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ABSTRACT

This article sets out to present a new manufacturing process applied to create absorber
fins for solar collectors. Using Incremental Sheet Forming, a flexible process that can be
performed at a CNC production center, it is possible to make prototypes of absorber fins
with collector riser fittings, which also enables the development of new fin designs using
different materials in a wide range of thicknesses. This article analyzes parameters of the
Two Point Incremental Forming process, with a partial die for solar collector absorber fin
manufacturing using a 1 mm thick aluminum AA1200-H14 in order to determine the influ-
ence of the step down and the tool’s rotation speed on the sheet’s formability, being thus
able to determine the most appropriate combination of these parameters to obtain a pro-
cess with the greatest quality and productivity. A series of 16 experiments was proposed to
manufacture a small absorber fin comparing the rotation speed values of S = 50, 200, 400,
and 800 rpm, with step down values of Az=2, 1, 0.5, and 0.2 mm. The feed rate value was
kept at F=250 mm/min, and each experiment was performed until the first crack occurred in
the sheet. In this study, it was possible to indicate the feasibility of the process under more
efficient parameters for manufacturing absorber fins using the step down of 2mm and the
rotation speed of 50 rpm.
© 2018 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

has been used in different applications such as panel manu-

1. Introduction facture for special cars [4], cranial implants prototypes [5], and
Incremental sheet forming is a process applied to quick pro- development of new models of solar collectors [6]. This arti-
totyping or to the manufacturing of pieces in small lots [1-3] cle presents a case study using the incremental sheet forming
as it presents greater flexibility and greater formability com- process applied to absorber fin manufacturing for flat plate
pared to the conventional forming process [3]. This process solar collectors. It has been selected because it allows rapid
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Fig. 1 - Typical water-heating flat plate collector panel (a) [8], and assembly detail of absorber fin on the copper risers (b).

prototyping and eliminates the use of complex and expensive
tools.

The flat plate collector in residential applications is gen-
erally used for heating bath water in temperature ranges
between 30°C and 80°C [7]. These collectors are formed by
a serpentine, which is constituted by various copper risers
welded to two other risers with a larger diameter, through
which the fluid to be heated flows. The serpentine is mounted
in a box formed by extruded sections on the sides and a plate
at the bottom, both overlaid with thermal isolation in order
to diminish the system’s thermal losses. A glass cover in the
upper part of collector allows solar radiation to pass through
in order to heat the fluid, reducing the convective and radiative
losses.

The risers can be covered by a single absorber plate welded
to them or by several fitted absorber fins. Fig. 1a shows a model
of a closed flat plate collector and its components while Fig. 1b
shows a detail of the assembly of absorber fins on the copper
risers.

The absorber fins mounted on the copper risers are used
to absorb solar radiation, which is transmitted by the glass
and is conducted to the copper risers. For this reason, they are
painted with matte black paint or coated to form a selective
surface.

For absorber fins with fittings for the risers’ serial pro-
duction the rolling process could be applied. However, with

Sheet metal blank

Intermediate configuration

Final configuration

incremental sheet forming it is possible to perform quick pro-
totyping of absorber fins, enabling the development of new
designs in a wide range of thicknesses due to process flexibil-
ity.

Incremental sheet forming consists on the progressive
forming of a flat sheet metal with sy thickness and of a Az
step-down with a d; diameter semispherical tip forming tool.
In this process, the plate is fixed between the blank-holder and
backing plate (positioned over a rig). The opening of the back-
ing plate determines the forming tool’s work surface without
the mandatory use of the die in the lower part of the device.
As the forming tool rotates, it penetrates the sheet vertically,
as shown in Fig. 2.

In order to obtain the formed piece final configuration sev-
eral tool increments are needed, and their path can be carried
out at a CNC production center [2,3]. By incrementing the tool
over the sheet, a wall angle y is formed with the horizontal
axis and a wall angle A is formed with the vertical axis. The
wider the angle y, the smaller will be angle A, and the smaller
will be the final thickness (s1) of the formed sheet.

