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INVESTIGATION OF THE MECHANICAL PROPERTIES AND MICROSTRUCTURE OF NICKEL SUPERALLOYS
PROCESSED IN SHEAR FORMING

IDENTYFIKACJA WEASCIWOSCI MECHANICZNYCH ORAZ MIKROSTRUKTURY SUPERSTOPOW NIKLU
PRZETWARZANYCH W PROCESIE KSZTALTOWANIA OBROTOWEGO

The paper presents the research results of the mechanical properties and microstructure of the material in initial state and
parts made from nickel superalloy Inconel®718 in the rotary forming process with laser heating. In the first step was carried
out basic research of chemical composition, mechanical properties, hardness and microstructure of sheet in initial state. Then
from the metal sheet, in industrial conditions, was made axisymmetric parts in the flow and shear forming with laser heating.
Parts were subjected to detailed studies focused on the analysis of changes in the mechanical properties and microstructure
in the relation to the material in initial state. The analysis was based on the tests results of strength and plastic properties,
hardness, microstructural observations and X-ray microanalysis in the areas where defects appear and beyond. The results are
presented in the form of tables, charts, and photographs of the microstructure.

W publikacji przedstawiono wyniki badan wlasciwosci mechanicznych oraz mikrostruktury materiatu wsadowego
i wyrobéw wykonanych z superstopu niklu Inconel®718 w procesie ksztattowania obrotowego z nagrzewaniem laserowym.
W pierwszym etapie zrealizowano podstawowe badania sktadu chemicznego, wtasciwosci mechanicznych, twardos$ci oraz
mikrostruktury blachy wsadowej. Nastepnie z blachy, w warunkach przemystowych, wykonano wyroby osiowosymetryczne
w procesie ksztattowania obrotowego metoda flow i shear formingu z nagrzewaniem laserowym. Wyroby poddano
szczegodtowym badaniom ukierunkowanym na analiz¢ zmian wlasciwos$ci mechanicznych oraz mikrostruktury w stosunku do
materialu wsadowego. Podstawg analizy byty wyniki z testow wlasciwosci wytrzymato§ciowych i plastycznych, twardosci
oraz obserwacji mikrostrukturalnych i mikroanalizy rentgenowskiej w obszarach zar6wno z wadami, jak i poza nimi. Wyniki
przedstawiono w postaci tablic, wykresow oraz fotografii mikrostruktury.

1. Introduction

Heat resistant nickel superalloys Inconel type are widely
used materials in the aerospace industry, primarily in the
manufacture of aircraft engine components [1]. Their use in this
demanding industrial field, determine the unique combination
of fatigue strength at high temperature, creep strength and
oxidation resistance [2]. Heat-resistant matrix of these alloys is
a combination of components Ni-Cr-Co-Mo with additions of
Ti and Al in appropriate proportions. These alloying elements
precipitated in the form of different phases may cause a decrease
of alloys ductility in the range of 590-980°C [3]. The complex
structure of the nickel superalloy Inconel type can be modified
as a result of even a small change in the chemical composition,
changes in heat treatment parameters, or parameters of
processing. The relationship between the structure of the nickel
superalloys and their finally properties are well understood in
the range of temperature 650-1100°C [4-5].

Inconel alloys are designed i.e. for the production of thin-
walled, axisymmetric shells elements of jet engine combustion
chamber. One of the producing technique is a rotary forming
process using spinning, flow and shear forming methods [6-
12]. Change of the shape and dimensions of the batch disc
carries out with a tools in the form of rolls and a template,
by two operations: a spinning — with no change or minimal
change in wall thickness, and flow forming — with a controlled
change in wall thickness. The process is carried out in several
stages with a small degree of deformation in each of them.
Due to the specific properties of Inconel alloys, which are
a high deformation resistance, caused by a high intensity of
strengthening and high temperature of recrystallization, design
forming processes for these alloys is a complex task. There are
being attempts of plastic forming at elevated temperatures [ 13-
14]. Both in the process carried out cold, as well as elevated
temperature, there are a number of faults in the form of free and
cylindrical part waves, peripheral and radial cracks, resulting
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both from the essence of the process, so flow mechanics, as
well from the state of the deformed material microstructure.
The paper presents results of research on the analysis of
the mechanical properties and microstructure of the material
in initial state and products made of nickel superalloy
Inconel®718 in the rotary forming process with laser heating.

