




1089

TABLE 1

Chemical composition of AMS 5596 sheet

Element
Chemical composition (% of wt.)

Min Max
Ni 50 55
Cr 17 21
Nb 4.75 5.5
Mo 2.8 3.3
Ti 0.65 1.15
Al 0.2 0.8
Co 1 —
Mn 0.35 —
Si 0.35 —
Cu 0.3 —
C 0.08 —
P 0.015 —
S 0.015 —
Ta 0.05 —
B 0.006 —
Fe balance —

TABLE 2

Mechanical properties of the tested sheet in the initial condition 
from the manufacturer

Angle to 
the rolling 

direction [deg.]

Yield strength
[MPa]

Tensile 
strength
[MPa]

Elongation 
at break

[%]
0 412 905 45
45 373 934 37
90 395 916 39

The main aim of the research was to determine the relation-
ship between the relative thickness reduction value during flow 
forming and the mechanical properties of the tested material. 

Achieving the research goal required the elaboration of an 
experimental research plan. Schematically, the research plan is 
shown in Figure 2. In the first place, discs were cut by a laser. 
A series of drawpieces for tests was obtained by deep drawing. 
The drawing method as well as the shape and dimensions of 
the drawpiece were selected to achieve the highest dimensional 
and shape reproducibility and the smallest thin-wall ratio on the 
cylindrical surface of the drawpiece. The shape and dimensions 
of the tested drawpiece are shown in Figure 3. After completion 
all drawpieces were subjected to heat treatment consisting of an-
nealing at (900-1000)°C. Then drawpieces were marked and the 
measurements of the geometrical parameters were made, with 
particular regard to the wall thickness in the cylindrical part. 
The arithmetic mean of wall thickness measured on the length 
of the cylindrical surface for all the tested drawpieces was in the 
range of 3.24 to 3.3 mm.

Experimental research was carried out on a two-roller in-
dustrial spinner of a vertical axis Leifeld SFC 800 V500 which 
is owned by Pratt & Whitney Rzeszow. The working station 
for spinning tests with a visible arrangement of forming tools 
was shown in Fig. 4. For the research the station was equipped 
with the following tools: a) a mandrel (1) with a diameter 

d = 122.5 mm and a maximum working height hmax = 190 mm, 
b) two sets of forming rollers (2) of outer diameter Dr = 320 mm 
and fillet radius r = 12 mm. In relation to the mandrel axis the 
forming rollers are inclined at a constant angle of 45°.

Roller profile as shown in Figure 1 (c) was used in the study 
of flow forming. This choice was dictated by the possibility of 
performing the process of sheet metal parts flow forming with 
curvilinear profile. These types of tin parts are much more com-
mon (e.g. in aviation) than metal parts with rectilinear profile. 
On the other hand, as already mentioned, typical rollers for flow 
forming (Fig. 1d and Fig.1e) are used for flow forming the part 
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Fig. 2. The simplified algorithm of research

Fig. 3. Drawpiece (sample) for flow forming
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with rectilinear profile. The CNC spinning machine allows to 
control the movement of tools while spinning from the program 
or manually. It is also possible to generate a control program 
based on manual control and then play it.

Fig. 4. Test stand: 1 – mandrel, 2 – rolls shaping, 3 – drawpiece, 4 – tail-
stock (Pratt & Whitney Rzeszów S. A. proprietary)

Drawpieces with the flange were formed only on cylindrical 
surface of approximately 50 mm length (Fig. 3). Flow forming 
was performed in one pass of shaping rollers using a constant feed 
rate of 30 mm/min and a constant rotational speed of 500 rpm. 
After flow forming, the wall thickness of the individual drawpiece 
was measured. Based on the results of the average wall thickness 
measurement of the drawpiece before and after flow forming, 
the actual relative thickness reduction from the dependence (1) 
was calculated. In this way four relative thickness reduction were 
obtained: Z1 = 10%, Z2 = 19%, Z3 = 53% and Z4 = 87%.

Samples for uniaxial tensile test were taken according to 
the research plan (Fig. 2). In the first place, the samples were 
taken from the drawpiece before flow forming process (Fig. 5a). 
Three samples were taken in the circumferential direction every 
120 degrees at an equal distance from the bottom (a = 30 mm). In 
the same manner samples from every drawpiece after flow form-
ing were taken (Fig. 5b). Then all the drawpieces from which the 
samples were taken were subjected to a heat treatment consisting 
of annealing at (900-1000)°C/1h in a vacum. From each draw-
piece after flow forming and heat treatment three more samples 
were taken every 120 degrees in the circumferential direction 
and at the same distance from the bottom as before. As a conse-
quence, 6 samples were taken from every drawpiece after flow 
forming (every 60 degrees) for uniaxial tensile test, i.e. 3 after 
flow forming and 3 after flow forming and heat treatment. The 
use of a constant distance a = 30 mm during samples were taken 
is very important, because after drawing, the circumferential 
strain of the sheet material increase along with the height. For 
this reason the distance has been chosen in such a way that the 
circumferential strains represent the average value at the height 
of the drawpiece before flow forming process.

Samples were taken in the circumferential direction as they 
have much more uniform distribution of thickness compared to 

the axial direction samples and uniform mechanical properties 
of the material over their entire length. All samples were cut by 
laser from a drawpiece and had rectangular shape with dimen-
sion 6.5×39 mm. After laser cutting, the samples required a slight 
straightening. The samples were then packaged in several pieces 
and processed on a milling machine. The application of mechanical 
processing of samples allowed to eliminate the influence of the 
heat zone occurring after laser cutting. The final shape and dimen-
sions of the micro-specimens for tensile test are shown in Figure 6.