Various parameters used in the process have great influ-
ence on the quality of the formed product, such as tool
diameter, sheet thickness, lubrication, process temperature,
wall angles [10,11], step down, rotation speed (S) and feed
rate (F). In this study, some of these parameters were be
analyzed in order to obtain greater productivity and qual-

C - )

l«— Forming tool
dt

/ Blank-holder

Backing platé Rig

Fig. 2 - Incremental sheet forming schematic representation [9].
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Fig. 4 - Experiment for analysis of the incremental sheet forming parameters.

ity in manufacturing absorber fins using incremental sheet
forming.

According to studies by Bhattacharya et al., the larger the
tool diameter, the smaller the roughness of the formed sheet
[12]. In the study by Al-Ghamdi and Hussain, a critical radius R.
was determined for an incremental sheet forming tool. In this
study it was found that the value of the tool radius influences
the formability of the sheet in the incremental sheet forming
process, and that its value does not depend on the type of
material or on the sheet’s mechanical properties, but rather on
blank thickness, so that the critical radius for forming with a
maximum wall angle with better formability is obtained based
on the initial blank thickness by the R. ~ 2.2 - 5o relation. As the
tool radius value moves away from this relation, sheet rupture
becomes more imminent [13].

In the study by Azevedo et al., various lubricants for incre-
mental sheet forming were compared, and it was concluded
that in incremental sheet forming of aluminum SAE 30 min-
eral oil and AL-M grease [14] obtained lower roughness and
force values.

Studies performed on the application of heat on the mate-
rial to be formed concluded that it is possible to significantly
reduce the efforts in forming [15] and springback at certain
forming temperatures [16,17].

In the study by Garg et al. [1], it was found that sheet
thickness and wall angle are the parameters with the greatest
influence on strain energy and geometric precision.

2. Experimental procedure

In order to perform a broad analysis of the rotation speed influ-
ence and the step down parameters on the incremental sheet

forming process for absorber fin manufacturing, a series of
16 experiments with a Two-Point Incremental Forming (TPIF)
partial die were proposed to manufacture a small absorber
fin, comparing different parameter combinations. The objec-
tive of using TPIF with the partial die was to ensure the formed
absorber fin’s precision by restricting its geometry to the form
proposed in order for it to fit the collector riser, which would
not be possible using Single Point Incremental Forming (SPIF)
since it presents smaller dimensional accuracy, according to
Fig. 3.

In these experiments, the rotation speed values of S=50,
200, 400, and 800rpm, and the step down values of Az=2,
1, 0.5, and 0.2mm, were selected, bringing it to a total of 16
experiments. A feed rate of F=250mm/min was used in all
experiments, due to the fact that this parameter had little
influence on formability and roughness [18,19].

Each experiment was performed until the first crack
occurred in the material, considering the depth value at
the time the crack occurred as h' and the depth of the
forming tool without cracks as h. The material selected for
the experiment was a sheet of AA1200-H14 aluminum with
the following dimensions: 1 x 60 x 160mm. This was fixed
between a partial die and a blank-holder, as indicated in
Fig. 4.

The machine selected for the experiments was a ROMI CNC
production center, Discovery 4022 model, with longitudinal
travel - X axis of 559 mm, cross travel — Y axis of 406 mm and
vertical travel - Z axis of 508 mm.

The forming tool was manufactured from High Speed
Steel with a semispherical 9.525mm tip diameter (the
same dimension as the diameter of the absorber fin fit-
ting riser), in order to minimize fin roughness and forming
time.

Mater Res Technol. 2018. https://doi.org/10.1016/j.jmrt.2018.07.018
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Fig. 5 - Tool path in the experiments.

Fig. 6 - Incremental sheet forming process being performed
at the CNC production center.

A simple path was defined for the forming tool using CAM
software programming, through which movements were per-
formed on the Z and X axes as indicated in Fig. 5. In this way,
after each step down the tool was displaced longitudinally
until a new step down was performed on the opposite side.
The experiment was interrupted when the sheet presented a
crack.

The ISO VG 100 oil, equivalent to the SAE 30 oil, was used
for lubrication in this process. It presented good results in the
experiments by Azevedo et al. [14].

The output parameters analyzed, besides the depths h and
I, were the final thickness of the sheet, the strains ¢1 and ¢y,
and the temperature during the process (measurement with
an optical pyrometer).

