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ANALYSIS OF FORGING PROCESS OF THE NiCrN SUPERALLOY FOR MOTOR BOAT DRIVING SHAFT

ANALIZA PROCESU KUCIA SUPERSTOPU NiCrN NA WALY NAPEDOWE SRUBY JEDNOSTKI MORSKIE]J

Superalloys containing nickel and chromium display high deformation resistance and low plasticity during high-rate plastic
forming processes, thus limiting the potentials to improve their mechanical parameters. At the aim to overcome this problem
an NiCrN superalloy has been found. In this paper the analysis of forging of this NiCrN superalloy has been presented.
Mathematical FEM model of the process are verified by experimental tests run on a double-acting power hammer. Tests reveal,
that plastic working of the NiCrN alloy combined with thermal treatment improves its strength by nearly 25%, at the same
time its plastic deformability remains the same. Research work has revealed very high resistance to corrosion of the alloy when
subjected to stress and marine environment.
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Superstopy opracowane na bazie niklu i chromu charakteryzujg si¢ duzym oporem odksztalcenia i niska zdolnoscig
do odksztalceri plastycznych. Ogranicza to w powaznym stopniu mozliwo$¢ podniesienia ich wiasno$ci mechanicznych na
drodze przerébki plastycznej, a tym samym i zakres ich zastosowania jako materiatu konstrukcyjnego. W celu rozwigzania
tego problemu zostal opracowany nowy, unikalny skiad chemiczny stopu NiCrN. Przeprowadzono modelowanie numeryczne
procesu kucia matrycowego opracowanego stopu oraz weryfikacje eksperymentalng na mlocie parowo-powietrznym podwdjnego
dziatania. Przeprowadzone badania pozwolily stwierdzi¢, ze w wyniku odksztalcenia plastycznego stopu NiCrN potaczonego
z obrébka cieplng mozna uzyskaé blisko 25% wzrost jego wlasnosci wytrzymatosciowych. Ponadto wykazano bardzo wysokg

odporno$¢ na korozj¢ stopu.

1. Introduction

Elements of hydraulic machines (water turbines,
pumps), screw propellers (Fig.1) and cables of various
cross-section are subject to damage due to cavitation
processes [1-4].

Among well- known construction materials, alloys
containing nickel and chromium are most resistant to
this form of corrosion [5, 6].

However, those alloys display high deformation re-
sistance and low plasticity during high-rate forming
processes, thus limiting the potentials to improve their
mechanical parameters and to shape their structure,
adapting it to the service loads.

An attempt to overcome this difficulty was made by
collaborating researchers and foundry engineering ex-
perts, who developed an NiCrN alloy, containing chromi-
um, endogenous modified nitrogen and elements forming
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nitrides [7, 8]. This alloy was obtained experimentally
in Foundry Plant in Cracow.

2. Characteristics of NiCrN superalloy

The chemical composition of the alloy (45% chromi-
um, 45% nickel and nitrogen contents approaching
0.47%) is established on the basis of forecasting methods
and it is found to be optimal in the context of improving
its mechanical properties by way of plastic treatment.

This alloy consists of nickel austenite (phase y) as
the matrix, crystallised in the shape of dendrites.

In the interdendritic space is the y-a eutectic in the
amount of 5-10% and the phase y’ in the form of com-
pound with the general formula given as Nis(Al, Ti, Cr).
The matrix features also the precipitates of titanium car-
bonitrides of small geometry and oxide contaminants.
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In order to ensure the required parameters of the
melting process, the amount of the brittle phase should
not exceed 5%, including the phase n, TCP phases o~ and
4, the Laves’s phase as well as intermetallic compounds
of nickel, aluminium, titanium, chromium.

Tensile strength of the cast alloy is: R,, = 597 MPa
and may be increased in the course of thermal treatment
at 1050°C to: R,, = 768 MPa.

3. Model testing of the forging process of NiCrN

Open die forging in flat and shaped dice

Fig. 1. Screw propeller damage caused by cavitation process

Fig. 2. Driving shaft @ 335 of the motor boat screw propeller (Type
OP-1960-00-04/1)

Model tests, performed to find out how plastic treat-
ment should improve the strength parameters of the
NiCrN alloy, involve the forging process of the driving
shaft in a screw propeller for motor boat.

The shaft is a good representative of a structural
component subjected to a complex state of dynamic
stresses and operated in strongly corrosive environment,
hence such stringent requirements that the material it is
made of has to meet. Besides, because of these strength
requirements, the ship-building sector shows a major in-
terest in such alloys and their potential applications.

In the most general case, the process of shaft forging
might be considered as a series of subsequent swelling
and elongation operations.

During the first series of tests, the NiCrN ingots
40 mm in diameter were subjected to free swelling in
flat and shaped dice on a double-acting power hammer
(Figure 3).

Fig. 3. Sample of the NiCrN ingot after free swelling in flat dice

This process does not require specialist equipment,
is relatively cheap and hence it seems most adequate
when performing preliminary tests or producing single
units or in small-scale manufacturing (up to 20 items per
year).

