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Abstract
In the framework of the CRC 880 “Fundamentals of high-lift for future civil air craft” methods for the reduction of aircraft 
noise are investigated. An important method for this noise reduction is the usage of porous material as low noise trailing 
edges. To improve the aeroacoustic properties of porous materials, an innovative rolling process was established by Tychsen 
et al. (Metals 8:598, 2018). Here, the rolling process is described as it is used as an important method for the production of 
samples. The influence of cold rolling on two different porous materials namely porous aluminum 80–110 (PA 80–110) and 
PA 120–150 is investigated. Important characteristics studied are the porosity, mechanical properties and the dependence of 
flow resistivity from the degree of deformation. The flow resistivity is of particular interest as the aeroacoustic performance 
is significantly influenced by it. The results are then compared to the findings for PA 200–250, which was investigated in 
Tychsen et al. (Metals 8:598, 2018). Lastly, experimental trailing edges made out of cold rolled porous aluminum with a 
gradient in thickness reduction are shown. The characterization of the aeroacoustic behavior is not part of this study. Refer-
ence is made to Rossignol et al. (Int J Aeroacoust 19:365–384, 2020), where trailing edges shown here are characterized 
aeroacoustically. The findings shown here demonstrate that different porous materials can be tailored by cold rolling without 
negative impact on the mechanical behavior. It is proven that the new rolling process is a versatile tool for the production 
of gradient porous material.
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1 Introduction

The CRC 880 investigates methods for reducing aircraft 
noise. By using increasingly quieter engines, the sound 
generated by the turbulent flow around the wings becomes 
more important, especially during landing. An elementary 
source mechanism lies at the trailing edge of the wing when 
the vortex structures of the turbulent boundary layer inter-
act with the sharp trailing edge of the wing profile. At the 
discontinuous transition from wall-bound to free flow, an 
acoustic signal is generated by each vortex. Porous materials 
can be used to reduce this signal. With their permeability, 
these materials allow communication between the flow on 

the upper and lower wing surface, which has been proven 
to be elementary for the acoustic effect in different studies 
(e.g. compare [3–11]). Porous materials soften the afore-
mentioned discontinuity of the trailing edge. First tests in the 
acoustic wind tunnel (AWB) of the DLR in Braunschweig as 
well as simulations with different materials showed promis-
ing results, especially for a porous aluminum (PA) produced 
by a salt infiltration technique [1, 9, 12, 13].

Rossian et al. [14, 15] showed, using acoustic simula-
tions, that an optimized porous material should have locally 
different flow resistivities. This can be seen in Fig. 1, where 
the de-dimensionalized fluctuating sound pressure (fluctuat-
ing sound pressure divided by linearized dynamic pressure 
of the disturbance field of the vortex - to be independent of 
the test vortex used, compare [16]) generated by a single 
vortex passing over the wing surface is the ordinate value. 
The abscissa shows a time interval. Within this interval, the 
simulated vortex passes the junction of non-porous to porous 
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material as well as the actual trailing edge, reaching the area 
of free flow. Using the time and the velocity of the vortex, 
the two local peaks can be assigned to the point of attach-
ment of the porous material insert on the one hand and to 
the actual trailing edge on the other. This is a clear indica-
tion that an additional source is generated at the junction of 
non-porous to porous material. By using a highly permeable 
material (i.e. low flow resistivity, red curve) the peak at the 
trailing is reduced, whereas the peak at the point of attach-
ment increases. Thus, the resistivity needs to be high at the 
transition from the non porous part of the wing to the porous 
material and very low at the actual trailing edge at the end of 
the wing (compare blue line in Fig. 1). A gradual transition 
between the impermeable wing surface and free flow is to 
be achieved, to reduce both noise sources. Such a smooth 
transition was also shown to be beneficial by Rubio Carpio 
et al. [17] and Schulze and Sesterhenn [18].

The simulations performed by Rossian et al. [14] are 
based on a set of volume averaged perturbation equations 
introduced by Faßman et al. [19] as well as a set of acous-
tic interface conditions by Rossian et al. [20]. The volume 
averaged pertubation equations are used to reduce the com-
putational effort for simulating the acoustic problem. Using 
them, it is not necessary to resolve the acoustics inside the 
porous material. Instead, the porous volume is described 
using the parameters porosity, permeability and the Forch-
heimer coefficient [19]. Since indications for favorable 
design of porous inserts with respect to flow resistivity and 
porosity could be obtained from Rossian’s simulations, these 
two parameters are of particular interest in this study. For a 
detailed description of the simulations, reference is made to 
[14, 15, 19, 20].

Ali et al. [4] found different relevant source mechanisms 
for permeable media, which show that other parameters, 

such as surface roughness, tortuosity (a measure of the tor-
tuosity of the passages within a porous material) or pore size 
are of relevance for noise reduction or additional generation 
of noise. This is confirmed by the investigations of Kisil 
et al. [5] who examine the influence of the pore size in more 
detail. Furthermore, Devenport et al. [21] analyze and show 
the influence of surface roughness on acoustic scattering.

Note, that a main effort of the research within the acoustic 
part of the CRC 880 is to provide basic principles for the 
design of aeroacoustically optimized porous trailing edge 
inserts. Therefore, a reduction to the aforementioned param-
eters (porosity and flow resistivity/ permeability) is consid-
ered a good initial approach, especially since flow resistivity 
was identified as an parameter of main importance in other 
studies [7, 22–24].