All tested specimens were electrochemically engraved with
@2.5 mm circles in order to analyze strains after forming. Fig. 6
presents the incremental sheet forming process that was per-
formed in the CNC Production Center.

The pure aluminum AA1200-H14 was selected for this
study due to its high thermal conductivity, essential property
for the application in solar collectors. Table 1 presents uniaxial
tensile mechanical properties, thermal conductivity and hard-
ness of the as-received material as well as the blank sheet’s
initial average roughness.

3. Results and discussion
3.1.  Incremental sheet forming parameters

Based on the 16 experiments performed, the input parameters
(step-down Az and rotation speed S) were compared to the
output parameters (depth without crack h, depth up to the
crack I, final thickness of the sheet s1, major strain ¢1, minor
strain ¢, temperature variation AT, and if any material was
removed in the form of powder in the process), as indicated in
Table 2.

At the moment of the crack, verified by visual inspection,
the CNC machine panel recorded the depth (i), and by sub-
tracting the step down value (Az), the depth value without
crack (h) was determined according to Eq. (1).

h="h - Az (1)

In the first four experiments (with a step down of Az=2mm
and rotation speed varying from S =50 to 800 rpm) the formed
region remained without cracks until the depth of h = 6mm
was reached, while in the next increment of h'=8 mm, the
crack appeared catastrophically, accompanying the displace-
ment of the tool towards the site where the experiment was
interrupted. In these experiments, the strains obtained indi-
cated high values of plane-strain with ¢;=0.69 and ¢, =0,
measured next to each crack. Although these strains have the
same values in all four experiments, it can be observed that as
the rotation speed increased the crack openings diminished,
as shown in Fig. 7.

In the other experiments with smaller step downs, greater
strains occurred up to the beginning of cracks (with ¢; values
from 0.79 to 0.96) maintaining the strain ¢, = 0. In experiments
5-16 the cracks are seen only at the site of vertical tool pen-
etration. It can also be observed that as the rotation speed
increased, combined with step down reduction, greater strains
were obtained and the cracks observed were also smaller, as
shown in Fig. 8.

Based on these results, it is possible to establish a relation
between depth without a crack (h) and rotation speed (S) in
each experiment, as indicated in Fig. 9. It thus becomes clear
that in large step downs there is little influence of rotation
speed at the depth without cracks, while in small increments
this influence becomes significant. Generally, the greater the

Table 1 - Properties of the AA1200-H14.

Yield strength Tensile strength Elongation Modulus of Strain-hardening  Hardness Roughness Thermal

(MPa) (MPa) (%) elasticity (GPa) exponent (HB) Ra (um) conductivity
(W/m.K)

95 110-145 1-3 70 0.047 35 0.50 222

Mater Res Technol. 2018. https://doi.org/10.1016/j.jmrt.2018.07.018
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Table 2 - Analysis of parameters in incremental sheet forming AA1200-H14.

N° Az (mm) S (rpm) h (mm) h (mm) s1 (mm) 2 ©2 AT (°C) Metal powder?
1 2 50 6 8 0.50 0.69 0 0 No
2 2 200 6 8 0.50 0.69 0 1.1 No
8 2 400 6 8 0.50 0.69 0 2.3 No
4 2 800 6 8 0.50 0.69 0 3.6 Yes
5 1 50 6 7 0.45 0.79 0 0.1 No
6 1 200 6 7 0.45 0.79 0 0.2 No
7 1 400 6 7 0.45 0.79 0 82 No
8 1 800 6 7 0.45 0.79 0 2.5 Yes
9 0.5 50 6.5 7 0.41 0.88 0 0 No

10 0.5 200 6.5 7 0.41 0.88 0 0.7 No

11 0.5 400 6.5 7 0.41 0.88 0 2.2 Yes

12 0.5 800 7 7.5 0.40 0.92 0 5.3 Yes

13 0.2 50 6.6 6.8 0.44 0.83 0 0 No

14 0.2 200 6.8 7 0.41 0.88 0 1.2 Yes

15 0.2 400 7 7.2 0.40 0.92 0 3.1 Yes

16 0.2 800 7.6 7.8 0.38 0.96 0 4.3 Yes

Test
interruption

Start of the crack

Fig. 7 - Beginning of cracks in experiments 1- 4.

rotation speed, the greater will be the depth formed without a
crack. However, considering that there is little variation in the
results for this type of material, depending on the depth of the
canal to be formed, it may be more productive to use greater
step downs to obtain shorter periods of time to manufacture
the piece.