The results reveal that the potentials of alloy shaping
by plastic treatment are rather limited.

The correct process of material flow is observed on-
ly with reference to the lowest values of the relative
strain, for process temperatures both in the lower and
upper range. At higher degrees of forging, € = 3.0-4.0
which were applied in order to obtain fine-grained, plas-
tically deformable crystalline structure of the material
to improve its mechanical properties, cracks could be
observed on side surfaces in the majority of forged spec-
imens. The number of cracks tends to increase with the
degree of deformation, until cracks will appear on the
front surfaces, too.

This effect may be attributable to the complex and
strongly non-uniform state of stress, from triaxial com-
pression to two-axial tension, generated in the forged
section in the consequence of the application of external
forces.

This state corresponds to the state of strain whereas
the factors enhancing the non-uniformity of strain will
also enhance the contribution of tensile stress near the
side surface of the metal, at the same time leading to
increased compression inside the forged section. The fac-
tors reducing this non-uniformity have the reverse effect.

As the NiCrN alloy displays a strong tendency to
cracking, well demonstrated during the free elongation
processes in flat and shaped dice, the researchers decided
that further attempts at forging a shaft shall be made in
a maximally closed die impression, to achieve the state
of triaxial compression stress.
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Fig. 4. Strain-stress characteristics of the alloy NiCrN in the function of grown down temperature at the deformation rate 40 s~

Single-impression dice

In accordance with the conventional methodology,
tests were preceded by a thorough mathematical analy-
sis of the modeled process supported by a commercially
available FEM software —QForm3D and using the NiCrN
characteristics obtained on the Gleeble 3800 simulator
[9].

Underlying distributions of strain and strain indica-
tors and the temperature distribution are governed by
the thermo-mechanical model of the strain process. The
calculation procedure assumes the elastic-viscous- plas-
tic model of a body being deformed and the Levanov’s
friction model, given by the formula:

7= m% (1= e 25(ei)) (1)

where: o, — normal stress

o, — flow stress

m — friction factor.

The assumed model does not take into account the
cracking criterion throughout the entire free flow regime,
where the state of stress proves most unfavourable (due
to the occurrence of tensile stresses), whilst the material
being deformed retains its cohesion.

The material flow curve is the function of tempera-
ture, strain and deformation rate. Accordingly, we get

de;
oy =0, = f <s,»d—i, T) )

In order to determine the kinematics of metal flow dur-
ing a real process of shaft forging in a power hammer,
the subsequent FEM simulations assume the boundary

1

conditions specific to the process: the charge 35 mm and
40 mm in diameter, 370 in length, heating temperature
1150°C [10], ingot transport time from the furnace to
the power hammer equals 7s, die temperature 300°C.

The value of the friction factor is taken as 0.4 for
the applied lubricant gw-st-h.

Simulations were performed for two deformation
rates: the constant rate equal to 50 s~! and the variable
one, associated with the power hammer characteristics,
the initial pressing rate being 6 m/s.

Assuming the feed material to the forging process to
be an ingot with the original cast structure, the numeri-
cal procedure is aimed to find the distribution of strain
intensity g;, in order to determine the degree of forging
k depending on the die geometry and the applied forging
technology.

k = €% 3)

The calculation procedure uses thirty records, each in-
volving five steps. The FEM grid in the last record con-
sists of 68 390 elements.

Representative examples of thus performed simula-
tions of the mathematical model of shaft forging during
the subsequent hammering operations include the ther-
mal state, strain intensity and the average stress pattern).

It has been shown that variations of the hammer-
ing rate are accompanied by changes of the material
flow kinematics and prolonging of the deformation time
leads to the temperature decrease during the final stage
of forging. The thermal states of the forging obtained for
two charge diameters are comparable.

An evaluation of the strain distribution reveals that
during the elongation process the state of strain proves
to be non-uniform over the entire range of investigated
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parameters. The strain distribution pattern reveals several
characteristic deformation zones, which strongly impact
on the degree of forging and properties of the forged
material.

It is readily apparent that single-process forging in-
duce relatively small plastic working, that applies mostly
to the regions of deepest die impression under its up-
per and lower surface, due to minor displacements of
the material. In the consequence, with minor working
of the forging structure, we should expect only limited
improvements of mechanical and plastic properties of
the finished products.

A major gradient of strain intensity in the flash
region is a natural phenomenon during the final stage
of forging in a half die. In order to reduce the
non-uniformity of deformations, it is required that that
the flashing be minimized in the finishing impression,
which may lead, however, to the reduction of the degree
of forging in the forging volume.

It is readily apparent (Figure 5 and 6) that the
process of single forging in an open die does not generate
tensile stresses, which is a major advantage in the case
of materials, such as NiCrN, which tend to crack during
the plastic treatment. Compressive stresses, on the other
hand, are considerable, in excess of 2000 MPa.

Fig. 5. Deformation intensity in the forged shaft cross-section during
the hammer forging; the charge diameter being ®= 40 mm
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Fig. 6. High degree of forging zone in the shaft forged from the
charge ®= 40 mm in diameter

Non-uniformity of the triaxial state of stress in the
forging and flash zone is also revealed in the deformation
pattern of the square grid system in Figure 7.