In this article no evaluation of aeroacoustic wind tunnel 
measurements is carried out. The focus is on the materials 
science evaluation of the novel rolling process carried out 
for PA materials. The analysis of wind tunnel tests of the 
materials shown here is described by Rossignol et al. [2]. 
The results discussed by Rossignol et al. indicate that there 
is a need to further clarify correlations between noise reduc-
tion potential and material properties. Further analysis of 
the trailing edges shown here is therefore essential. Due to 
the gradient in thickness reduction, this task is not fulfilled 
easily and needs additional research. The surface roughness 
for example varies with the pore size as well as the tortu-
osity. Both parameters are changed during rolling. This is 
another reason, why the research within the CRC initially 
concentrated on porosity and flow resistivity as material 
parameters.

To achieve the aforementioned gradual transition from 
non porous to porous material, a rolling process was estab-
lished within the framework of the CRC 880. A similar roll-
ing process is mentioned in [25]. It was used to produce a 
thickness profile adapted to the actual material load [25, 
26]. In the study shown here, the aim was to roll material 
with a gradient in thickness reduction in such a way that the 
requirements for a low noise trailing edge insert (compare 
[9, 14]) can be achieved. This rolling process was presented 
in [1] using a porous aluminum with a filter fineness in the 
range of 200-250 �m (PA 200-250) with a pore size ranging 
from 0.63 to 3 mm. The filter fineness describes the size of 
the link between pores within the material. The term filter 
fineness is described in Sect. 2.1 in more detail. In [1] the 
porosity, the flow resistivity and the mechanical behavior 
under quasi-static tensile load of cold rolled PA 200–250 
are also characterized.

To further research the mechanism of noise reduction 
at the trailing edge, it is necessary to test different materi-
als. In particular, the effect of a porosity gradient is to be 
further investigated using different materials. Therefore, 
the applicability and effect of the rolling process on two 

Fig. 1  Results of acoustic simulations showing the effect of using 
graded porous material (blue line) compared to uniform porous mate-
rial (red line, black line) as a low noise trailing edge (adapted from 
[14])
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other materials, namely PA 80–110 and PA 120–150, was 
investigated.

In the following, the material, the rolling mill and the 
production of uniformly rolled samples as well as samples 
with a gradient in thickness reduction is presented. The 
production of uniformly rolled samples is indispensable 
for the material characterization, since a characterization 
of properties apart from porosity is not possible with sam-
ples with a gradient in thickness reduction. The first step is 
to identify meaningful degrees of deformation. On the one 
hand, high-resolution computed tomography in conjunc-
tion with a defect-detection is used to determine poros-
ity. On the other hand, quasi-static tensile tests provide 
information on the dependence of the mechanical proper-
ties from the degree of deformation. In connection with 
the porosity determination the influence of the increase 
of load-bearing material due to compaction during roll-
ing can be deduced. In this way, material damage caused 
by the rolling process can be identified. This procedure 
was already described and used in [1, 27]. It is described 
here again as an important method. The results of the 
flow resistivity measurements are presented to conclude 
the investigations of uniformly rolled samples. After pres-
entation of these results, computed tomography scans of 
experimental trailing edges made out of graded porous 
material are shown. The results obtained in this study are 
compared and evaluated with those shown for PA 200–250 
in [1]. A further analysis of the flow resistivity of trailing 
edges rolled with a gradient in thickness reduction is not 
shown here due to space reasons but described in [28].

Note, that results of aeroacoustic measurements of the 
trailing edges are shown in [2]. Rossignol et al. are also 
using a perforated sheet metal with a gradient in poros-
ity and flow resistivity with an non-periodic designed 

structure, which is compared to the TEs (trailing edges) 
made out of porous aluminum.

2  Methods

2.1  Materials

The porous aluminum used is purchased (from Exxentis 
AG). It is produced by infusing a placeholder structure of 
sodium chloride particulates with molten aluminum. After 
casting, the particulates are washed out. Thus, the pore size 
and the size of the link between pores correspond to the size 
of the sodium chloride particulates used for casting. In this 
way, the filter fineness is adjusted. The filter fineness is used 
to name the materials.

In this study material with a filter fineness in the range of 
80–110 �m , (and a pore size in the range of 0.35–1.00 mm) 
named PA 80–110, and with a filter fineness in the range of 
120–150 �m , (and a pore size in the range of 0.63–1.60 mm) 
named PA 120–150 is used. The filter fineness describes the 
maximum particle size that can pass through a filter mate-
rial. The manufacturer uses the specification to classify his 
materials. In Fig. 2, these different materials (as received) 
are shown in a computed tomography reconstruction. Addi-
tionally, PA 200–250 which was used in [1] is shown in 
Fig. 2. The difference in pore sizes can be seen very well. 
Note, that the pore sizes for the materials are much taller 
than their filter fineness. This is due to the fact, that the links 
between pores are responsible for the filtering effect. These 
connections between the pores result from contact surfaces 
of the individual grains of the sodium chloride pack. These 
areas are considerably smaller than the pores themselves. 
Therefore the filter fineness is considerably smaller than the 
pore size. As in [1], material made out of technically pure 

Fig. 2  Computed tomographic scans of the different materials used
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aluminum A85 (according to GOST “The Russian Federal 
Agency for technical regulation and metrology”) is used to 
ensure good formability during cold rolling.

The material is received in 500  mm  x  300  mm size 
plates with a thickness of 20 mm. For rolling, samples are 
cut from the plates with a band saw in different dimen-
sions. Samples used for flow resistivity measurements 
were 100 mm x 100 mm before rolling, samples used for 
mechanical testing were 100 mm x 125 mm before rolling 
and samples for production of experimental trailing edges 
were 100 mm x 250 mm before rolling. After rolling the 
material was further processed. This is described in the fol-
lowing sections.