2. Experimental procedure

For tests were chosen sheets from a commercial
Inconel®718 alloy with a thickness of 3 mm. In the first of the
study was made the analysis of the chemical composition in
the initial state by use of an ICP method (Inductively Coupled
Plasma). The study was carried out using a spectrophotometer
(ICP-OES) Plasma 40 Perkin Elmer with inductively coupled
plasma.

Next was performed the tests of mechanical properties of
the material in initial state, on samples cut from the sheet at
an angle 0, 45 and 90° relative to the rolling direction. For
this purpose, the uniaxial tensile test according to the standard
[14]. The study was carried out using a static machine Zwick/
Roell Z050. The machine was operated and controlled using
the program testXpert® II. This program was also used to
collect data from the tensile test. Additionally was carried out
Rockwell hardness testing of material in initial state according
to [16].

Study of the microstructure was carried out on samples
cut from the sheets, which were prepared using a device
ROTOPOL 11, Struers. The samples was poured in EPOFIX
Struers resin and then polished using sandpaper with gradation
of 220-1100 mm and polished on polishing discs, using
diamond suspensions with gradation of 15, 9, 6, 3, 1 mm.
Observations of the structure was performed using a scanning
electron microscope Hitachi Su-70. The structure was
analyzing in the perpendicular and parallel direction relative
to the rolling direction. In the study was also carried WDS
analysis using a scanning electron microscope Hitachi Su-70.

The second stage, carried out in industrial conditions
were experimental studies involving the manufacture of
axisymmetric metal products, in the process of spinning,
flow and shear forming with a local laser heating. Schematic
configuration is shown in fig. 1.
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Fig. 1. Schematic configuration of rotary forming process with a local
laser heating

Feedstock to the process was a sheet of Inconel®718
material in the form of disc with a thickness of 3 mm and
a diameter of 250 mm. For the study used the commercial,
industrial Leifeld device. Fig. 2a shows a shell element
made by rotary forming with the marked areas, from which
test samples were cut. Fig. 2b shows a fragment of the final
product.

2)
UTS; YS0,2; E

Fig. 2. Scheme of the shell element made by rotary forming process
with marked areas, from which tests samples were cut (a) and
a fragment of the final product (b)

The angle of the laser beam was 45°, the temperature in
the center of laser impact was approx. 840°C, and the heating
time was 4 minutes. The rotational speed of the forming roll
was 250 RPM. The radius of the forming roll was equal to
R=20 mm. The final shape of the product having a thickness of
2,1 mm was obtained in 27 passes. From the product, according
to the scheme in fig. 2, the test samples were cut for testing
mechanical properties and microstructural observations. The
study was conducted in accordance with the methodology
adopted for the material in initial state. In addition, were made
EDS mapping using a scanning electron microscope Hitachi
Su-70, for the analysis of the elements distribution in the test
areas.

The results of the study are presented in the form of
tables, charts and microscopic observation.

3. Results

3.1. The test results of Inconel®718 sheets in initial
conditions

The results of ICP analysis of the chemical composition
of the Inconel®718 sheet in initial state are shown in table 1.

As expected, the dominant component of the alloy is
nickel content of approx. 52%. The content of iron and
chromium is approx. 20-21%, and molybdenum approx. 3%.
Additional ingredients comprising the alloy are titanium,
aluminum, lead and vanadium.

TABLE 1
The chemical composition of Inconel®718 [wt. %]
Ni Fe Cr Mo Ti Pb Si \% Cu Mn
52,07 21,03 20,29 3,38 0,99 0,58 0,56 0,18 0,09 0,09 0,06




3.1.1 The results of mechanical properties

The mechanical characteristics of the sheet was
determinated based on the static tensile test. The yield strength
YS,,; tensile strength UTS and elongation A was determined.
The averaged values in the plane of the sheet are rounded to
IMPa, respectively, in the case of mechanical properties and
up to 1% for plastic properties. The results of the strength
properties of the sheet shown in figs. 3-4.
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Fig. 3. The results of mechanical properties of Inconel®718 sheet

The strength properties of the sheet slightly dependent
on the sampling relative to the rolling direction. Tensile
strength UTS in the direction parallel to the rolling direction
reaches UTS,= 942MPa, decreases for sample at 45° relative
to the rolling direction to the UTS,;ss== 932MPa, and for
samples taken at 90° relative to the rolling direction reaches
the lowest value UTSy-=893MPa. The yield strength YS,,
reaches the highest value for the samples collected at 45° to
the rolling direction Y Sg,45=483MPa, an intermediate value
for samples collected at 90° to the rolling direction Y Sg.90=
477MPa and the lowest value for the sample cut parallel to
the rolling direction Y'S,,=472MPa.

