451 widely used in the 
manufacturing of aerostructural components was selected for 
this work. A 200 mm long, 50 mm wide and 10 mm thick 
specimen was extracted by water jet assisted machining from a 
40 mm thick plate. The longest side of the specimen was 
aligned with the rolling direction of the original aluminium 
plate. The selected material had a yield stress of 470 MPa, a 
rupture stress of 574 MPa and a Young’s modulus of 71 GPa. 
Before the hammer peening tests, the upper and lower surfaces 
of the specimen were face milled in the CNC Kondia B1050 
machine using an indexable face milling cutter and uncoated 
inserts. Smooth milling conditions were used to avoid the 
generation of significant machining-induced residual stresses. 
The hammer peening tests were done in the same CNC Kondia 
B1050 machine. For that purpose a FORGEfix pneumatic 
hammer peening tool was fixed in the tool holder of the CNC 
machine. The specimen was fixed to a triaxial sensor Kistler 
dynamometer (9272) in order to measure the forces generated 
by the hammer peening tests in three orthogonal directions. 
This set-up is shown in Fig. 1. 

Fig. 1. Set-up used in the hammer peening tests. 

A total of four different hammer peening conditions were 
tested as shown in Fig. 2. The hammer peening process was 
applied as follows: i) the tool was moved down an initial offset 
(Z0), ii) then the tool advanced in the X direction from the left 
to the right at feed v, iii) when reaching the end of the trajectory, 
the tool was raised and moved back to the left position and iv) 
finally, the tool was laterally displaced by the stepover 

 Author name / Procedia CIRP 00 (2022) 000–000  3 

 

distance (s). The previous steps were repeated to treat the target 
area. It should be clarified that the worpiece was positioned in 
each step to ensure that the target area was centered in the 
Kistler dynamometer. Table 2 summarises the parameters used 
in the hammer peening tests. The stepover distance and initial 
offset were modified in the tests. The range of values for the 
stepover distance were decided based on tool manufacturer 
recommendations. The initial offset Z0 is the thickness of 
material that we initially compress, but some elastic recovery 
can occur. Some preliminary tests were carried out varying Zo 
from 0.1 to 1 mm. We tried Z0 = 1 mm to induce higher plastic 
deformation but the tool broke. Thus, for the final tests the 
value of Zo was limited from 0.3 mm to 0.5 mm; to ensure 
contact between the tool and the surface, but avoid any risk of 
tool failure. However, the feed, hammering frequency  
(f ≈ 250 Hz) and the diameter of the cemented carbide indenter 
(d = 20 mm) and the air supply (≈ 6 bar) were not changed.  

 

Fig. 2. Scheme of the hammer peening tests. 

Table 1. Parameters used in hammer peening tests. 

Test v 

(m‧min-1) 

s 

(mm) 

Z0 

(mm) 

d 

(mm) 

f 

(Hz) 

A 5 0.35 0.3 20 ≈250 

B 5 0.07 0.3 20 ≈250 

C 5 0.35 0.5 20 ≈250 

D 5 0.07 0.5 20 ≈250 

2.2. Surface Integrity characterisation 

The roughness of the machined surface and four hammer 
peened surfaces was measured in both the feed direction (X) 
and the stepover direction (Y) employing a contact roughness 
tester Mitutoyo SJ-210. The average surface roughness Ra, the 
total height of the roughness profile Rt and the mean roughness 
depth Rz of the hammer peened surfaces was measured 
following the UNE-EN ISO 4288:1998 Standard. The 

parameters employed in the measurements were: 2 µm stylus 
tip radius, filtering of the measured profile with a cut-off 
wavelength λs = 2.5 µm and filtering of the primary profile with 
the cut-off wavelength λc = 0.8 mm, and evaluation length of 5 
times λc. 