Note, that different batches of PA 120–150 and PA 80–110 
were used in this study. This is important, because the poros-
ity of the material as received may vary due to minor vari-
ations during manufacturing. One batch was used for mate-
rial characterization of porosity and mechanical behavior 
(Sects. 3.1 and 3.2). The porosity as received is Φ ≈ 61% for 
PA80–110 and Φ ≈ 60% for PA120–150. For the production 
of the experimental trailing edges material with porosity as 
received of Φ ≈ 52% for PA80–110 and Φ ≈ 57% (Batch17) 
and Φ ≈ 62% (Batch18) for PA120–150 was used. The flow 
resistivity measurements shown here were conducted using 
another batch. Despite different batches, a comparison of 
data is very well possible. This is due to the fact that for 
characterization of each parameter, such as flow resistiv-
ity, the same batch is used in each case. For the evaluation, 
the change of the parameters due to rolling rather than the 
absolute values is then in the forefront.

2.2  Rolling experiments

The rolling process for the production of graded porous 
material was firstly described in [1]. It is shown here again, 
because it is used as an important method. The rolling mill 
used is shown in Fig. 3. The special feature of the rolling 
mill is the hydraulically operated pull out table. This can be 
seen very clearly on the left side of the rolling mill below 
the monitor. For rolling of a gradient, the porous material is 
restrained on the pull-out table. The pull-out table provides 
exact position-information of the rolling stock in relation to 
the center of the rolling gap. This position information can 
be used to control the rolling gap as a function of the posi-
tion of the rolled sample. This position information enables 
the rolling gap to follow programmed contours during the 
rolling process.

Rolling is performed with a duo roll set up with a rolling 
speed of 5 mm/s. The roll diameter is 200 mm and the roll 
width is 200 mm. The rolling force varied during the experi-
ments from <1 up to 100 kN. It depends on the samples 
width as well as the thickness reduction per pass. Due to 
the reduction of porosity and work hardening, rolling force 

increases at high degrees of deformation. The samples for 
flow resistivity characterization and for mechanical testing 
were rolled uniformly.

The flow resistivity samples were rolled according to 
five locations of the ”standard” gradient (Table 2). They are 
located at 0, 7.5, 15, 22.5 and 30 mm of the gradient length. 
A thickness of 18, 16, 14, 12 and 10 mm results at those 
locations after five passes of rolling. As with the trailing 
edge, the flow resistivity samples were rolled to the final 
thickness in five passes. The thickness reduction per pass 
corresponds to the thickness reduction at the aforementioned 
five locations during gradient rolling.

The samples for mechanical testing were rolled with a 
thickness reduction of 1 mm per pass. The number of passes 
thus results from the final thickness of the sample to be 
achieved.

The graded experimental trailing edges are usually rolled 
in five passes each. Each pass consisted of several steps. At 
first, the gap between rolls opens up to a value >20 mm so 
that the material can be inserted into the gap. In the next 
step, the gap is closed until the reduction per pass for the 
first area (left hand side in Fig. 4) is reached. Then, the rolls 
start to rotate and the pull out table moves into the direction 
of rolling. The pull out table pulls the sample with a small, 
constant tension. As soon as the beginning of the second 
area (mid in Fig. 4) is reached, the gap between rolls closes 

Fig. 3  400 kN cold rolling mill with hydraulically operated pull out 
table
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while the table and the rolls are still moving. This way, a 
linear gradient is rolled into the material until the beginning 
of the third area (right hand side in Fig. 4) is reached. In this 
area, the gap between rolls is kept constant until the whole 
sample leaves the gap. Later on, the process starts again with 
the first step. It is possible to enlarge the number of areas so 
that different linear gradients can be rolled into the material. 
Using the maximum number of areas, it is possible to roll a 
curve-like shape consisting of various linear gradients into 
the material. The gradients used in this study are shown in 
the Tables 1, 2 and 3.

The first experimental trailing edges were made out of 
cold rolled material with the ”standard” gradient according 
to Table 2 [1]. To improve the understanding of the influ-
ence of graded porosity on the noise reduction potential two 
other gradients (Tables 1, 3) were investigated. The wing 
segment used in the aeroacoustic experiments has a thick-
ness of 6.5 mm at the location were the porous trailing edge 
is attached to. Thus, the experimental trailing edge thick-
ness needs to be 6.5 mm at the joining edge as well. The 
experimental trailing edges (colored in red in Fig. 4) are 
worked out of the graded samples as shown in Fig. 4. The 
gradient can be adjusted (colored in light blue in Fig. 4), 
but the geometry of the experimental trailing edge must 
be unchanged. Thus, the gradient in Table 3 is the gradient 
with the maximum degree of deformation in the third area 
(right hand side in Fig. 4) possible for material with a start-
ing thickness of 20 mm. This is the reason why it is called 
”maximum” gradient in this study. The gradient itself could, 
of course, be further intensified by maintaining the initial 
thickness (20mm) in the first area (left hand side in Fig. 4), 

like it has been done for the light gradient. However, this 
has not been tested in the studies carried out. Because of the 
major overall thickness reduction for the ”maximum” gradi-
ent (Table 3), it is rolled in seven passes to limit the degree 
of deformation during each pass.

After rolling, the trailing edges are worked out of the 
graded rolled material by electrical discharge machining. 
This method is used to ensure a constant high quality with 
open pores for the complex and costly measurements in the 
acoustic wind tunnel. The geometry is shown colored in red 
in Fig. 4.

2.3  Material characterization

A CT scanner (GE nanotom s, GE Sensing & Inspection 
Technologies GmbH, Wunstorf, Germany) with a mini-
mum possible voxel size of 0.5 �m was used for material 
characterization. The porosity determination was conducted 
using three-dimensional CT reconstructions with the defect 
detection of VG Studio Max 2.1 (by VolumeGraphics, Hei-
delberg, Germany).