The study reached the conclusion that the temperature
variation in the contact region between the sheet and the
forming tool was practically nil in the experiments performed
with rotation speed of S = 50rpm, and that it increased little
as the rotation gained speed and the increment diminished,
reaching a maximum variation of AT=4.3°Cin the 16th exper-
iment, and AT=5.3°C in the 12th experiment. Considering
the ambient temperature of 20°C in the laboratory where
the experiments were performed, it was concluded that the
maximum temperature obtained was much lower than the
recrystallization temperature of the material and, therefore,
temperature variation was insignificant to influence the mate-
rial formability. As such, in the analyzed parameter range, the
increased formability may be more closely related to the vari-
ation of friction (that which occurs with the rotation speed

variation) than with the increase in temperature. This find-
ing is related to the study by Xu et al. [20], in which, in the
AA5052-H32 forming, it was found that friction plays an essen-
tial role in increasing formability at rotation speeds between
0 and 1000rpm, while between 2000 and 7000rpm temper-
ature variation becomes predominant. Consequently, in this
study, it was also concluded that, in general, the depth at
which the fracture occurs is greater as the tool rotation speed
increases.

Fig. 10 indicates the relation between the depth without a
crack (h) and the step down (Az) in each experiment, where it
can be observed that, in all cases, the greater the increment,
the smaller the formed depth without a crack. It can also be
observed that the rotation speed only presents a significant
influence combined with small step down values.

The reduction in sheet formability (measured by the
formed piece angle) as a direct consequence of the increased
step down is also indicated in the study by Bhattacharya et al.
[12].

The Forming Limit Curve (FLC) was determined by the
Nakajima test, in which eight specimens with dimensional

Mater Res Technol. 2018. https://doi.org/10.1016/j.jmrt.2018.07.018
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variation of width and radius were stamped, and all the spec-
imens were electrochemically engraved. The deformations ¢;
and ¢, were measured after the test forming the FLC added in
Fig. 11. The strains obtained in incremental sheet forming with
all parameters combinations were much greater than those

@ S =800 rpm

= S =400 rpm

3 = <0~ - § =200 rpm

= o=~ S =50rpm

Depth without crack, h (mm)
S

Step-down, Az (mm)

Fig. 10 - Relation of depth without a crack (h) and step
down (Az) in the incremental sheet forming experiments.

obtained by the FLC, which confirms the studies by Kim and
Park [3]. The major strain (1 =0.96) was obtained in the 16th
experiment with values of Az=0.2mm and S=800rpm. In this
configuration, the depth formed without a crack was 7.6 mm.

Mater Res Technol. 2018. https://doi.org/10.1016/j.jmrt.2018.07.018
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Fig. 12 - Variation of thickness in the formed sheet.

Fig. 11 also shows the Fracture Forming Limit Diagram
(FFLD) obtained in each experiment. In some cases more than
one experiment had the same deformation, so they were
grouped in the same FFLD, such as the 12th experiment (with
Az=0.5mm and S=800rpm), which presented the same strain
as the 15th experiment (with Az=0.2mm and S=400rpm).
Experiments 9 to 11 (with Az=0.5mm and S=50 to 400 rpm)
also presented the same strain as the 14th experiment (with
Az=0.2mm and S=200rpm). Thus, it can be verified that it
was more productive to use Az=0.5mm than Az=0.2mm,
which enabled forming in a shorter period of time with the
same strains and basically the same depth formed until the
cracks appeared. On the other hand, the smaller strains were
obtained with Az=2mm and Az=1mm, regardless of the rota-
tion speed used.

It was also found that as the step down diminished and
rotation speed increased, material was removed in the pro-
cess, which may indicate that the lubricant was not efficient
under these conditions. The material removed in the form of
powder was mixed with the lubricant oil, which made it dif-
ficult to make visual confirmation of even the moment when
the crack occurred in the experiment.