The results of the plastic properties of the sheet is shown
in fig. 4.
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Fig. 4. The results of plastic properties of Inconel®718 sheet

Plastic properties evaluated by elongation A are not
dependent on the sampling direction in relation to the rolling
direction of the sheet. Elongation for samples taken parallel to
the rolling direction is E =46%, increases for samples taken at
an angle of 45° to the rolling direction to the E,;5-=48%, and
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then decreases for samples taken at 90° to the value Egy-=46%.

The test results of strength and plastic properties suggest
no anisotropy influence of Inconel®718 sheet in initial
conditions.

Noteworthy is advantageous from the point of view
of test sheet susceptibility for stamping, the low value of
YS,,/UTS=0,5-0,53 regardless of the sampling direction,
providing a high “reserve strength” of the material.

The average Rockwell hardness of the sheet in initial state
is 17,2 HRC.

3.1.1 The results of microstructural observations

Fig. 5-6 shows the structure observation of material in
the initial state, made with a scanning electron microscope, cut
in a perpendicular and parallel direction relative to the rolling
direction.

x1.00k PDBSE(CP)

Fig. 5. The microstructure of the Inconel®718 sheet in initial
conditions in perpendicular direction relative to the rolling direction
a) X200, b) x1,00k

a) ) b)

Fig. 6. The microstructure of the Inconel®718 sheet in initial
conditions in parallel direction relative to the rolling direction a)
%200, b) x1,00k

Observations  suggest  recrystallized — structure  of
Inconel®718 sheet after annealing. Grains have clear
boundaries, along which are visible precipitations. In the case of
Inconel®718 alloy are mainly of chromium, niobium, titanium
and molybdenum carbides [17]. This type of large, porous
precipitation influence the nucleation of cracks. Small white
points are precipitation of heavy elements, usually molybdenum
compounds, distributed mainly at the grain boundaries [17].
Some of these precipitates are too small to be able to accurately
analyze their chemical composition, although conclusions on
their chemical composition, can be drawn on the basis of the
SEM characteristics studies in BSE contrast.

Fig. 7-8 shows the structure of the surface layer of the
Inconel®718 sheet in initial state.



Fig. 7. The structure of the surface layer of the Inconel®718 sheet in
initial state in a perpendicular direction to the rolling direction,

a) the recrystallized inner layer with surface layer, x200,

b) the deformed surface layer of the sheet, x1,00k

Fig. 8. The structure of the surface layer of the Inconel®718 sheet in
initial state in a parallel direction to the rolling direction,

a) the recrystallized inner layer with surface layer, x200,

b) the deformed surface layer of the sheet, x1,00k

A characteristic feature of the surface layer is its fine-
grained structure. This is probably the smoothing effect, which
the surface sheet is rolling after recrystallization annealing.
The thickness of the layer is approx. 40um.

To determine the chemical composition of the matrix
and precipitations (fig. 9) was carried out WDS X-ray
microanalysis. The results are shown in fig. 10 and table 2.
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Fig.9. The microstructure of the Inconel®718 sheet in initial state,
1 — precipitation,
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Fig.10. Diffractograms of Inconel®718 sheet in initial state,
a) precipitation,
b) matrix

The white area in fig. 9 this is precipitation, mainly
containing in composition niobium and carbon, which
confirms the quantitative analysis shown in fig. 10 and
table 2. Precipitation is probably niobium carbide, which is
confirmed by the results of published work [17-18]. Matrix
(fig. 9) consists mainly of nickel and chromium (fig. 10, table
2) forming alloyed austenite.