The samples for porosity measurement (values in Fig. 7) 
were measured with the X-ray tube being operated at 80 kV 
acceleration voltage and 240�A current using a 0.1 mm 
Copper filter. The detector was operated with an exposure 
time of 1000 ms. The samples were rotated 360◦ around their 
own axis. Images were saved every 0.25◦ averaging three 
images, resulting in a total of 1440 gray scale images. A skip 

Fig. 4  Cross section of graded rolled sample with ”standard” gradi-
ent, compare [1]

Table 1  “Light” gradient: gap between rolls during each pass for each 
area

No. of pass First area: 
uniform / mm

Second area (30 mm): linear 
gradient / mm→ mm

Third area: 
uniform / mm

1 20.00 20.00→18.60 18.60
2 20.00 20.00→17.30 17.30
3 20.00 20.00→16.10 16.10
4 20.00 20.00→15.00 15.00
5 20.00 20.00→14.00 14.00

Table 2  “Standard” gradient: gap between rolls during each pass for 
each area [1]

No. of pass First area: uni-
form / mm

Second area (30 mm): linear 
gradient / mm→ mm

Third area: 
uniform / mm

1 19.60 19.60→17.40 17.40
2 19.21 19.21→15.13 15.13
3 18.82 18.82→13.17 13.17
4 18.45 18.45→11.45 11.45
5 18.00 18.00→10.00 10.00

Table 3  “Maximum” gradient: gap between rolls during each pass for 
each area

No. of pass First area: 
uniform / mm

Second area (30 mm): linear 
gradient / mm→ mm

Third area: 
uniform / mm

1 19.70 19.70→17.60 17.60
2 19.40 19.40→15.30 15.30
3 19.10 19.10→13.20 13.20
4 18.80 18.80→11.20 11.20
5 18.50 18.50→9.40 9.40
6 18.25 18.25→7.90 7.90
7 18.00 18.00→6.50 6.50
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time of 1000 ms after each saved image was used. The voxel 
size was 13.75 �m∕voxel.

Settings for the X-ray tube for measuring the experimental 
trailing edges (Sect. 3.3) were 90 kV acceleration voltage and 
230�A current together with a 0.1 mm Copper filter. The 
detector was set to an exposure time of 750 ms. The samples 
were rotated 360◦ around their own axis. Images were saved 
every 0.25◦ averaging three images, resulting in a total of 
1440 gray scale images. A skip time of 750 ms after each 
saved image was used. The voxel size was 17 �m∕voxel.

The experimental trailing edges were subdivided into six 
different Regions Of Interest (Region of Interest, ROI) to 
determine the porosity within the gradient that was rolled 
into the material. This procedure is described in [1] as well 
and is shown here in Fig. 5. In the direction of the thin end of 
the trailing edge, the analyzed volume decreases. However, 
the volume analyzed is sufficient for the determination of 
a reliable porosity value. As there is only one sample per 
state analyzed, no standard deviation is given for the poros-
ity values in Table 5.

Tensile testing was performed with samples designed 
according to DIN 50125 form E. Though, an adaption has 
been made in the measuring length and the overall length of 
the samples. This adaption was made to be able to analyze 
the damage behavior of the samples with computed tomog-
raphy during interrupted tensile testing. The corresponding 
CT measurements regarding the damage behavior are to be 
evaluated and are not part of this study. A similar sample 
design was used in [1] except that the length of the measure-
ment zone and the overall length of the sample are different. 
The schematic diagram of the samples according to DIN 
50125 is shown in Fig. 6. The associated dimensions used 
in this study are given in Table 4.

The samples were worked out of the rolled material by 
cutting the rolled plates with a band saw. A minimum dis-
tance of 10 mm from the lateral edges to the measuring 
range of the samples was ensured. In this way, four samples 
could be obtained from each rolled plate, which were milled 
to the final sample dimensions. The samples were cut out of 
the middle of the material. During milling, the pores on the 
surface are smeared. This does not influence the determina-
tion of mechanical properties, since the material brought 
in does not take over a load-bearing function [30]. For the 
values given, three samples for each state were measured.

Besides porosity measurements and mechanical testing, 
flow resistivity measurements using the alternating air flow 
method (according to Method B DIN EN 29035 [31]) were 
performed. The uncertainty of this method is around 14 %. 
This uncertainty is not taken into account for the values 
given here. Within the investigations, the uncertainty of 
14 % could not be reflected within the measurements car-
ried out. The values given in Fig. 9 contain an uncertainty 
which is the result of multiple measurements (by different 
persons at different days) of one sample for each rolling state 
and each material.

The flow resistivity samples were extracted from the 
rolled plates using a cutting machine. The dimensions of 
samples are 80mm × 80mm × t , where t is the thickness 
after rolling. Thus, a correction for non-standard sample 
sizes had to be applied [32]. Also in this procedure the lat-
eral surfaces of the samples are smeared. This is not relevant 
for the flow resistivity measurement, as this is carried out 
perpendicular to the smeared surface. Furthermore, the lat-
eral surfaces must be masked for measurement anyway.

The aeroacoustic behavior depends on the communication 
between the flow on the upper and lower wing surface. Thus, 
flow resistivity is an important parameter characterizing the 
aeroacoustic behavior, because it describes how easily air 
can flow through the material. However, the values given 
here refer to rolled samples as a whole, which are gener-
ally used to evaluate the change caused by rolling. The flow 
resistivity of similarly rolled trailing edges can, however, 
deviate considerably from the values given here, as the trail-
ing edges are machined out of the material. This difficulty 

Fig. 5  Experimental trailing edge, subdivided into six regions of 
interest for porosity measurements (compare to [1])

Fig. 6  Schematic diagram of tensile test samples according to DIN 
50125 [29]
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is described briefly at the end of Sect. 3.1. The problem 
is described in more detail in [28]. For the flow resistivity 
values of the experimental trailing edges, which need to be 
determined by expensive measurements, reference is also 
made to [2, 28].