Static uniaxial tensile tests were performed on a Zwick / 
Roell Z030 machine according to ISO 6892-1 standard. The 
gage length was 10 mm. The rate of increase in the tensile stress 

Fig. 5. View of the drawpieces with marked sampling point: a) before 
flow forming, b) after flow forming (Z2 = 19%), a = 30 mm

Fig. 6. Shape and dimensions of micro-sample for uniaxial tensile test
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in the range of elastic deformations was 30 MPa/s. Velocity in 
the range of plastic deformations was 0.00025 1/s. Based on 
the tests that were carried out, the following parameters which 
were analyzed later in the article were determined: yield strength, 
tensile strength and relative elongation percentage. In addition, 
the microstructure of the sheet material tested after drawing and 
flow forming is presented.

3. Research results and their analysis

The obtained results are presented in the graphs (Fig. 7÷9). 
Position of the points on the graphs corresponds to the arithmetic 
mean of the parameter’s value calculated from the three experi-
ments. Error bars in the graphs show the dispersion of values of 
the determined parameters. The length of individual error bars 
corresponds to the difference between the maximum and mini-
mum numerical value of the parameter under consideration from 
among the three determined experimentally. The first parameter 
that was analyzed was the yield strength value of the tested mate-
rial, depending on the thickness reduction after flow forming and 
after both flow forming and heat treatment. The average value 
of the yield strength of the drawpiece’s material prior to flow 
forming was 483 MPa (Fig. 7). Using only 10% of the relative 
thickness reduction during flow forming caused an increase in 
yield strength of up to 836 MPa. Along with the relative thickness 
reduction the yield strength increases significantly. The use of 
a relative thickness reduction of 87% results in an almost twice 
greater yield strength than with a relative thickness reduction of 
10%. By contrast, compared to the yield strength of untreated 
drawpiece, this increase is almost 3.5 times. During cold flow 
forming, the yield strength increases with the relative thickness 
reduction. Within the scope of the tests, this dependence can be 
described by the linear equation:

 R0.2(I ) = 10.172 · Z + 761.72 (2) 

where: R0.2(I ) – yield strength [MPa] after flow forming, Z – rela-
tive thickness reduction according equation (1).

Performing heat treatment on drawpieces after flow form-
ing results in a significant decrease in the yield strength over the 
entire range of tested thickness reduction. The greater the thick-
ness reduction value, the lower the value of the yield strength 
at the same time. For example, for relative thickness reduction 
Z = 10% yield strength decreases more than one and half times. 
In the case of Z = 87%, the yield strength decreased more than 
twice times compared to the value obtained after flow forming. 
Within the scope of the tests, the relationship between the yield 
strength and the thickness reduction after flow forming and heat 
treatment can be described by a linear equation in the form:

 R0.2(II ) = 3.431 · Z + 472.79 (3) 

where:R0.2(II ) – yield strength [MPa] after flow forming and heat 
treatment, Z – relative thickness reduction according equation (1).

As with the yield strength, the higher thickness reduction 
value, the greater tensile strength of the material. However, 

this increase with low thickness reduction value is less intense 
(Fig. 8). Within the scope of the tests, the relationship between 
the tensile strength and the relative thickness reduction can be 
described by a linear equation in the form: 

 Rm(I ) = 6.869 · Z + 1080.5 (4) 

where: Rm(I ) – tensile strength after flow forming [MPa], 
Z – relative thickness reduction according equation (1).

The mean tensile strength of the drawpiece’s material prior 
to flow forming was 955 MPa. A small 10% relative thickness 
reduction after flow forming resulted in an increase in tensile 
strength of 157 MPa. Also, there is a significant increase in tensile 
strength along with increased thickness reduction in the area of 
the examined thickness reduction values. Increasing the thick-
ness reduction value from 10% to 87% results in nearly 1.5 times 
higher tensile strength of the sheet metal after flow forming. 
In contrast to the tensile strength of the untreated material, the 
average tensile strength (for Z = 87%) increased by 708 MPa. 

As a result of the heat treatment, the tensile strength of the 
drawpiece’s material has decreased throughout the range of the 
tested relative thickness reduction values. At a maximum of 
relative thickness reduction value (Z = 87%) the tensile strength 
decreased by 552 MPa. On the other hand, with a minimum of 
relative thickness reduction value (Z = 10%), the tensile strength 
on average decreased by 140 MPa. The relationship between the 
relative thickness reduction value and the tensile strength of the 
tested sheet material after flow forming and heat treatment can 
be described by the equation:

 Rm(II ) = 1.891 · Z + 950.6 (5) 

where: Rm(II ) – tensile strength after flow forming and heat 
treatment [MPa], Z – relative thickness reduction according 
equation (1).

Depending on the size of the relative thickness reduction 
used in the flow forming process, the mechanical properties of 
the material change. The material becomes more durable, as 
evidenced by the increase in the yield strength. At the same time, 
its ductility decreases. Along with the relative thickness reduc-
tion, the ductility of the material decreases, and thus its ability 
to plastic working during technological processes. Together with 
thickness reduction, the work hardening ability of the material 
is reduced. In practice, strengthening of the material during cold 
forming is all the greater, the greater the difference between its 
tensile strength and the yield strength.

In case of drawpiece’s material before flow forming 
(Rm – R0.2) = 472 MPa, whereas after using Z = 10% this differ-
ence is (Rm – R0.2) = 261 MPa.

The measure of suitability of a given material for shaping 
in cold plastic working processes may be the elongation of the 
sample in uniaxial tensile test. Due to the fact that during tensile 
test in many cases the material separation took place outside the 
measuring area of the extensometer, not total elongation At but 
elongation at maximum stretching force Ag was analyzed. The 
average values of the elongation, depending on thickness reduc-
tion used and the heat treatment after flow forming, are shown in 