The residual stresses induced by machining and the hammer 
peening were measured by the hole drilling technique, 
following the procedure explained in the ASTM-E357 
standard. The strain gauges CEA-062UL-120 supplied by 
Vishay Measurement Group were bonded in the centre of the 
hammer peened surfaces to characterise the residual stresses. 
The surfaces were prepared for gauge installation following the 
instructions of the gauge supplier. The tests were carried out 
using a Restan MTS3000 machine equipped with a high speed 
air turbine. The drill bits had a diameter of 1.6 mm. The drill 
bit was aligned with the gauge before drilling the hole. The zero 
depth was detected by electrical contact between the drill bit 
and the workpiece surface. Then, the incremental hole drilling 
procedure was carried out at each gauge employing a total of 
15 depth increments: five initial increments of 20 µm, the next 
six increments of 50 µm, and the final four increments of 
100 µm. This sequence of increments made a hole with a  
≈1.8 mm diameter and a depth of 800 µm. Strains were 
recorded in a HBM data acquisition system after each 
increment. Finally, the residual stress profiles were calculated 
following the method described in the ASTM-E357. 

The samples for microstructural analysis were cut out from 
the machined surface and four hammer peened surfaces. The 
microstructure was observed in two directions: in the 
longitudinal direction (X, parallel to the feed direction) and in 
the transverse direction (Y, parallel to the stepover direction). 
These samples were hot mounted in a phenolic resin with 
carbon filler, ground employing Silicon Carbide papers and 
polished to obtain the desired surface quality. Then, the 
samples were chemically etched using Keller's reagent. The 
microstructure of the samples was observed in a Leica DMi8 
optical microscope.  

3. Results and discussion 

3.1. Forces during hammer peening 

The hammer peening forces varied during the process, and 
reached peak values when impacting the treated surfaces. The 
average of the peak forces in the feed direction (X), stepover 
direction (Y) and perpendicular to the surface (Z) are shown in 
Fig. 3. The higher forces were found in the Z direction, ranging 
from 660 to 780 N, since these are linked to the contact forces. 
The maximum forces in the feed direction (X) were much lower 
than in the Z direction, ranging from 210 to 290 N. The peak 
forces in the X direction varied from 240 to 290 N. The forces 
in the X direction are mainly generated by the friction between 
the tool and workpiece in the main sliding motion. Finally, it 
should be noted that the forces in the stepover direction (Y) 
were very low 65 N. 

The influence of the initial offset Z0 on the average of the 
peak forces was not significant for the tested conditions. 
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procedure was carried out at each gauge employing a total of 
15 depth increments: five initial increments of 20 µm, the next 
six increments of 50 µm, and the final four increments of 
100 µm. This sequence of increments made a hole with a  
≈1.8 mm diameter and a depth of 800 µm. Strains were 
recorded in a HBM data acquisition system after each 
increment. Finally, the residual stress profiles were calculated 
following the method described in the ASTM-E357. 

The samples for microstructural analysis were cut out from 
the machined surface and four hammer peened surfaces. The 
microstructure was observed in two directions: in the 
longitudinal direction (X, parallel to the feed direction) and in 
the transverse direction (Y, parallel to the stepover direction). 
These samples were hot mounted in a phenolic resin with 
carbon filler, ground employing Silicon Carbide papers and 
polished to obtain the desired surface quality. Then, the 
samples were chemically etched using Keller's reagent. The 
microstructure of the samples was observed in a Leica DMi8 
optical microscope.  

3. Results and discussion 

3.1. Forces during hammer peening 

The hammer peening forces varied during the process, and 
reached peak values when impacting the treated surfaces. The 
average of the peak forces in the feed direction (X), stepover 
direction (Y) and perpendicular to the surface (Z) are shown in 
Fig. 3. The higher forces were found in the Z direction, ranging 
from 660 to 780 N, since these are linked to the contact forces. 
The maximum forces in the feed direction (X) were much lower 
than in the Z direction, ranging from 210 to 290 N. The peak 
forces in the X direction varied from 240 to 290 N. The forces 
in the X direction are mainly generated by the friction between 
the tool and workpiece in the main sliding motion. Finally, it 
should be noted that the forces in the stepover direction (Y) 
were very low 65 N. 

The influence of the initial offset Z0 on the average of the 
peak forces was not significant for the tested conditions. 
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Nevertheless, the maximum forces perpendicular to the surface 
increased when reducing the stepover distance: 10% when 
using Z0 = 0.3 mm, and 18% when using Z0 = 0.5 mm. Each 
impact plastically deforms and hardens the surface layer, and 
when reducing the stepover distance the tool impacts more 
times on the hardened surface. Consequently, the contact forces 
increase when employing lower stepover values. The influence 
of the stepover distance on the forces in the X direction was not 
evident, since contradictory trends were observed when using 
Z0 = 0.3 mm and Z0 = 0.5 mm. Finally, the variation of the 
forces in the Y direction was not significant, because these 
changes were within the uncertainty range. 