3  Results and discussion

Measurements of porosity, flow resistivity and mechani-
cal behavior of uniformly rolled samples are shown and 
discussed. For the discussion, the findings from [1] for 
PA 200–250 are also used. With this information, reasonable 
degrees of deformation are identified and realized using the 
cold rolling technique for the production of graded porous 
material. At the end of this section, CT scans together with 
the porosity values resulting from the defect detection of 
experimental low noise trailing edges are shown. The ana-
lyzed TEs are used for testing in an acoustic wind tunnel 
(AWB at DLR Braunschweig) by Rossignol et al. [2].

3.1  Porosity and flow resistivity

Figure 7 shows the result of the porosity determination of 
uniformly rolled material for different degrees of deforma-
tion. Considering the initial porosity and assuming that 
the material is compressed only in the thickness direction 
and does not change its size in the other dimensions, the 
resulting porosity would be around 20% at Δt∕t

0
= 50% . 

However, lengthening occurs in the direction of rolling. At 
Δt∕t

0
= 50% lengthening of samples is approximately 20%. 

Taking this into account, a porosity value of around 33% 
has to result, which is in good agreement with the measured 
values of around 31% porosity. Note that spreading occurs 
in the direction transverse to the rolling direction. It is only 
about 1–2% and therefore not taken into account.

One can see that the porosity decreases with the increase 
in sheet thickness reduction Δt/t

0
 . An increase of 10% of 

Δt/t
0
 is accompanied by a decrease in porosity around 5% 

except for the last rolling steps from Δt/t
0
= 30 to 50% where 

the porosity decreases by a value >5%. When using the true 
strain instead of the sheet thickness reduction a linear cor-
relation results. This is similar to the results of PA200–250 
obtained in [1].

Note that the porosity of all analyzed samples is open. 
This can exemplary be seen in Fig. 8, where the pores are 
color coded and the material itself is faded. It can be seen, 
that there is one main pore volume (red) and a few smaller 

pores (blue). The small pores are likely to be connected to 
the main pore volume, but cut off due to the limited range 
of the analyzed volume. This result is obtained for the mate-
rial as received (a and c in Fig. 8), as well as for cold rolled 
material (b and d in Fig. 8).

The openness of pores shown in Fig. 8 is important for the 
usage as a low noise trailing edge, since the effect of noise 
reduction is based on the communication between the flow 
on the upper and lower wing surface [3–11]. Since the pores 
are open up to Δt/t

0
= 50% , no restrictions for rolling can be 

derived up to the aforementioned thickness reduction. Note 
however, that based on the simulations made by Rossian 
et al. [14, 15] a main goal is to reduce the sudden change 
from the impermeable, non porous wing surface (wall bound 
flow) to free flow. So, in purely theoretical terms, it would be 
favorable that a gradient should change from an almost-solid 
material or material with almost-closed porosity and almost 
infinitely high flow resistance (the material should not inter-
act with the flow around the wing at this point) to an open 
porous material which allows the communication between 
the upper and lower side of the wing. It has been shown in 
[1] that such a transition from solid to open porous mate-
rial is possible. However, the measurements in the acoustic 
wind tunnel (AWB) carried out within the framework of the 
research project, which are published elsewhere (compare 
[2, 9, 12, 13]), have suggested that compression to the point 
of complete impermeability is not necessary. Therefore the 
materials were only analyzed up to Δt/t

0
= 50% , where open 

porosity is kept with a major increase in flow resistivity. The 
openness of pores can likewise be seen in the flow resistivity 

Table 4  Dimensions of tensile 
test samples

Parameter according to DIN 50125 [29] a
0

b
0

B h L
0

L
c

L
t

r

Value /mm 8 12 18 40 15 21 125 12

Fig. 7  Porosity of PA 80–110 and PA 120–150 at different degrees of 
deformation, error bars show standard deviation
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measurements, as the flow resistivity would be infinite for 
closed pores.

The result of the flow resistivity characterization is shown 
in Fig. 9. Note, that the flow resistivity is plotted logarithmi-
cally to base 10. The overall flow resistivity of PA 120–150 
is less than that of PA 80–110. This is due to the increased 
pore size at constant porosity of PA 120–150 compared to 
PA 80–110.

For PA 120–150 the increase of flow resistivity is expo-
nential (linear here due to the log-scale), while there is a 
strange result for PA 80–110. For PA 80–110, there is a 
minor change in flow resistivity from Δt/t

0
= 20 to 30%, 

while the two areas from Δt/t
0
= 0 to 20% and from Δt

/t
0
= 30 to 50%, considered individually, also show an 

exponential increase. A similar “anomaly” at 30% is also 
apparent in the mechanical tests of PA 80–110. That is why 
it is unlikely to be an effect of inhomogeneous material. Fur-
thermore, comparison with the data from [1] shows that flow 
resistivity develops similar for PA 120–150 and PA 200–250 
(qualitatively). Thus, the “anomaly” at 30% thickness reduc-
tion for PA80–110 may be an effect of the reduced pore size 
of the material leading to a different cold rolling behavior.