Fig. 7. 3D distribution of the grid in the model of a shaft forging
(the charge diameter being 40 mm)

These results of mathematical modeling of the forg-
ing process were confirmed experimentally.

The NiCrN ingots 40 mm in diameter and 370 in
length are subjected to single-impression die forging by
six hammering actions. Thus obtained forging is shown
in Figure 8.

B VF NI 0y O 3 "43

Fig. 8. Shaft forging with a flash (after cooling to the room temperature)
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4. Testing the properties of the alloy NiCrN after Specimens were collected both from the cylindrical
die forging part of the forging and from the flash section because

) ] of major variations in their degree of forging, associated
Tests were run on specimens made from forgings ith strain intensity k.

without any thermal treatment. After the deformation Microstructure of specimens collected from the

process they were homogenized at 1050°C and solution  NjiCrN forgings is shown in Figure 9 and Figure 10.
heat treated for 60 minute.

a) b) .
Fig. 10. Microstructure of the alloy NiCrN obtained after the forgings and a subsequent thermal treatment process
(a-zoom 100 x, b-zoom 500 x)
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Fig. 11. X-ray diagrams of the alloy NiCrN, cast and forging (after heat-treated)
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We can easily observe the grain geometry of austen-
ite phase y of various orientation, with twinned crystals
which appeared there as a result of thermal treatment.
These observations are corroborated by experimental da-
ta, obtained by the X-ray diffraction method.

Structure of the alloy NiCrN clearly reveals ma-
jor variations in the crystalline texture with respect to
the microsection while the most significant differences
are registered for cast samples. All specimens contain
the two major phases: i.e. the solid solution Ni(Cr) and
Cr(Ni), as well as tiny amounts of unidentified phase
(maybe an ordered one). The alloy matrix is the phase
Ni(Cr)- a solid solution with the FCC lattice of chromi-
um in nickel, the other phase Cr(Ni) being a solid solu-
tion of nickel in chromium, with the BCC Ilattice. The
microstructure of the alloy contains the phase Ni2Cr and
phases containing nitrogen, such as compounds: Cr2N,
&, m.

The forging process made the grains finer, the small-
est grain in the solid solution Ni(Cr) is found in the sam-
ple after forging and heat treatment. Lattice parameters
reveal considerable amounts of Cr and relatively smaller
contents of Ni in the Cr lattice.

Changes of the NiCrN structure are accompanied
by changes of the alloy’s mechanical properties, which
is illustrated in Table 1.

TABLE 1
Comparison of mechanical properties of the alloy NiCrN in the cast
condition and after plastic deformation and thermal treatment.
(samples collected from the cylindrical section of the shaft forging
40 mm in diameter)

. Offset .

Condition of the Tensile yield Elongation Brinell

ial strength strength A9 hardness

materia MPa A HBW
MPa
Casting with 768 612 3 29
heat treatment
Forging with
972 694 52 196

heat treatment

Tabulated data reveal a 25% increase of strength
parameters of the alloy NiCrN after plastic deformation
and thermal treatment. Of particular importance is its
behaviour and extended range of the elastic-plastic de-
formation regime.

5. Final conclusions

1. Tests reveal that mechanical properties of the al-
loy NiCrN might be largely modified by applying plastic
working technology combine with heat treatment. Hence
it is possible to use this alloy to manufacture high-quality
machine components working in highly corrosive envi-

ronment and capable of handling dynamically variable
working loads of large amplitudes.

2. As the potentials of plastic treatment of the al-
loy NiCrN are limited, in order to achieve the high de-
gree of forging and restructure the entire cross-section
of the forging, it is required that the triaxial state of
stress should be generated within the forging. This state
corresponds to the multi-process die forging.

3. A good correspondence between theoretical data
and experimental results confirms the adequacy of the
assumptions underlying the mathematical model of the
process, supported by the FEM approach, and hence its
usefulness in selection of the optimal process technolo-
gy

4. Research data indicate that the mechanism of
deformation remains a major determinant of resistance
to deformation during the plastic working of the alloy
NiCrN. For the given alloy composition and temperature,
this mechanism depends chiefly on process temperature,
the degree of deformation and the deformation rate.

Sensitivity of the alloy NiCrN to the conditions of
thermal treatment is another major issue and the defor-
mation rate has to be precisely controlled so that its too
low value should not lead to the significant decrease of
the metal temperature, and when it is too high, the metal
might become overheated, which leads to non-uniformity
of grains in the forging volume, which is responsible for
anisotropy of its strength parameters.

The temperature of heating the alloy NiCrN for forg-
ing should not be lower than 1150°C. At that temperature
the alloy displays an adequate plasticity to meet the re-
quirements of the process, guaranteeing the forgings with
the specified shape and dimensions. Besides, forging
temperature impacts on the structure of the half-finished
products and the value and stability of its strength para-
meters and plastic properties.
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