 

Fig. 3. Average of maximum forces during hammer peening tests. 

3.2. Roughness 

Fig. 4 shows the roughness parameters Ra, Rt and Rz of the 
hammer peened surfaces in both the longitudinal direction (X, 
feed) and transverse direction (Y, stepover direction). The 
roughness of the machined surface was also measured as 
reference in both directions. The workpiece was machined 
using finishing conditions and this produced a smooth surface: 
Ra of 0.16 µm in the longitudinal direction and 0.10 µm in the 
transverse direction. As it can be seen in Fig. 4, the hammer 
peening slightly increased these values as consequence of the 
induced plastic deformation, but Ra was below 0.3 µm in all 
cases. However, this increase in roughness is much lower than 
the one generated by shot-peening in aluminium alloys. For 
instance, Yao et al. [14] reported Ra > 2.5 µm when applying 
shot-peening to a milled surface 7055-T77 aluminium alloy, 
and Zupan and Grum [12] found Ra > 4.5 µm in 7075-T651 
alloy. 

In the longitudinal direction the smoothest surface was 
obtained when applying the lowest offset Z0 and stepover 
distance s. In general, roughness parameters Ra, Rt and Rz  
increased when increasing the initial offset from 0.3 to 0.5 mm. 
When increasing the initial offset, the maximum contact force 

Fz increases (see Fig. 3). Some authors have found that 
roughness ecreases when increasing the contact force up to an 
optimum value, but roughness increases for further increased 
contact force [16]. The effect of stepover distance is more 
evident in the transversal direction; Ra, Rt and Rz  decreased by 
40-50% when reducing s from 0.35 to 0.07 mm. The coverage 
is increased when reducing the stepover since the same region 
is subjected to more impacts. Generally, the increase of 
coverage generates smoother surface [16].  

Fig. 4. Roughness of the tested surfaces in both longitudinal (X) and 
transverse direction (Y). 

3.3. Residual Stresses 

Fig 5 shows the initial residual stresses induced by 
machining and the residual stresses generated by the four 
hammer peening tests. All the hammer peening test generated 
compressive residual stresses in both the longitudinal direction 
(feed motion) and the transverse direction (stepover motion) 
and they reached a depth higher than 800 µm. The compressive 
residual stresses were lower in the feed direction than in the in 
the stepover direction, as observed by other authors [16]. This 
compressive layer is basically caused by highly localised 
contact forces. The magnitude of machining-induced residual 
stresses (from -80 MPa to 50 MPa) and the thickness of the 
affected layer (< 20 µm) was very low compared to those 
induced by hammer peening. In fact, the layer affected by 
residual stresses rarely exceeds 200 µm in depth when applying 
finishing conditions in aluminium alloys [3, 8, 14]. 
Furthermore, it is also two times greater than the thickness of 
the layer affected by high intensity shot-peening [12]. 
Undoubtedly, these findings suggest that it is possible to 
improve the fatigue strength or corrosion behaviour of 
structural aluminium alloy components by hammer peening.  
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Fig. 5. Residual stress profile in a) the longitudinal direction and b) transverse 
direction. 

Compressive residual stresses were the lowest near the 
surface, ranging from -60 to -190 MPa in the longitudinal 
direction and from -50 to -220 MPa in the transverse direction. 
The maximum compressive residual stress peak was located at 
a depth of ≈ 250 to 350 µm in the longitudinal direction. The 
maximum compressive residual stress increased 50-100 MPa 
when reducing the stepover distance.  

The maximum compressive peak was even more 
compressive in the transverse direction and its value increased 
up to -300 MPa (≈ 60% of the yield stress of the raw material) 
when employing the lowest stepover distance. Nevertheless, 
the position of the maximum compressive peak was closer to 
the surface than in the longitudinal direction. It should be 
highlighted that the magnitude of residual stresses at 800 µm 
depth ranges from -150 to -230 MPa when using the lowest 
stepover distance. Other authors also reported higher near 

surface residual stresses when increasing the coverage with 
pneumatic hammer peening process [20]. However, the effect 
of the initial offset on the residual stresses is not significant, 
since no clear trends are observed and changes lay within the 
uncertainty of the measurements. Therefore, there is a 
correlation between the forces induced by hammer peening in 
the Z direction and the magnitude of residual stresses and 
affected layer, since these forces increased when reducing the 
stepover distance but did not vary when changing the initial 
offset value. 