3.2. The results of Inconel®718 sheet after rotary forming
process with laser heating.

3.2.1 The results of mechanical properties

The mechanical characteristics of the material samples
from three areas of the product (fig. 2a), obtained after rotary
forming with laser heating, determined based on the static
tensile test, as for the sheet in initial state. The results of tensile
properties of the material after deformation is shown in fig. 11.

2 — matrix
TABLE 2
The chemical composition of the precipitation and matrix of the Inconel®718 sheet
Component [wt. %] C Al Si Ti Cr Fe Ni Nb Mo
Precipitation 25,99 0,17 2,33 9,89 1,65 21,19 38,79
Matrix 0,60 0,65 26,83 5,13 62,77 4,02
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Fig.11. The results of tensile properties of the Inconel®718 sheet

samples from three areas of the product (fig. 2) obtained after rotary
forming with laser heating

Tensile properties of the material after deformation
depends on the sampling area. Tensile strength reaches the
highest value for the sample taken from the flange of the product
(area 3) and it is UTS=972MPa. For the sample from the conical
part of the product (area 2) it is UTS=956MPa, and the lowest
value reaches for the sample taken from a cylindrical part of
the product (area 1) and it is UTS=805MPa. The yield strength
reaches the highest value for the sample taken from the conical
part of the product (area 2) and it is YSy, = 723MPa. The yield
strength for the sample taken from the flange of the product
(area 3) it is Y'S,,=683MPa, whereas the sample taken from the
cylindrical part (area 1) it is YSy,=596MPa. The results show
that regardless of the sampling area, the strength properties are
larger than properties of the sheet in initial state. This is due to
the large plastic deformation, particularly in the areas 2 and 3.

25 A 22

1 2 3
Sampling area
Fig.12. The results of plastic properties of the Inconel®718 material
samples from three areas of the product (fig. 2) obtained after rotary
forming with laser heating

Plasticity rated by elongation A, depend on the sampling
area for testing. Elongation of the sample taken from the
cylindrical part of the product (area 1) has the highest value
E=37%. Elongation for both the sample from the conical part
of the product (area 2), as well as from the flange (area 3) is
E=22%. The results show a decrease in plastic properties in
relation to the sheet in initial state, due to plastic deformation,
especially in areas 2 and 3.

The average results of the HRC hardness carried out on
samples cut out of the three areas of the finished product (fig.
2a) are shown in fig. 13.
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Fig.13. The results of the HRC hardness of the Inconel®718 sheet
samples from three areas of the product (fig. 2) obtained after rotary
forming with laser heating

HRC hardness for material taken from the area 1 has
the lowest value 20,75HRC. The result is an effect that the
material obtained from the upper cylindrical part is the least
deformed, and thus the least strengthened. The intermediate
value of hardness 23HRC is obtained from the material taken
from an area 2. The highest hardness of the material 24,7SHRC
has an area 3.

3.2.2 The results of microstructural observations
Fig. 14 shows the structure of the Inconel®718 sheet after
the rotary forming process with the laser heating, observed on

a sample taken from an area 1 (fig. 2).

) b
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Fig.14. The structure of the Inconel®718 sheet after rotary forming
process with the laser heating samples from area 1

a) x200,

b) x1,00k

The structure of the material is characterized by
elongated grains with unclear borders. The material is not
recrystallized. At the grain boundaries are small, regular
precipitation, separated by larger precipitates. They are most
likely the result of intensive impact of temperature during
laser heating.

Fig. 15 shows the surface layer structure of the
Inconel®718 sheet, on a sample taken from the area 2 (fig. 2),
after the rotary forming process with laser heating.
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Fig. 15. The structure of the surface layer of the Inconel®718 sheet after
rotary forming process with the laser heating samples from area 2

a) x200,

b) x1,00k

Fig. 15 shows the structure of the material separated by the
deformation and rolled back to the surface. As a consequence
of forming with the laser heating the material of the roll is
welded with the ground (metal sheet), as illustrated in the fig.
15 (primary grain boundaries).

Fig. 16 shows the results of EDS mapping from the
material shown in fig. 15a.