As expected, the initial thickness sy of the sheet formed
by the incremental process is reduced to thickness si. This
parameter is shown in the sheet section as indicated in Fig. 12,
where h was considered the depth at which no crack occurred.

The final formed piece satisfactorily complied with the
aimed design, without significant deviations that could com-
promise the fit of the fin with the copper riser. The decrease
in thickness was constant, with the lowest value at the top
of the fin, as shown in Fig. 12. In this region, it was diffi-
cult to measure the thickness with the pachymeter, since it

required cutting all sheets. It was then decided to obtain the
final thickness value by calculation.

To obtain final thickness s1 values it was necessary to first
define the deformation in the thickness ¢3. This is calculated
by considering the constant volume law, which defines that
the sum of the deformations is equal to zero, according to Eq.

).
p1+¢2+¢3=0 2

Since the deformations ¢; and ¢, were obtained experi-
mentally, one can isolate ¢3, determining its value, according

to Eq. (3).
93 = —(¢1+¢2) ©)

Considering that the deformation ¢3 is obtained by the nat-
ural logarithm of the product between the final thickness and
the initial thickness, according to Eq. (4).

o3 = In zi @)
0

We can then isolate the final thickness (s1) by Eq. (5) and
Eqg. (6).

51 8
= 5
e ®)

S = e”8 - So (6)

Eg. (6) was used to calculate the final thicknesses with val-
ues between 0.38 mm and 0.50 mm, as indicated previously in
Table 2. Although very small, this variation presented a rela-
tion to the formed depth, as indicated by Martins et al. [9], and
the higher the value of the formed depth, the lower the value
of the final thickness.

3.2 Manufacturing the prototype

Among the parameters analyzed in this study, the step down
value of Az = 2mm was chosen since it enabled forming in a
shorter period of time and it was able to reach the necessary
depth to fit the absorber fin in the riser. The rotation selected

Mater Res Technol. 2018. https://doi.org/10.1016/j.jmrt.2018.07.018
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Fig. 13 - Prototype of the serpentine with absorber fins (a) and detail of formed absorber fin over the riser fitting (b).

was S = 50rpm, due to the fact that the rotation speed does
not significantly influence the formability when a greater step
down is used. Moreover, greater rotation speed could generate
excessive friction and consequently the removal of material,
as indicated in Table 2.

In order to analyze the application of the absorber
fin manufactured by incremental sheet forming, a serpen-
tine prototype was built with copper risers and absorber
fins were fitted over it. The absorber fins were manufac-
tured with 1 x 60 x 300mm sheets, as indicated in Fig. 13a.
Fig. 13b shows the detail of the absorber fin mounted on
the copper riser, where it can be seen that the fitting
was performed satisfactorily, meeting the proposal of the
study.

The incremental sheet forming was done up to the depth of
5 mm without any cracks occurringin the sheet, as had already
been foreseen by the previous analysis.

4, Conclusions

This work presented a new alternative for a manufacturing
process applied to solar collectors’ absorber fins. Through
a broad analysis of the incremental sheet forming process
parameters in this application, the following conclusions were
reached:

1. Compared to conventional forming, incremental sheet
forming presents greater formability;

2. Combining high rotation with a small step down, it is pos-
sible to obtain greater strains until cracks appear in the
sheet;

3. The greater the rotation and the smaller the step down,
the greater the chances that some of the material will be
removed in the form of powder in the process, which may
indicate inefficient lubrication;

4. Itis possible to determine the formed sheet final thickness
through relation of constant volume, which is very impor-
tant for the development of new products from a practical
point of view;

5. Although greater strains can be obtained with greater rota-
tion speeds and smaller step downs, in the case of the
prototype manufactured for this study it was possible to
obtain the desired geometry with a high increment, which
made the process much more productive. However, the
prototype with the best quality was achieved with less
rotation speed, in which case there was no removal of
material in the form of metallic powder. As such, the

most appropriate parameter combination in this case was
with a step down of Az=2mm and a rotation speed of
S=50rpm.
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