3.4. Microstructural alterations 

Fig. 6 shows the microstructure of the machined surface, and 
Fig.7 and 8 show examples of the microstructure of the hammer 
peened surface in the feed direction (X) and stepover direction 
(Y). The microstructural observations did not reveal significant 
defects either in the machined surface or hammer peened 
surface. There were only identified slightly bent grains below 
3 µm depth in localised regions. None of the analysed 
conditions resulted in major defects. Based on the criteria of 
the aeronautical industry, it can be concluded that the surface 
layer affected by the hammer peening conditions is acceptable 
(lower than 3 µm) and the four conditions analysed in this paper 
could be used in industry applications. 

Fig. 6. Microstructure of the machined surface in the stepover direction. 

Fig. 7. Microstructure of the surface D in the feed direction. 

Fig. 8. Microstructure of the surface B in the stepover direction. 
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Nevertheless, the maximum forces perpendicular to the surface 
increased when reducing the stepover distance: 10% when 
using Z0 = 0.3 mm, and 18% when using Z0 = 0.5 mm. Each 
impact plastically deforms and hardens the surface layer, and 
when reducing the stepover distance the tool impacts more 
times on the hardened surface. Consequently, the contact forces 
increase when employing lower stepover values. The influence 
of the stepover distance on the forces in the X direction was not 
evident, since contradictory trends were observed when using 
Z0 = 0.3 mm and Z0 = 0.5 mm. Finally, the variation of the 
forces in the Y direction was not significant, because these 
changes were within the uncertainty range. 

 

Fig. 3. Average of maximum forces during hammer peening tests. 
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cases. However, this increase in roughness is much lower than 
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and Zupan and Grum [12] found Ra > 4.5 µm in 7075-T651 
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In the longitudinal direction the smoothest surface was 
obtained when applying the lowest offset Z0 and stepover 
distance s. In general, roughness parameters Ra, Rt and Rz  
increased when increasing the initial offset from 0.3 to 0.5 mm. 
When increasing the initial offset, the maximum contact force 

Fz increases (see Fig. 3). Some authors have found that 
roughness ecreases when increasing the contact force up to an 
optimum value, but roughness increases for further increased 
contact force [16]. The effect of stepover distance is more 
evident in the transversal direction; Ra, Rt and Rz  decreased by 
40-50% when reducing s from 0.35 to 0.07 mm. The coverage 
is increased when reducing the stepover since the same region 
is subjected to more impacts. Generally, the increase of 
coverage generates smoother surface [16].  

Fig. 4. Roughness of the tested surfaces in both longitudinal (X) and 
transverse direction (Y). 
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hammer peening tests. All the hammer peening test generated 
compressive residual stresses in both the longitudinal direction 
(feed motion) and the transverse direction (stepover motion) 
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residual stresses were lower in the feed direction than in the in 
the stepover direction, as observed by other authors [16]. This 
compressive layer is basically caused by highly localised 
contact forces. The magnitude of machining-induced residual 
stresses (from -80 MPa to 50 MPa) and the thickness of the 
affected layer (< 20 µm) was very low compared to those 
induced by hammer peening. In fact, the layer affected by 
residual stresses rarely exceeds 200 µm in depth when applying 
finishing conditions in aluminium alloys [3, 8, 14]. 
Furthermore, it is also two times greater than the thickness of 
the layer affected by high intensity shot-peening [12]. 
Undoubtedly, these findings suggest that it is possible to 
improve the fatigue strength or corrosion behaviour of 
structural aluminium alloy components by hammer peening.  
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Fig. 5. Residual stress profile in a) the longitudinal direction and b) transverse 
direction. 

Compressive residual stresses were the lowest near the 
surface, ranging from -60 to -190 MPa in the longitudinal 
direction and from -50 to -220 MPa in the transverse direction. 
The maximum compressive residual stress peak was located at 
a depth of ≈ 250 to 350 µm in the longitudinal direction. The 
maximum compressive residual stress increased 50-100 MPa 
when reducing the stepover distance.  