One explanation for the measured values could be the 
formation of cracks on the surface, which may almost com-
pletely eliminate the increase of flow resistivity due to com-
pression in the near-surface areas. Such cracks were clearly 
visible for the rolled PA 80–110 sample (compare Fig. 10a, 
b), whereas the PA 120–150 sample (compare Fig. 10c, d) 

Fig. 8  Computed tomography reconstruction with applied defect detection, pores color coded, material faded

Fig. 9  Flow resistivity of PA80–110 and PA120–150 at different 
sheet thickness reductions, error bars show standard deviation
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showed only isolated crack initiations. The aspect of crack 
formation is critically considered when explaining the 
results of the mechanical behavior.

The specific flow resistivity of experimental trailing 
edges leading to good aeroacoustic results is in the range of 
r ≈10,000– 150,000 Ns/m4 [9, 12, 13]. Thus, porous material 
had to be tailored by rolling in such a way that the result-
ing gradient lies within this range. Note, that the method 
for measuring the flow resistivity has an uncertainty of 
14% which was not taken into account for the given values. 
Additionally, the flow resistivity may vary locally due to 
inhomogeneity. By machining the TEs out, the more dense 
near surface areas (due to rolling) of the rolled samples are 
cut off. Furthermore, the size of actual trailing edge of the 
porous inserts shown in Sect. 3.3 (which are to be used in 
the wind tunnel experiments) is only about 1.2 mm thick. 
Taking into account the pore size of the original material, 
it is clear that there is no longer a representative amount of 
material volume available here. Pores directly connect the 
upper and lower side of the wing. That is, why the measure-
ments of the flow resistivity shown here only give a rough 
guide value for the trailing edge production. A more accurate 
but expensive method for determining the flow resistivity of 
experimental trailing edges is described in [28]. For different 
points of the trailing edge depth, flow resistivity measure-
ment samples are wire cut out of material rolled uniformly. 
In [28], the difficulties of the procedure are described. As 
the flow resistivity of the porous inserts should not be the 

issue here, reference is made at this point to the correspond-
ing publication [2, 28]. Nevertheless, with the values given 
here, one can see that cold rolling is a suitable process to 
customize the flow resistivity of porous materials for a given 
application.

3.2  Mechanical behavior

Figures 11 and  12 show the results of mechanical testing of 
PA80-110 as received ( Δt/t

0
= 0 ) and at different sheet thick-

ness reductions. The yield strength is given as a measure of 
mechanical strength of the porous material. Besides the yield 
strength, the “corrected” yield strength is given which takes 
the porosity of the material into account. In other words, 
for the calculation of the corrected yield strength, the force 
measured in the tensile tests is related only to an average 
amount of solid matter within the specimen cross-section. In 

Fig. 10  Surface of samples for mechanical testing, as received and 
after cold rolling at Δt/t

0
= 50% , b, d rolling direction marked

Fig. 11  Yield strength of PA80–110 at different sheet thickness 
reductions, loading in the direction of rolling, error bars show stand-
ard deviation

Fig. 12  Yield strength of PA80–110 at different sheet thickness 
reductions, loading perpendicular to the direction of rolling, error 
bars show standard deviation
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this way, the effect of increasing solid matter in the specimen 
cross section due to compaction is excluded. As a result, it 
is easier to identify hardening or damage caused by rolling, 
as this ”geometrical” effect is eliminated.

For loading in the direction of rolling (Fig. 11) a steady 
increase in yield strength can be seen. However, the scat-
ter of values increases significantly with increasing sheet 
thickness reduction from Δt/t

0
= 30% on. The corrected 

yield strength shows an increase as well. The increase can 
be attributed to work hardening of the material, whereas 
the increased scatter is an indication of an increase in local 
damage (compare crack formation in Fig. 10b).

For loading perpendicular to the direction of rolling 
(Fig. 12), the results are similar. There is an overall increase 
in yield strength as well as in the corrected yield strength. 
Except at Δt/t

0
= 30% the yield strength in the perpendicu-

lar direction is almost the same as the yield strength at Δt
/t
0
= 20% , thus the corrected yield strength is decreasing 

(Fig. 12). This is a clear indication of damage due to rolling, 
but it contradicts the results of the tensile tests in the rolling 
direction (Fig. 11). Figure 11 shows a clear increase in both 
the yield strength and the corrected yield strength.

The fact that damage occurs is shown in Fig. 10. How-
ever, the tensile test specimens are worked out of the mid of 
the material. Looking at a thickness reduction of 30%, the 
resulting thickness of the material after rolling is around 
14 mm. The thickness of the tensile test samples was around 
8 mm. That means, there are 3 mm of material on each side 
to the surface of the rolled samples, where cracks do not 
affect the mechanical test results. The way the cracks appear 
on the surface, they do not extend 3 mm into the material. 
However it is possible that cracks were forming on the inside 
of the material as well.

The question that arises at this point is therefore why the 
tensile tests perpendicular to the rolling direction clearly 
show damage that is not clearly evident from the tests in 
the rolling direction. Considering that the cracks shown in 
Fig. 10b are perpendicular to the rolling direction, these 
cracks should be much more damaging when exposed to a 
tensile load in the rolling direction than when exposed to a 
tensile load transverse to the rolling direction. So far, this 
effect has not been understood. The study of the damage 
behavior by tensile testing combined with CT-analysis will 
clarify this aspect. The corresponding measurements are still 
under evaluation.

At this point an important remark must be made. The 
thickness of the tensile test specimens is 8 mm, which is 
still thicker than the maximum thickness of the trailing 
edges, which is around 6.5 mm. If the damage caused by 
cracks is indeed only on the surface, it is therefore accept-
able that these cracks are not fully considered in the tensile 
tests. The tensile tests carried out have the desired inform-
ative value for the intended application as a trailing edge.