The consequence of the material picking off is
microcracks on the surface that propagate into the material.
EDS mapping confirmed the initial observations that
chemical composition of the rolled layers on the surface is
widely varied. Figs. 16b-c shows that the largest share in the
chemical composition of the alloy are nickel and chromium,
forming Inconel®718 matrix. Dark areas in fig. 16a is rich in
chromium (fig. 16¢) and oxygen (fig. 16¢e), which suggests
that the areas are rich in chromium oxide phase. The dark
material layers (fig. 16a) is also increased the intensity of
aluminum occurrence (fig. 16h) and titanium (fig. 161). Other
elements separated on EDS analyzes, namely iron (fig. 16d),
silicon (fig. 16f), molybdenum (fig. 16g) are distributed
relatively evenly in the structure of rolled surface layers.

Fig. 17 shows the intensity of particular elements in the
fragment of Inconel®718 from area shown in fig. 15a.

Full scale counts: 939722 Extracted Spectrum

C Ka Ni Lal

Fig.17. EDS mapping spectrum of the surface layer structure
Inconel®718 sheet of area shown in fig. 14a, obtained after rotary
forming process with the laser heating

On the basis of the peaks was found that the largest share
in the structure of the test material are nickel, chromium, which
are the matrix. Peaks of carbon are a result of the spectrum of
the resin, which was SEM sample included.

Fig. 18 shows the structure of the Inconel®718, observed
on a sample taken from the area 3 in (fig. 2), after rotary
forming process with the laser heating.

Fig. 18. The structure of surface layer structure Inconel®718 sheet
cut from area 3 of the product (fig. 2) obtained after rotary forming
process with the laser heating

a) x200,

b) x1,00k

It can be seen that the material under the high-pressure
of forming roll and high temperature is peeling and rolled on
the surface. The generated temperature of the laser beam is
so high that the material is partially recrystallized. In fig. 18b
are also visible intergranular cracks extending along the grain
boundaries.

Fig. 19 shows the structure of the Inconel®718 surface,
observed on a sample taken from the area 3 (fig. 2), after rotary
forming process with the laser heating.

a) 7 b

Fig. 19. The surface structure of the Inconel®718 sheet cut from a area
3 of the product (fig. 2) obtained after rotary forming process with the
laser heating with visible microcracks

On the surface of the material (fig. 19) is visible dense
mesh of microcracks. Cracks are distributed parallel to the
direction of forming roll (fig. 19a). The brittle nature of the
crack is particularly noticeable in fig. 19b. In the recesses of
cracking (fig. 19¢), the material is accumulated, which is due to
peeling of the surface layer of formed material and rewelding
on the sheet surface. On the surface of the formed material,
forms a kind of layer which includes a large amount of oxides.
The reason is the high temperature of the laser beam and the
large unit pressure of forming roll.
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Fig. 16. The results of EDS mapping structure of the Inconel®718 surface layer of the area shown in Fig. 14a, obtained after rotary forming process
with the laser heating, a) SEM image, b) the intensity distribution of nickel, ¢) the intensity distribution of chromium d) the intensity distribution
of the iron, e) the intensity distribution of oxygen, f) of the intensity distribution of silicon, g) the intensity distribution of molybdenum, h) of
the intensity distribution of the aluminum, i) of the intensity distribution of titanium

4. Conclusions

In the paper were made studies of mechanical properties

and microstructure observation of the material Inconel®718 in
initial state and after rotary forming process with laser heating.

Based on the results the following conclusions can be

formulate:

the results of strength and plastic properties indicate the
absence of planar anisotropy of the Inconel®718 sheet in
initial state,

noteworthy preferably low value YS,,/UTS, regardless of
the sampling direction, providing a high “store strength”
of the material,

rotary forming process, despite the laser heating,
intensively affects to increase the strength properties of
the material throughout the volume of the product, relative
to the material in initial state. The smallest increase
occurs in the flange part, increases for the conical part
and reaches the highest value for the cylindrical part,
sheet as its delivered is characterized by a recrystallized
structure with clear grain boundaries,

® the structure of the material after rotary forming process
with laser heating is characterized by elongated grains
with amorphous grain boundaries. At the grain boundaries
are small, regular precipitation of chromium, niobium,
titanium and molybdenum carbides, separated by larger
brittle precipitates,

® in the surface layer appear local defects in the form of
peeled material and rolled on the surface, which leads
to the formation of a dense grid of microcracks on the
surface, which propagate into the material,

® in areas exposed on the most intense laser heating can be
seen locally melted material.
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