The maximum compressive peak was even more 
compressive in the transverse direction and its value increased 
up to -300 MPa (≈ 60% of the yield stress of the raw material) 
when employing the lowest stepover distance. Nevertheless, 
the position of the maximum compressive peak was closer to 
the surface than in the longitudinal direction. It should be 
highlighted that the magnitude of residual stresses at 800 µm 
depth ranges from -150 to -230 MPa when using the lowest 
stepover distance. Other authors also reported higher near 

surface residual stresses when increasing the coverage with 
pneumatic hammer peening process [20]. However, the effect 
of the initial offset on the residual stresses is not significant, 
since no clear trends are observed and changes lay within the 
uncertainty of the measurements. Therefore, there is a 
correlation between the forces induced by hammer peening in 
the Z direction and the magnitude of residual stresses and 
affected layer, since these forces increased when reducing the 
stepover distance but did not vary when changing the initial 
offset value. 

3.4. Microstructural alterations 

Fig. 6 shows the microstructure of the machined surface, and 
Fig.7 and 8 show examples of the microstructure of the hammer 
peened surface in the feed direction (X) and stepover direction 
(Y). The microstructural observations did not reveal significant 
defects either in the machined surface or hammer peened 
surface. There were only identified slightly bent grains below 
3 µm depth in localised regions. None of the analysed 
conditions resulted in major defects. Based on the criteria of 
the aeronautical industry, it can be concluded that the surface 
layer affected by the hammer peening conditions is acceptable 
(lower than 3 µm) and the four conditions analysed in this paper 
could be used in industry applications. 

Fig. 6. Microstructure of the machined surface in the stepover direction. 

Fig. 7. Microstructure of the surface D in the feed direction. 

Fig. 8. Microstructure of the surface B in the stepover direction. 

-400

-350

-300

-250

-200

-150

-100

-50

0

50

0 200 400 600 800

σ R
S

x
[M

P
a

]

Depth [µm]

-400

-350

-300

-250

-200

-150

-100

-50

0

50

0 200 400 600 800

σ R
S

y
 

[M
P

a
]

Depth [µm]

Test A: Zo_0.3 & s_0.35
Test B: Zo_0.3 & s_0.07
Test C: Zo_0.5 & s_0.35
Test D: Zo_0.5 & s_0.07
Machining



322	 A. Madariaga  et al. / Procedia CIRP 108 (2022) 317–322
6 Author name / Procedia CIRP 00 (2022) 000–000 

 

3.5. Productivity 

The previous sections demonstrate that pneumatic hammer 
peening can generate components with enhanced surface 
integrity. Nevertheless, the productivity of this process should 
be discussed before transferring to industry. In this study, the 
lowest stepover distance required 1.75 s to treat 1 mm2, and 
0.35 s when using the highest stepover distance. A long period 
would be required to apply hammer peening to the entire 
surface of a large thin-walled aluminium structural component. 
However, manufacturing costs can be significantly reduced if 
only the critical surfaces are hammer peened. 

 

4. Conclusions 

This study was focused on the analysis of SI produced by 
pneumatic hammer peening in A7050-T7451 aluminum alloy. 
The main conclusions of this work are the following: 
• The contact forces generated during hammer peening 

increase when reducing the stepover distance. However, 
forces in the feed and stepover motion direction do not vary 
significantly for the tested range of conditions. 

• None of the analysed hammer peening parameters caused 
major defects. There were only identified bent grains below 
3 µm depth in localised regions. 

• The roughness slightly increased with respect to the 
machined surface when applying hammer peening, but it 
still showed low values (Ra < 0.3 µm). The reduction of 
stepover also resulted in reduction of roughness, mainly in 
the stepover motion direction.  

• All tested conditions generated compressive residual 
stresses, being more compressive in the stepover direction. 
The magnitude and thickness of the compressive layer 
increased significantly when reducing the stepover distance. 

• Based on the results of this study, pneumatic hammer 
peening is an alternative to shot-peening to manufacture 
components with enhanced surface integrity. 
This work has demonstrated the capability of pneumatic 

machine hammer peening to produce aluminum alloy parts 
with enhanced surface integrity. Nevertheless, future work is 
necessary to further optimise the process conditions. 
Experimental work combined with numerical methods should 
study the effect of indenter diameter, feed and pressure on SI. 
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