Figures 13 and 14 show the results of mechanical test-
ing of PA 120–150. In both loading directions, the yield 
strength is constantly increasing with an increase in the ref-
erenced sheet thickness reduction. This is also valid for the 
corrected yield strength. Comparing Figs. 13 and 14 one can 
see that the yield strength is slightly higher for the rolled 
material in case the load during tensile testing is applied in 
the direction of rolling (Fig. 13). This can be attributed to 
the greater elongation of the material in the rolling direction, 
which leads to an increase in work hardening effects in this 
direction.

Based on those results, there are no limitations regard-
ing the sheet thickness reduction in the range of 0–50% for 
PA120–150. No degradation of the material due to cold roll-
ing could be detected.

Besides, rolling can even produce a more favorable com-
bination of the material properties yield strength and flow 

Fig. 13  Yield strength of PA 120–150 at different sheet thickness 
reductions, loading in the direction of rolling, error bars show stand-
ard deviation

Fig. 14  Yield strength of PA 120–150 at different sheet thickness 
reductions, loading perpendicular to the direction of rolling, error 
bars show standard deviation
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resistivity. Looking at the flow resistivity of PA 80–110 as 
received, it is about 30 000 Ns∕m4 for the material used 
here. The yield strength of the material as received is about 
3 MPa. The same flow resistivity can be achieved with cold 
rolled PA 120–150 at a referenced sheet thickness reduc-
tion between 10 and 20%. However, the yield strength of 
5–6 MPa of such a material would be almost twice as high 
as that of the comparable PA 80–110. This can be seen very 
well in the scatter plot for the yield strength and flow resis-
tivity in Fig. 15. With regards to the aeroacoustic behavior, 
the influence of the increased pore size and therefore the 
increased surface roughness needs to be considered.

Comparing the results shown here with the results for 
PA200-250 in [1], one can see a systematic trend in material 

strength for the material as received. The strength seems to 
increase with increasing pore size, compare Fig. 15, where 
data for all analyzed materials is given. This is surprising 
given the self-similar structure with the same or similar pore 
shape and porosity. One possible cause is the ratio of wall 
thickness to grain size of the material. It is planned to study 
this aspect by metallographic analysis. Since work harden-
ing has occurred for both materials in this study, it is also 
necessary to investigate why work hardening was not clearly 
found in [1] for PA 200-250.

3.3  Experimental low noise trailing edges

The manufacturing process of experimental trailing edges 
is described in Sect. 2.2. In [1], a reference experimental 
TE out of PA 80-110 as well as experimental TEs out of 
PA 200-250 (made out of material as received and cold 
rolled) are shown. In the following, additional experi-
mental trailing edges for aeroacoustic measurements in 
the acoustic wind tunnel of the DLR Braunschweig are 
shown. In particular, it is described how the porosity of 
the individual trailing edges was adjusted by the cold roll-
ing process and which differences between the different 
materials and different rolling states can be recognized in 
computed tomography cross-sections.

Table 5 shows the determined porosity values for seven 
different experimental trailing edges. Comparing TEs 
that were rolled with the standard gradient with the val-
ues of TEs from the corresponding material (as received) 
it becomes apparent that no linear porosity decrease has 
taken place over the length of the TE. As described before 
[1, 28], deformation localization occurs in the near-surface 

Fig. 15  Scatter plot of yield strength and flow resistivity of PA80–
110, PA120–150 and PA200–250 [1] as received and cold rolled, 
error bars show standard deviation

Table 5  Porosity of 
experimental trailing edges, 
measured in Region 1-6 
(compare Fig. 5)

aThe TEs out of PA80-110 are made out of a different batch than the one shown in [1]. These batches have 
a very different pore geometry resulting in different properties. According to the manufacturer, the produc-
tion process was changed

TE no. Material used Porosity /% of no. of region of interest

1 2 3 4 5 6

I PA 80–110 (Fig. 18a)a as received 52 52 53 52 52 50
II PA 80–110 (Fig. 18b)a

Δt/t
0
= 10−50% 52 53 49 43 36 28

III PA 120–150 (Fig. 18c)
as received (Batch18) 63 63 62 63 62 61

IV PA 120–150 (Fig. 18e)
as received (Batch17) 57 55 57 57 57 56

V PA 120–150 (Fig. 18d)
Δt/t

0
= 0 − 30% (Batch18) 61 59 60 59 56 50

VI PA 120–150 (Fig. 18f)
Δt/t

0
= 10−50% (Batch17) 51 48 44 39 32 26

VII PA 120–150 (Fig. 18g)
Δt/t

0
= 10−67.5% (Batch17) 51 48 43 35 27 16
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areas at small values of referenced sheet thickness reduc-
tions. Since the trailing edges are machined out of the 
middle of the material, the influence of rolling is compara-
tively small for small values of referenced sheet thickness 
reductions. This effect is particularly noticeable in ROI 1, 

2 (and 3) where the thickness reductions are small and the 
trailing edge thickness is correspondingly small (see green 
arrow Fig. 16). The area of the TE only consists of a nar-
row area out of the middle of the rolled material.

Fig. 16  Section of an experimental trailing edge made of cold rolled PA120–150 with a gradient in thickness reduction from 0 to 30% (No. V)

Fig. 17  Section of an experimental trailing edge made of cold rolled PA120–150 with a gradient in thickness reduction from 10 to 67.5% (No. 
VII)
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Apart from that, one can see that the gradients set dur-
ing rolling are very clearly reflected in the porosity of the 
trailing edges (Table 5 No. II, V–VII). Since different gra-
dients have been investigated with PA120-150, they will 
be described in the following. For this purpose, Figs. 16a 
and 17a show the computed tomography reconstructions 
of TE sections. On the one hand a TE made out of mate-
rial rolled with the light gradient (Fig. 16, Table 1) and 
on the other hand a TE made out of material rolled with 

the maximum gradient (Fig. 17, Table 3) is shown. Fig-
ure 16a shows hardly any change in the pore structure on 
the surface. Close to the point of attachment (red arrow) 
respectively in ROI 6 and 5 a decrease in porosity can be 
assumed. This decrease is clearly shown in the porosity 
measurements (Table 5 No. V). For the TE out of cold 
rolled material with the “maximum” gradient the decrease 
in porosity can clearly be seen comparing ROI 1 with ROI 
6 in Fig. 17a. This is also reflected in the porosity meas-
urements (Table 5 No. VII). Comparing the porosity of 
ROI 1 in No.V and No.VII a difference of around 10% is 
measured. This difference can be seen between Figs. 16a 
and 17a, too.

Due to the limited analyzability of the three-dimensional 
material models, cross sectional images of the computed 
tomography measurements are shown in Figs. 16b–d, 17b–d 
and for all TEs in Fig. 18. For reasons of space, three cross 
sectional images are given only for No. V and No. VII. For 
the other TEs only one representative cross-sectional image 
is shown.

When looking at such cross sectional images, the reader 
should be aware that the images can easily be misleading. 
Even if no connection between the suction and pressure 
sides can be seen in the cross sectional image, the pores 
naturally continue to extend outside the sectional planes, 
so that there surely is a connection between the suction 
and pressure sides.

The previously described difference of the trailing 
edges made out of material rolled with the ”light” gradient 
(Figs. 16b–d, 18d) and ”maximum” gradient (Figs. 17b–d, 
18g) in thickness reduction can also be seen very distinctly 
in the cross sections of the computed tomography scans.

Comparing Fig. 18c and d one can see that the size of 
pores and the porosity is almost the same, except for the 
point of attachment (right hand side of cross-sections). 
There, Fig.  18d shows less porosity and smaller pores 
compared to the starting material in Fig. 18c. Comparing 
Fig. 18e, g, on the contrary, a much more distinct differ-
ence is apparent. On the left hand side of the cross sections, 
the difference in porosity and pore size does not seem to 
be major, although the difference in porosity according to 
measurement (Table 5) is 6 %. However, a major difference 
can be seen when looking at the point of attachment (right 
hand side of cross-sections). There, in Fig. 18g pores are a 
lot smaller than those of Fig. 18e. Furthermore, the pores 
seem not to be open anymore, with porosity being close to 
zero (though porosity is still 16 % according to measurement 
Table 5). From the aeroacoustic requirements, the aim of 
a graded transition from solid to porous material was best 
achieved in this case.

Looking at the cross section of Fig. 18g (compared to 
c–f), however, it also becomes clear that the effective length 
over which the material is porous may be reduced. Thus, 

Fig. 18  Cross sections of different experimental trailing edges
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the length over which the material can achieve its actual 
effect is reduced, which certainly has an influence on the 
aeroacoustic behavior. Nevertheless, the demands made by 
[9, 12–14] for porous materials can be met. The aeroacoustic 
measurements [2] did not allow a clear quantification of the 
effect of porous material rolled with a gradient in thickness 
reduction. They seem to influence mainly the low-frequency 
part and seem to provide only slightly better noise reduc-
tions [2]. Now further adjustments that have to be made for 
highly efficient experimental low noise trailing edges have 
to be concluded. Within the experiments shown here, it has 
become clear that different gradients can be generated by 
cold rolling.

4  Conclusions

The results of this study show that the porosity and flow 
resistivity of porous materials can be effectively adjusted by 
cold rolling. The porosity decreases almost linearly with the 
increase of the related sheet thickness reduction. The flow 
resistivity, on the other hand, increases exponentially. It is 
also shown that there are no limitations of the rollability up 
to a referenced sheet thickness reduction of 50% with regard 
to the mechanical stability of the material. With regard to 
PA80-110, it has been shown that rolling does cause damage 
which does not negatively influence the mechanical proper-
ties compared to the starting material, but has a considerable 
influence on the flow resistivity. This aspect is to be further 
researched by additional rolling experiments combined with 
high resolution computed tomography scanning.

Comparing the results of this study with those of PA200-
250 found in [1] a systematic trend can be derived. Despite 
self similar structures, materials with larger pores and lig-
aments at the same porosity and pore shape appear to be 
superior to the mechanical properties of materials with finer 
pores. The reason for this could be the ratio of ligament size 
to grain size, which is presumably not constant. To investi-
gate this, analyzation of the materials with metallographic 
methods will be done.

The investigations show that there may be variations in 
the starting material which may be intensified by rolling. 
This is shown in the increased scatter values in the tensile 
tests as well as in the flow resistivity measurements for high 
degrees of deformation. The influence of this scatter onto the 
aeroacoustic behavior still needs to be determined. So far, 
it can only be concluded that the requirements from [9, 14] 
are met with certain deviations and that the rolling process 
which is used allows to produce experimental porous trailing 
edges at reasonable costs.

The rolling process described in [1] was successfully 
carried out on porous materials with other filter fineness. 
Experimental trailing edges of rolled materials with different 

gradients in thickness reduction were presented and ana-
lyzed, showing the versatility of the new rolling technique. 
The aeroacoustic behaviour of these materials was partly 
characterized by [2]. Only a slight advantage of using porous 
materials with a porosity gradient could be identified. Fur-
ther investigations need to be performed, to examine whether 
the gradients investigated lie within the acoustically relevant 
range and to identify adjustments that need to be made.
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